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As the world's population ages, the incidence of Parkinson's disease (PD), the second most common
neurological ailment, keeps increasing. It is estimated that 1% of the global population over the age of 60
has the disease. The continuous loss of dopaminergic neurons and the concomitant brain depletion of
dopamine levels represent the hallmarks of PD. As a result, current PD therapies primarily target
dopamine or its precursor (levodopa). Therapeutic approaches that aim to provide an exogenous source

of levodopa or dopamine are hindered by their poor bioavailability and the blood-brain barrier.
Received 6th August 2022 Nevertheless, the fabrication of lymeri ticles has b loited to deli l
Accepted 3rd November 2022 evertheless, the fabrication of many polymeric nanoparticles has been exploited to deliver severa
drugs inside the brain. In addition to a brief introduction of PD and its current therapeutic approaches,
DO 10.1035/d2na005249 this review covers novel polymeric nanoparticulate drug delivery systems exploited lately for dopamine

rsc.li/nanoscale-advances and levodopa replacement in PD.
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1. Introduction

Parkinson's disease (PD) is a worldwide major public health
concern defined as one of the most common neurodegenerative
disorders, the second to Alzheimer's disease.” Neurodegener-
ative disorders are classified as a group of neurological ailments
that form specific brain lesions which develop over time. Such
brain lesions combined with the gradual loss of the neuro-
central regulation of the affected individuals are responsible for
the deteriorating symptoms among patients.** These symptoms
are due to the severe loss of dopamine (DA), one of the key
neurotransmitters, from the striatum, which affects the nigral
pathway of the substantia nigra pars compacta (SNpc), causing
dopaminergic neurons to degenerate irreversibly and progres-
sively (by 40-50%). Also, 80% to 90% DA depletion was re-
ported.> Consequently, PD's main clinical manifestations
include a triangle of motor symptoms, namely resting tremors,
bradykinesia/akinesia, and muscular rigidity."* Other non-
motor symptoms include depression, anxiety, gastrointestinal
disorders, olfactory and visual abnormalities, weight loss,
cognitive deficits, etc.*® (Fig. 1).

Due to their physicochemical nature, most of the pharma-
cological therapies that are currently prescribed to manage the
main symptoms of PD have poor bioavailability (BAV) and

“Graduate Nanotechnology Program, School of Sciences & Engineering, The American
University in Cairo, 11835 New Cairo, Egypt. E-mail: obaydah.alabrahim@aucegypt.
edu

*Department of Chemistry, School of Sciences & Engineering, The American University
in Cairo, AUC Avenue, P. O. Box 74, New Cairo 11835, Egypt. E-mail: hazzazy@
aucegypt.edu

‘Department of Nanobiophotonics, Leibniz Institute for Photonic Technology, Albert
Einstein Str. 9, Jena 07745, Germany. E-mail: hassan.azzazy@leibniz-ipht.de

© 2022 The Author(s). Published by the Royal Society of Chemistry

pharmacokinetic profiles and are incapable of diffusing across
the blood-brain barrier (BBB). In addition, diagnosed patients
are usually subjected to high doses over a long time which can
eventually increase their side effects.>'® Therefore, there has
been an urgent demand for an effective therapeutic approach
that can overcome such drawbacks.

Recent developments in the nanotechnology field have
facilitated the fabrication of many nanoparticles that can be
efficiently exploited for targeted delivery of several drugs. Poly-
meric nanocarriers have particularly shown good biocompati-
bility and several other characteristics that include the ability to
tailor and functionalize their structures, obtaining tissue-
targeted, effective, and safe nanodelivery systems that can be
further administered for brain delivery."** In this review, a brief
introduction to PD and its current pharmacological agents and
their limitations will be provided. The review will primarily
focus on polymeric-nanotherapeutic drug delivery systems that
have recently been utilized for dopamine and levodopa
replacement in PD.

