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A B S T R A C T

The incidence of Parkinson's disease (PD), the second most common neurodegenerative disorder, has increased
exponentially as the global population continues to age. Although the etiological factors contributing to PD
remain uncertain, its average incidence rate is reported to be 1% of the global population older than 60 years. PD
is primarily characterized by the progressive loss of dopaminergic (DAergic) neurons and/or associated neuronal
networks and the subsequent depletion of dopamine (DA) levels in the brain. Thus, DA or levodopa (L-dopa), a
precursor of DA, represent cardinal targets for both idiopathic and symptomatic PD therapeutics. While several
therapeutic strategies have been investigated over the past decade for their abilities to curb the progression of
PD, an effective cure for PD is currently unavailable. Even DA replacement therapy, an effective PD therapeutic
strategy that provides an exogenous supply of DA or L-dopa, has been hindered by severe challenges, such as a
poor capacity to bypass the blood–brain barrier and inadequate bioavailability. Nevertheless, with recent ad-
vances in nanotechnology, several drug delivery systems have been developed to bypass the barriers associated
with central nervous system therapeutics. In here, we sought to describe the adapted lipid-based nanodrug
delivery systems used in the field of PD therapeutics and their recent advances, with a particular focus placed on
DA replacement therapies. This work initially explores the background of PD; offers descriptions of the most
recent molecular targets; currently available clinical medications/limitations; an overview of several lipid-based
PD nanotherapeutics, functionalized nanoparticles, and technical aspects in brain delivery; and, finally, presents
future perspectives to enhance the use of nanotherapeutics in PD treatment.

1. Introduction

Parkinson's disease (PD) is the second most commonly reported
neurodegenerative disorder and is predominantly characterized by the
onset of motor deficits and progressive cognitive impairments in in-
dividuals older than 60 years [1,2]. The increasing lifespan of the global
population has provoked an alarming rate of growth in the incidence of
this idiopathic age-related disease, generating a greater impact on
global socioeconomic status. Approximately 10 million people world-
wide are estimated to have PD, with a male predominance [3,4]. More
specifically, nearly one million [2.83% (≥90 years)] inhabitants in the

United States and roughly 500,000 individuals in the United Kingdom
were reported to be diagnosed with PD. In Western and Eastern coun-
tries, including those that are highly populated, such as China, India,
and other Asian countries, the prevalence and incidence rates of PD are
predicted to double by 2060 [5–8]. Subsequently, the global economic
burden imposed by PD—that is, relating to medical expenses, caregiver
wages, patient health care training and traveling—is also estimated to
increase substantially over the next few years [9]. For decades, several
therapeutic strategies have been in the clinical pipeline to curb PD
progression; however, there is no successful cure clinically available at
this time. The currently available clinical therapies for PD management

https://doi.org/10.1016/j.biomaterials.2019.119704
Received 27 February 2019; Received in revised form 9 December 2019; Accepted 18 December 2019

∗ Corresponding author. Department of Biotechnology, College of Biomedical and Health Science, Konkuk University, Chungju, 27478, Republic of Korea.
E-mail address: choidk@kku.ac.kr (D.-K. Choi).

1 Equal contributing first author.

Biomaterials 232 (2020) 119704

Available online 23 December 2019
0142-9612/ © 2019 Elsevier Ltd. All rights reserved.

T

hotpaper.nethotpaper.net

http://www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2019.119704
https://doi.org/10.1016/j.biomaterials.2019.119704
mailto:choidk@kku.ac.kr
https://doi.org/10.1016/j.biomaterials.2019.119704
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2019.119704&domain=pdf
hotpaper.net