2. Parkinson's disease

PD has one of the worst growth-rate profiles worldwide, where
its fast-paced incidences of prevalence, disability, and mortality
are inevitable. In 2016, 6.1 million patients were diagnosed with
PD compared to 2.5 million cases in 1990."* Furthermore, more
than 200 thousand deaths were reported in 2016, where most of
the diagnosed cases have a short average age duration of 15
years.'®'*

PD is a multifactorial disease with risk factors and etiologies
that generally involve environmental and genetic ones. Age is
considered one of the most significant risk factors related to the
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Fig.1 The continuous loss of dopaminergic neurons in SNpc leads to the prevalence of the most common PD symptoms. (A) The release of the
DA neurotransmitter from the synaptic terminals of striatal neurons, as shown above, indicates the gradual and permanent loss of DA in PD
patients because of the nigrostriatal degeneration. (B) Disease progression and symptoms development. The prodromal phase, the non-motor

symptoms phase, may last for 20 years before the motor symptoms start to develop.®® Figure drawn using Biorender.

PD diagnosis and the onset of its symptoms.*>*® Various brain
regions are affected in association with the neurodegeneration
process as part of the PD pathological progress. However,
dopaminergic neurons' loss of the SNpc represents the main
cause for the movement disorder among patients. Moreover,
Lewy bodies and neurites are the essential pathological hall-
marks demonstrated and formed due to the intracellular
aggregation of a-synuclein'’*° (Fig. 2).

3. Current therapeutic approaches to
manage PD symptoms

Therapeutic agents have been under development for decades
which aim to slow the fast-paced progression of the disease.
They are only concerned with its symptoms and deliver only
a partial relief. Such therapies have several adverse effects which
worsen as the disease develops.>*** Dopaminergic medications
represent the majority of drugs prescribed for patients since
most PD symptoms develop due to the DA loss. These medica-
tions are intended to either imitate the actions of DA or
replenish the DA neurotransmitter itself. Hence, they improve
the muscles’ movement coordination, reducing the rigidity of
the involved muscles and the frequency of the tremors.*

The gold standard of treatment for PD symptoms is levodopa
(-Dopa), a dopamine precursor drug.>*?* L-Dopa, unlike DA, can

5234 | Nanoscale Adv, 2022, 4, 5233-5244

pass the BBB and convert into DA. Since r-Dopa is prone to
extensive peripheral metabolism once orally administered
before reaching the BBB, it is usually coupled with Carbidopa or
benserazide (Dopa decarboxylase inhibitors, DDC-I)** to curb
the drug's decarboxylation into DA in the systemic circulation,
maximizing r-Dopa's amount delivered to the CNS with fewer
side effects in the short-term of treatment. However, the
extensive peripheral metabolism of r-Dopa induces several
adverse effects such as drowsiness, sleepiness, nausea, and,
more importantly, dyskinesia, especially during long-term
treatment.>*>® Moreover, the chronic oral exposure to r-Dopa
coupled with DDC-I was reported to elevate the homocysteine
levels due to the increased oxidative stress generation and the
diminishing in methylation capacity, resulting in slow and even
acute onset of axonal polyneuropathy.* Hence, PD patients with
long-term treatment of L-Dopa coupled with DDC-I are eventu-
ally vulnerable to extensive motor fluctuations, making such
a combination ineffective for continuous dopaminergic stimu-
lation.”® Orally inhaled r-Dopa helps overcome the drawbacks
associated with oral r-Dopa, especially peripheral r-Dopa
decarboxylation. Upper respiratory tract infections, nausea,
cough, and discolored sputum are among the common side
effects.”

DA agonists act on DA receptors, leading to their activation
and DA release.® On the other hand, anticholinergics, such as
trihexyphenidyl and benztropine, activate DA receptors leading

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PD pathogenesis. Several neuropathological mechanisms are involved in PD development which eventually result in the death of
dopaminergic neurons, and further include microglial activation, a-synuclein misfolding and handling disruption. These cause protein
agglomeration and Lewy bodies formation, ROS and oxidative stress, calcium channel malfunction, mitochondrial dysfunction, neuro-
inflammation, apoptosis, inflammatory markers eruption involving cytokines and other inflammatory markers, and activation of certain Caspase

pathways. Figure drawn using Biorender.

to DA release.?*?

Selective catechol-O-methyl transferase
(COMT) inhibitors can mainly suppress the peripheral degra-
dation of the r-Dopa drug to enhance the BAV of r-Dopa,
whereas monoamine oxidase B (MAO-B) inhibitors primarily
curb the 1-Dopa and DA degradation in the brain.**** Amanta-
dine augments the dopaminergic responses in the CNS through
the initiation of DA and norepinephrine release and the inhi-
bition of their reuptake.?**® Adenosine A2A receptor antagonists
(Istradefylline) can curb the over activity of striatopallidal
neurons and lower the excessive inhibition of globus pallidus
externus gabaminergic (GABAergic) neurons, exerting the anti-
parkinsonian activity.”* Current PD therapeutic drugs and their
biological limitations and side effects are summarized in
Table 1.

4. Nanosystems for drug delivery into
the CNS

The chemical and physical properties of drugs can be modified
to enhance their BAV and biocompatibility via different tech-
niques offered by the nanotechnology field. Such modifications
could be performed by incorporating the drug of interest into

© 2022 The Author(s). Published by the Royal Society of Chemistry

certain delivery systems designed to reach its site of action. The
BBB in the CNS could prevent several medications from
achieving their optimal therapeutic efficacy.***” In such
circumstances, the BBB has some strict conditions to protect
the brain and allow specific drug molecules to pass to the brain
parenchyma; these conditions include a concentration-
dependent, selective, and unidirectional permeability for such
molecules.*® Furthermore, while hydrophobic and small drug
molecules effortlessly cross the BBB via passive diffusion, large
drug molecules and hydrophilic ones cannot cross the BBB
without being transported on specific carriers. Hence, such
a barrier limitation is believed to be responsible for the failure
of DA delivery to the CNS.**° Conventional therapies for
neurodegenerative diseases, on the other hand, fail to reach
their site of action or only do so at their lowest concentrations,
and they may have further lower or minimal efficacy at greater
doses or after an extended period of administration. Moreover,
some drug molecules might attach to their peripheral targets
leading to adverse effects.>

Auspiciously, several nanoparticulate systems have enabled
the transportation of drug molecules to reach their specific
targets in the brain, revealing an outstanding improvement in

Nanoscale Adv., 2022, 4, 5233-5244 | 5235
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Anticholinergics

Amantadine

Adenosine A2A receptor

Poor BAV

No direct action on the dopaminergic
system, where they exert their action only
on acetylcholine (muscarinic) receptors

MAO-B/COMT inhibitors Poor pharmacokinetic profile
Poor BAV

Unable to cross the BBB

Primarily renally cleared
Close-monitor with renal impairment
and avoided in severe cases

Exclusively eliminated via hepatic
metabolism

Close-monitor with hepatic impairment
and avoided in severe cases

antagonist
(Istradefylline)

their BAV and efficacy with a sustainable manner of drug release
at their site of action.**** Depending on the fluctuations in their
gradient concentration, such nanoparticles are believed to be
absorbed into the brain and enter the brain parenchyma via
endocytosis; consequently, the active ingredient is released into
the neuron cells or transported across the BBB, reaching the
neurons via transcytosis.” In addition, the ability to function-
alize the surface of various nanocarriers, using particular
ligands and peptides, can facilitate the transportation and
deliver the drug molecules to their target site through the BBB

via receptor-mediated active carriers; hence, the drug amounts

needed to achieve the optimum therapeutic efficiency can be
reduced as well as the cellular uptake will be maximized
compared to the conventional free dosage forms of the same
drugs‘52,53,55

Several organic (polymers, lipids, etc.), inorganic (metals,
zeolites, carbon nanotubes, etc.), and hybrid (metal organic
frameworks) matrices have been utilized to construct different
nanocarriers which then can be used to deliver drugs to specific
biological targets. The biodegradable characteristics of organic
nanocarriers and polymeric and lipid matrices, make them
more preferred to design nanodrug delivery systems.***”
Because of their biocompatibility, polymers have been reported
to be used as implants, substrates, and insulating materials for
neurological interfaces, where they do not trigger detrimental
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Table 1 Biological limitations and side effects of the current PD therapeutic drugs
Drug Biological limitations Side/adverse effects reported Ref.
DA Hydrophilic in nature Nausea 37 and 38
Cannot cross the BBB Dyskinesia
Short plasma half-life Drowsiness
Poor BAV
t-Dopa Short half-life Severe dyskinesia 37 and 39
Poor pharmacokinetic profile Nausea
Poor BAV (less than 1% can reach the Drowsiness
brain milieu) Motor fluctuations
DA agonists Poor pharmacokinetic profile Repetitive behavior 9 and 40-42