only treat symptoms and provide momentary partial relief, whereas
their side effects are exacerbated as the disease progresses [10,11].
Dopamine (DA) replacement therapy (DRT), or the process of restoring
DA levels and potentially enhancing the dopaminergic (DAergic) neu-
rotransmission in the brain, is one of the most commonly used ther-
apeutic strategies for PD management at this time. Nevertheless, the
conventional peripheral administration of DA to the brain is en-
cumbered by several biological barriers: it is unable to pass the
blood–brain barrier (BBB) due to its hydrophilic nature and displays
poor bioavailability with a short plasma half-life [12,13]. In contrast,
levodopa (L-dopa), a precursor of DA, easily bypasses the BBB via L-
amino acid transportation and is decarboxylated to DA in DAergic
neurons, thereby exerting sustainable therapeutic effects [13]. Al-
though L-dopa supplementation is currently available as a gold-standard
clinical treatment method for PD management, accumulating evidence
suggests that the poor pharmacokinetic profile of L-dopa, as well as its
short half-life in biological systems, low bioavailability (i.e., only ap-
proximately 1% of the administered dose reaches the brain milieu), and
associated peripheral availability outside the BBB cause severe dyski-
nesia, motor fluctuations, and other minor detrimental side effects
[14,15]. Recently, researchers have attempted to develop methods to
curb dyskinesia induced by L-dopa [14]. Similarly, other therapeutic
options to reinstate DA levels/DAergic synapses in the brain, such as DA
agonists, monoamine oxidase B inhibitors and catechol-O-methyl-
transferase inhibitors have also been investigated [15,16]. However,
most of these therapies share a weak pharmacokinetic profile, an in-
ability to diffuse across the BBB, and limited bioavailability due to their
physicochemical nature [17,18]. These findings have ultimately re-
sulted in a significantly alarming scenario for current PD medications,
as patients diagnosed with PD are clinically treated with long-term or
relatively high-dose mono- and/or multiple-combination therapies to
re-establish the synaptic plasticity at DAergic striatal neurons based on
the individual's clinical conditions. Unfortunately, the use of these ap-
proaches alone results in long- or short-term synaptic signaling
anomalies [19,20]. Thus, the identification of an active therapeutic
strategy with an appropriately safe and effective delivery system is
essential to overcome these limitations. With the recent advances made
in nanotechnology, several nanoparticles have been successfully de-
veloped to facilitate effective drug delivery in biological systems
[21,22]. More precisely, lipid-based nanodrug delivery systems exhibit
positive biocompatibility and can be further functionalized to achieve
safe, effectual, and tissue-targeted delivery, particularly to the brain
[21,23]. This review discusses the current clinical perspective of PD
progression and highlights recent updates regarding molecular targets,
advances in PD therapeutics, and clinical limitations. Several recent
review articles have provided descriptions of the applications of na-
notechnology and the accessibility of different nanodrug delivery sys-
tems in PD therapeutics [21,24,25]. However, this review mainly fo-
cuses on lipid-based nanodrug delivery systems for DRT in PD (the most
rarely discussed theme) and offers descriptions of potential challenges
and future perspectives to develop successful lipid-based nano-PD
therapeutics.

2. Background of PD

PD is a progressive neurodegenerative disorder that is characterized
by motor-related dysfunction and which predominantly occurs in the
aged population. The main features of PD include a significant loss of
DAergic neurons in substantia nigra pars compacta (SNpc) and sub-
sequent defects in synaptic plasticity in the striatal networks and basal
ganglia [26]. Clinically, PD is characterized by motor deficits, such as
bradykinesia, ataxia, stiffness, dystonia, resting tremors, and postural
instability [27,28]. The early onset of PD motor symptoms is clinically
diagnosed with the observation of unilateral asymmetrical tremors. The
further progression of disease pathology is manifested as bilateral
tremor sessions and evident postural instability [29]. During the

intermediate stages, a substantial loss of balance and slowness of motor
activities can be observed. In the later debilitating stages, patients ty-
pically exhibit severe postural instability, freezing/festination of gait,
walking and functional disabilities and are typically bedridden and
require around-the-clock nursing care [30,31]. Resting tremors involve
the shaking of body parts (e.g., arms, legs, head) at some rhythmic
frequency (3–6 Hz), while bradykinesia denotes unintentional motor
activities and reductions in the intensity or movement. Moreover,
muscular rigidity is characterized by increases in the stiffness of the
muscles. These are the most common signs and reasons attributed to the
motor functional instability observed in PD patients [30,31]. Cognitive
decline and psychiatric mood fluctuations were also observed in PD
progression, which reduces the activity associated with thought pro-
cessing and increases the frequency of memory lapses—thus, patients
with PD require extensive care [32,33]. Additionally, as the disease
progresses to impact the olfactory sensory and visual neurons, a gradual
loss of sensory abilities and distorted vision can be observed in patients
with PD. Clinically, the loss of the sense of smell is one of the pre-
liminary factors used to screen for the early stage of PD [33,34]. Fur-
thermore, the dysfunction of the autonomic system in patients with PD
leads to several secondary complications, including constipation, ex-
cessive sweating, scalp formation, blood pressure, headaches, and pain,
which worsens the patients’ quality of life [35,36]. Therapeutic stra-
tegies designed to curb, halt or reverse the progression of PD in the
clinical management of patients with PD are urgently needed. Due to
these multifaceted complications of PD, clinicians have encountered
difficulties and complications in the administration of therapeutic
agents, while researchers/scientists have been prompted to further in-
vestigate the potential underlying mechanisms and selective char-
acteristic biomarkers of PD pathogenesis to develop an optimal ther-
apeutic strategy.

3. Pathways and molecular mechanisms of DA-centered PD
progression

The etiology of PD is believed to be influenced by aging, genetics,
and environmental factors [37]. The appropriate mapping of these
factors will potentially provide insights into disease progression.
Briefly, the aging process and environmental toxins are well-docu-
mented to weaken the functional mitochondrial energy synthesis
system. Mitochondrial dysfunction further decreases the energy supply
and increases oxidative stress, potential Lewy body formation, and
DAergic cell death. Indeed, a delay in the aging process was recently
shown to curb PD progression in a Caenorhabditis elegansmodel [37,38].
On the contrary, mutations in certain gene sequences, such as LRRK2,
PINK1, and DJ-1, have been reported to cause mitochondrial dysfunc-
tion-mediated DAergic cell death and further facilitate PD progression
[39]. SNCA is the most important gene associated with PD incidence
because it induces α-synuclein (α-syn) formation and aggregation, as
well as Lewy body formation-mediated mitochondrial oxidative stress,
neuroinflammation, excitotoxicity, and DAergic cell death/degenera-
tion [40,41]. Additionally, mutations in parkin and UCHL1 were re-
ported to facilitate protein degradation mediated by the autophagy
lysosomal pathway and Lewy body formation [40,41]. Therefore, the
incidence and/or progression of PD involve several prominent mole-
cular events, i.e., α-syn formation/aggregation, protein degradation,
mitochondrial dysfunction, oxidative stress, neuroinflammation, ex-
citotoxicity, Lewy body formation, and DAergic cell death. Here, we
intend to correlate these crosslinked etiological molecular events with
the corresponding biological pathways to provide a vivid picture of PD
pathogenesis.