Somnolence

Cardiac-valvulopathy

Legs swelling

Retroperitoneal fibrosis

Constipation, confusion, blurred vision,
urinary retention, hallucination, drowsiness,
tachycardia, dementia, cognitive deficits, etc.
Sudden withdrawal causes the PD symptoms
to appear rapidly

Constipation

Nausea

Mild hallucinations

Dry mouth, etc.

Insomnia, nausea, hallucination, dizziness,
headache, confusion, orthostatic
hypotension, peripheral edema, and
impulse control disorders

Insomnia, nausea, hallucination, dizziness, 29
constipation, and dyskinesia

31,32,43 and 44

9, 33-35 and 40

29, 36 and 45

biological interruptions. Furthermore, different clinical appli-
cations have been documented to introduce and benefit from
several devices that are formed of polymers, such as biofilms,
microspheres, gels, etc.**

5. DA and L-Dopa replacement in PD
using polymeric nanodelivery systems

Polymeric nanocarriers are stable, biodegradable, offer
a sustainable drug release profile, can easily be modified to
facilitate their attachments to their corresponding ligands, and
can carry high doses of drug molecules. Additionally, the safe
profile of several polymers such as polyglycolic acid (PGA),
polylactic acid (PLA), and poly lactic-co-glycolic acid (PLGA) has
supported their widespread usage in many medical applica-
tions.® Several studies have been carried out to deliver exoge-
nous DA and r-Dopa into the CNS in order to replace the
diminished amounts of the endogenous DA and compensate for
the loss of dopaminergic neurons, where advanced polymeric
nanoparticulate formulations could have the capability to
enhance the PD symptoms via delivery of DA into the brain
(Table 2).

Arisoy et al. (2020) developed a nanoparticulate delivery-
system (ca. 652.0 £ 67.7 nm) composed of PLGA (M,, 7.000-
17.000) conjugated with wheat germ agglutinin (WGA) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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loaded with 1-Dopa which was administered via the intranasal
route (all mice received 16 mg r-Dopa per kg per day).** Intra-
nasal administration bypasses the BBB; hence, it can be
considered an effective route to deliver the polymeric nano-
system directly to the brain. WGA was added to enhance the
system adsorption and absorption via the nasal cavity and to
reduce its elimination.®* Moreover, the proposed nanosystem
was prepared by the solvent evaporation method of a double
emulsion, and its therapeutic efficiency in enhancing the motor
deficits was evaluated utilizing an in vivo study on an MPTP-
induced PD mouse model.* Intranasal administration of the
WGA-PLGA nanoparticulate system had shown a significant
improvement in the drug delivered to the brain with lower
amounts detected in the serum, compared to the conventional
drug formulations of L-Dopa administered orally or intranasally,
revealing a better therapeutic efficacy and fewer side effects of
the nanosystem. Mice treated with the conventional formula-
tion of 1-Dopa administered orally showed 0.104 + 0.007 and
1.868 + 0.804 ng mL™ " 1-Dopa in serum and brain samples,
respectively. Mice treated with r-Dopa administered by the
intranasal route had 0.098 & 0.004 and 2.131 + 0.254 ng mL ™" 1-
Dopa in their serum and brain samples, respectively.** Levels of
t-Dopa encapsulated in the WGA-PLGA nanosystem and
administered via the intranasal route were 0.087 £+ 0.004 and
4.177 + 1.427 ng mL ™" in serum and brain samples, respec-
tively.* Moreover, the study revealed better adsorption and
tolerability of the nanoparticles throughout the nasal cavity,
and lower cytotoxicity had been shown as well (MTT assay
conducted on the PC-12 cell line showed no significant cell
death after 24 h of exposure to different concentrations, within
6.25-100 pug mL~" of the dose range). The nanosystem had
a drug entrapment efficiency of 73% and an extended r-Dopa
release of up to 9 h.** These results support the potential of such
a delivery system as a promising alternative to free r-Dopa.
However, the intranasal route of administration could face
some clinical challenges in patients with chronic sinusitis,
rhinitis, and other nasal tract infections which could alter the
physiological function of the nasal cavity.

Pahuja et al. (2015) prepared a polymeric nanoparticulate
system composed of PLGA loaded with DA (DA-nanoparticle
diameter: ca. 120 nm; zeta potential: ca. —2.66 mV; poly-
dispersity index (PDI): 0.104; encapsulation efficiency (EE): ca.
35.55%; loading efficiency (LE): ca. 11.85%).°*** The nano-
system was synthesized using the double emulsion sol-
vothermal method and was reported to enhance the
neurological symptoms and animal behavior in 6-hydroxydop-
amine (6-OHDA)-induced PD model rats with no sudden brain/
peripheral changes or heart/blood-pressure abnormalities.®**
In fact, the nanosystem was administered intravenously
(4.95 mg DA per kg body weight), and it was further reported to
bypass the BBB, reaching the substantia nigra and the striatum
and liberating DA in a constant and slow manner.®*% A high
concentration of DA (~45 ng mL ™" within 6 h) was delivered
compared to <0.5 ng mL " of the basal DA levels in the rats’
plasma.®>* In addition, the nanoparticulate system had shown
a significant reduction in the reactive oxygen species (ROS)
autoxidation, dopaminergic neuronal death, hypersensitivity of

5238 | Nanoscale Adv., 2022, 4, 5233-5244
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the DA (D2) receptor, and DA plasma clearance from 108.17 to
21.19 mL min~' kg™" after 6 h of the intravenous administra-
tion.®»** Furthermore, the DA half-life in the plasma increased
from 1.22 h to 2.53 h.*>* Overall, the proposed nanosystem was
able to deliver DA to the brain and overcome the side effects
associated with the administration of free DA. Further safety
investigations might be considered to examine the possibility of
accumulation of the nanoparticles in different organ tissues.
Additionally, the reported EE and LE of the nanosystem are low
and therefore future studies should explore increasing both
parameters. Furthermore, clearance of the proposed nano-
particles (which depends on their size, charge, and surface
modification and influences their circulation half-life, hepatic
filtration and phagocytic uptake) should be investigated.
Monge-Fuentes et al. (2021) designed another polymeric
nanosystem loaded with DA (7 pg DA per mg of nanoparticles)
composed of albumin and PLGA (353 to 497 nm in diameter;
PDI: 0.4 to 0.6; zeta potential —27 to —37 mV).** It is of note that
albumin is non-immunogenic, biocompatible, can cross the
BBB through a specific receptor, and enhances both the stability
and half-life of the nanosystem. A 6-OHDA-induced PD mouse
model had been utilized to evaluate the nanosystem’s neuro-
therapeutic efficacy. Substantial improvements in motor
symptoms were reported compared to those in lesioned animals
and those receiving free L-Dopa.®* This nanosystem was able to
cross the BBB and recompensate the diminished levels of DA in
the substantia nigra and also promoted (at a dose of 20 mg per
animal) the sensorimotor, motor coordination, and balance
performance to levels seen in non-lesioned animals.**
BinhVong et al. (2020) designed a nano-polymeric-based-
drug system (Nano“°"*) to enhance the brain-delivery and
therapeutic efficiency of .-Dopa in a PD mouse model.* Briefly,
Nano”" was formed after the self-assembly of the copolymer,
PEG-b-poly(1-Dopa(OAc),), in the form of micelles in an aqueous
environment, and the size range of these self-assembled
micelles reached a few tens of nanometers (Fig. 3).** The
nanodrug was reported to have a concentration of 0.4 mmol -
Dopa per mL with a ~52.2 nm particle size and PDI of 0.304.
Furthermore, the peptide bonds of the lipophilic precursor can
be hydrolyzed inside the block-copolymer to give a gradual
release of 1-Dopa into circulation upon hydrolysis by esterases
and proteases.®® Furthermore, the Nano”°™ drug was success-
fully reported to liberate r-Dopa gradually by chymotrypsin
degradation, and to significantly enhance the in vivo pharma-
cokinetic profile of r-Dopa when compared to that of free r-
Dopa. Both area-under-the-curve (AUC) and plasma level of t-
Dopa were increased, following the intraperitoneal injection of
Nano”°"* (127 pumol 1-Dopa per kg). Plasma levels for free -
Dopa reached 300 ng mL " after 0.5 h of the injection and
returned to the baseline at 1 h, whereas the plasma levels for -
Dopa administered as Nano”°"* were ~135 ng mL™" at 0.5 h
and were maintained up to 12 h. The AUC of plasma from mice
treated with free 1-Dopa and Nano”%"* was 25.2 + 2.4 ngh mL ™"
and 200.7 + 28.6 ng h mL™", respectively.®* Overall, the
administration of Nano”°" in the MPTP-induced PD mouse
model led to a remarkable improvement in motor symptoms
and suppression of dyskinesia which is usually associated with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The figure briefly reveals the formation and the delivery strategy of Nano
designed to enhance the brain-delivery and the therapeutic efficiency of L-Dopa in a PD mouse model. Nano

POPA 3 nano-polymeric-based-drug system, which was primarily

POPA as formed after the self-

assembly of the copolymer, PEG-b-poly(L-Dopa(OAc),), in the form of micelles in an aqueous environment, and the size range of these self-

assembled micelles reached a few tens of nanometers. (A) The structure and preparation design of Nano

POPA (B) The drug-delivery strategy

utilized to replace DA in PD mouse model brains through intraperitoneal drug injection. Reproduced with permission from ref. 65. Figure drawn

using Biorender.

1-Dopa treatment. The suppression of dyskinesia in treated
mice was examined using certain behavioral tests. The mice
were administered high doses of 1.-Dopa (25 mg kg™, equivalent
to 127 umol kg™ ") or Nano”" (105 mg kg™, equivalent to 127
umol kg™ of 1-Dopa) combined with 10 mg kg™ of benserazide.
The administration of .-Dopa or Nano”°"* was initiated daily in
mice for 18 days starting from day 1, after the intraperitoneal
injection of MPTP with a total dose of 170 mg kg * given at
different intervals to induce PD-like symptoms. Consequently,
the dyskinesia severity could be assessed by two behavioral
tests: the slider test and the abnormal involuntary movement
evaluation. For the slider test, the fall latency of mice was
recorded after being placed on a slider for 3 min. For the
abnormal involuntary movements' evaluation, clear plastic
cages were utilized to place each mouse on a cage, where the
involuntary movements of each could be recorded, setting
a scale from 0 to 4 to rate each mouse on four subscales. The
abnormal involuntary movement scale was as follows: 0 =
absent, 1 = <50%, 2 = >50%, 3 = continuous unless interrupted
by a stimulus, and 4 = continuous. The four subscales were: oral

© 2022 The Author(s). Published by the Royal Society of Chemistry

dyskinesia, limb dyskinesia, contraversive rotation, and axial
dystonia. The mouse group treated with Nano”°"* had shown
a significantly lower score on the abnormal involuntary move-
ment scale than those treated with L-Dopa alone at equivalent
doses of r-Dopa (127 pmol kg ). In addition, a remarkable
enhancement in the latency time was recorded from the slider
test with the Nano® group compared to the 1-Dopa and
MPTP mouse groups.®® Furthermore, no toxicity had been re-
ported in the major organs of the treated mice following long-
term administration of high doses of the drug. Using an MTT
assay, the ICs, values were 0.583 mM and 2.88 mM for free -
Dopa and Nano”°™, respectively.®® Such promising results
might encourage the development of self-assembled NanoP°™
for the treatment of Parkinson's and other neurodegenerative
diseases. However, the intraperitoneal administration of drugs
in humans is limited (mainly used for delivering chemothera-
peutics against pancreatic and ovarian cancers) and suffers
from variable effectiveness and misinjection. Therefore, alter-
native administration routes should be explored.
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Inspired by neuromelanin particles, which can be found in
dopaminergic neurons and comprise considerable amounts of
DA and iron ions, Garcia-Pardo et al. (2021) developed a poly-
meric nanoparticulate system to enrich DA delivery.®® This
approach aimed to encapsulate DA within polymeric nano-
particles, benefiting from the ability of DA to form a reversible
coordination complex with iron metal; hence, DA can be poly-
merized with a bis-imidazole ligand (BIX) (Fig. 4).°® The poly-
meric nanoparticulate system (56-64 nm; PDI 0.124; EE 52.5 +
7.2% DA + BIX 20%) was reported to enhance the loading effi-
ciency of DA (69.7 + 7.2%) and the DA uptake by the dopami-
nergic cells (BE2-M17).*® Administration of 10 pg mL™'
polymeric nanoparticles for 2 h induced up to 6360 ng mg ™' of
DA at the intracellular level compared to 1156 ng mg ™" obtained
for free DA under the same concentration and conditions.®® In
addition, the DA release kinetics were improved (50% after 2 h
and 5% over the following 22 h, at pH 7.4). The nanoparticles
showed lower toxicity compared to free DA with no obvious
reduction in BE2-M17 cell viability when treated with up to 100

The new approach

Fe(AcO) /'
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pug mL™' of the nanoparticles, whereas a slightly higher
concentration of free DA led to the death of >85% of dopami-
nergic cells.®® Moreover, rapid distribution and higher striatal
DA levels (>2500 ng in ipsilateral and >5000 ng in the contra-
lateral side after 2 h) were shown when the nanoparticulate
system was directly infused in vivo in healthy rats’ ventricles.*®
In contrast, the administration via the nasal route of a dose
equivalent to 200 pg of free DA daily after four days revealed
a significant reduction in the duration and the number of
apomorphine-induced rotations compared to those observed in
controls (both vehicle and DA treated rats).®® This polymeric
nanostructure might be further exploited for DA replacement
with some concerns that could be subsided in the future related
to the nasal route limitations mentioned above for the clinical
application.

The outstanding properties of chitosan nanoparticles have
enabled their utilization for different drug delivery systems,
where they have shown several advantages such as ease of
preparation and functionalization, biocompatibility, etc.

Q Direct self

OO - assembly

o®
® Ooczo
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Fig. 4 A schematic representation for a DA replacement approach inspired by neuromelanin in PD, showing the multiple steps used for the
development of a tailor-made co-ordination polymer and the anticipated biological function. (A) Neuromelanin structural composition and the
associated nanoscale co-ordination polymeric system (DA-NCP). The co-ordination polymer was formed with iron (Fe) nodes in the central
backbone of the polymer which were further linked to a bi-dentate ligand (e.g., BIX), and to proceed with the co-ordination sphere formation,
a counter ligand such as DA was utilized. (B) The main bio-elements introduced in the polymeric nanoparticulate system were BIX (1,4-bis(i-
midazol-1-ylmethyl)benzene), Fe(AcO),, and DA. These bio-elements were directly self-assembled to synthesize the DA-NCP nanoparticles. (C)
The paradigm for DA replacement in PD using the proposed polymeric nanoparticulate system, where the anticipated biological function of the
DA-NCP nanoparticulate system might be shown.®® Figure drawn using Biorender.
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Ragusa et al. (2018) had successfully prepared chitosan nano-
particles which encapsulate DA and tested the neuroprotective
effects of the system, in vitro, on human neuroblastoma SH-
SY5Y cells.*” They further studied the various effects of DA,
bare chitosan nanoparticles, and chitosan-dopamine nano-
particles in producing ROS.*” The chitosan-DA nanoparticles
had an average size of 109 + 16 nm, a surface charge of +34 +
0.9 mV, a PDI of 0.4, a DA concentration of 5 mg mL ™", and a DA
LE% of 64%. DA encapsulation, in the proposed nano-
particulate system, and its subsequent sustained release
(almost 50% of DA released after 48 h) had greatly lowered the in
vitro oxidation rate (lowered the H,0, induction rate compared
to that induced by the same concentration of free DA), sug-
gesting that it may have neuroprotective properties.” H,O,
generated by SH-SY5Y cell lines after incubation with 100 uM of
free DA or the nanosystem reached ~10 and ~6 mg H,0, per mg
protein, respectively.®” However, the MTT assay test using the
SH-SY5Y cell line, showed 90% and 75% cell viability upon
treatment with a 100 uM concentration of free DA or the
nanosystem, respectively.®” Further examination of the enzy-
matic activity induced by the chitosan-dopamine nano-
particulate system revealed that both superoxide dismutase
(SOD) and glutathione peroxidase (GPx) enzymes might greatly
contribute to the oxidative stress mitigation.®” At the same 100
uM concentration of free DA and chitosan-dopamine nano-
particles, the nanosystem showed ~11 units per mg protein of
SOD activity compared to ~8 units per mg protein for the free
DA, whereas the nanosystem showed ~0.11 units per mg
protein of GPx activity compared to ~0.075 units per mg protein
for the free DA.*” Overall, compared to free DA, the chitosan-DA
nanoparticles had shown lower cytotoxicity and lower oxidative
stress against human neuroblastoma SH-SY5Y cells in addition
to higher SOD and GPx enzymatic activities and sustainable
release of DA.%” Although chitosan nanoparticles encapsulating
DA had shown promising in vitro neuroprotective effects, in vivo
studies are needed to support future clinical application.

6. Conclusions and future trends

PD is a multi-factorial disorder requiring a variety of combination
therapies to alleviate its symptoms and curb its fast-paced
progression. Although 1-Dopa has been considered the gold-
standard therapy, its poor BAV and higher administration
frequency can ultimately worsen some already existing symptoms.
The transportation across the BBB also represents an additional
challenge in treatment of PD patients. Therefore, it is necessary to
develop biocompatible delivery systems that can overcome the
drawbacks mentioned earlier to improve the delivery of DA/L-
Dopa in the CNS, providing better outcomes to PD patients.
Polymeric-based nanodrug delivery systems have shown
advantages such as biocompatibility and biodegradability.
Additionally, they can be tailored and functionalized to specifi-
cally reach their target tissues. PLGA/WGA and PEG-b-poly(r-
Dopa(OAc),) are two polymeric nanoparticulate systems used to
deliver 1-Dopa utilizing PLGA and PEG polymers. Both
approaches showed significant improvements in the pharmaco-
kinetic profile of 1-Dopa, lower cytotoxicity, better therapeutic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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efficiency, enhanced delivery across the BBB, minor side effects,
greater motor symptom enhancement and dyskinesia suppres-
sion compared to free L-Dopa.®** Other polymeric nanocarriers
that had been successfully used to deliver DA are PLGA, PLGA/
albumin, self-assembled neuromelanin/BIX/Fe(AcO),, and chi-
tosan polymers. These delivery systems resulted in higher DA
concentration delivery with better conservation of the dopami-
nergic neuronal cells and reduced ROS autoxidation and other
side effects associated with free DA. Also, both the release and
stability profiles of DA were greatly enhanced with substantial
improvements in symptoms.®-****¢ QOverall, such polymeric
nanocarriers have been suggested as promising drug delivery
systems with their outstanding therapeutic benefits in improving
motor symptoms and other manifestations of PD, reflecting an
encouraging possibility for their future utilization as drug
nanocarriers for treatment of neurodegenerative diseases.

While it is well established that the BBB characteristics are
significantly altered in in vivo Parkinsonian models and other
neurodegenerative disease models,*® the chemical-physical
properties of the nanoparticles that have been utilized so far
have not yet been assessed for their ability to cross the BBB and
target dopaminergic cells in humans. So far, no clinical trials of
a nanoparticulate system have been conducted on PD patients.

For clinical applications, safety concerns should also be
investigated. For example, the intravenous delivery of nano-
particulate systems would lead to their accumulation in the
kidneys, liver, and spleen. As a result, it is crucial to establish
nano-formulations that might be remotely prompted to release
their loaded medication upon reaching their target inside the
brain. Moreover, although polymeric nanoparticles have
established biocompatibility, toxicity still should be assessed as
it depends on several parameters such as the size, charge, type,
and composition of the polymer used.

The BBB has been reported to be altered in PD patients.®®
The hallmark of this alteration is the increased leakage which
impairs the ability of the BBB to prevent harmful molecules
from entering the brain. Therefore, novel nano-delivery systems
especially those capable of exploiting these alterations should
be developed for the targeted delivery of promising therapeutics
and imaging agents. Such systems could have great potential as
efficient therapeutics for PD and neurodegenerative diseases.
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