3.1. Dysregulation of the nigrostriatal pathway

Dopaminergic neurons are located at three major sites in the mid-
brain, including the substantia nigra pars compacta (SNpc), ventral
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tegmentum, and retrorubal field [42]. In the basal ganglia, DAergic
neurons projecting from the SNpc to the striatum comprise the ni-
grostriatal pathway, which regulates the voluntary movements of the
body and is principally damaged during PD pathogenesis (Fig. 1a and b)
[43,44]. DAergic neurons in the SNpc secrete DA, which in turn func-
tions as an inhibitory neurotransmitter to control and regulate the ex-
citability of corticostriatal and spiny neurons via DA DA1 or DA2 re-
ceptors, thereby modulating the activation or suppression of the motor
functions, respectively [45].

Overall, the signal for voluntary movement transmitted from cor-
tical regions will be processed in the basal ganglia via direct/indirect
pathways (based on DA1/DA2 receptors) and transmitted back to the
cortical region via the thalamus. In turn, this processed signal is
transmitted from the cortical region to the site of the action, i.e., the
skeletal muscles, via spiny neurons to perform the desired motor
functions [46,47]. This differential function of the DA receptors (DA1
and DA2) in mediating DA activities reveals the pivotal role of the
DAergic system in PD progression [45,48]. Briefly, during PD progres-
sion, the nigrostriatal pathway exhibits a severe depletion of DAergic
neurons in the SNpc and subsequent loss of DA neurotransmitters. This
DA inadequacy results in a level of striatal neuron instability and in-
duces excessive firing, leading to substantial motor deficits, such as

tremor or rigidity (Fig. 1c and d) [48,49]. In addition to its effects on
motor functions, the DAergic system of the SNpc is also reported to play
roles in habitual control and goal-directed learning activities. Notably,
the DAergic neurons of the ventral tegmentum area and retrorubral
field play distinct roles in memory and psychological functions [50,51].
Although the DAergic systems of the midbrain have significant roles in
psychological and motor activities via their inhibitory or excitatory
functions, the exact interloop switching mechanisms among these
DAergic systems are still being investigated. However, mechanisms
employing other neurotransmitter receptors, i.e., glutamatergic (GLU-
Tergic), gamma-aminobutyric acidergic (GABAergic), serotonin, and
acetylcholine (ACh) neurotransmission, are associated with the pro-
gression of PD pathogenesis [52,53].

3.2. Cascade of impediments in neurotransmitter systems

GLUT, the most common excitatory neurotransmitter in the brain, is
reportedly involved in approximately 70% of all synaptic transmission
events [54,55]. GLUT primarily functions as an excitatory transmitter,
while GABA functions as a presynaptic inhibitory transmitter in the
mature brain. Ironically, GLUT is a precursor for GABA synthesis in the
brain [55,56]. Generally, the neurons of the globus pallidus interna,

Fig. 1. a) Schematic mapping of the somatic peripheral nervous system, where the interloop processing of signals at the thalamocortical region in the brain and
subsequent flow to the skeletal muscle via spine nerves is shown. b) Graphical illustration of the coronal section of the brain exhibiting the anatomy of the basal
ganglia components; the green highlighted part denotes the nigrostriatal DAergic pathway. The firing intensities in the basal ganglia–thalamus–cortical loop circuit in
c) a normal and d) a PD brain were represented, where the green and purple lines indicate the indirect and direct pathways, respectively. The black line indicates the
thalamo–cortico–basal loop. The number of positive and negative symbols represent the intensity of the signals, while also the intensity of firing potentials is
relatively represented by the thickness of the arrow. DA: dopamine; DA1/D1: dopamine receptor 1; DA2/D2: dopamine receptor 2; Gpe: globus pallidus externa; Gpi:
globus pallidus interna; STN: subthalamic nucleus; SNpc: substantia nigra pars compacta.
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globus pallidus externa, and SNpc are GABAergic, whereas neurons in
the thalamus and subthalamic regions are GLUTergic [57,58]. The
signals from voluntary actions initiating in cortical regions are trans-
mitted as an excitatory signal from cortico-striatal inputs to the caudate
nucleus and putamen via GLUTergic projections that send inhibitory
signals to globus pallidus interna and subsequently, the thalamus via a
GABAergic circuit (direct pathway). Conversely, GABAergic projections
from the caudate/putamen inhibit the subthalamus and excite the
globus pallidus externa via GLUT, which in turn transmits inhibitory
signals to the thalamus via a GABAergic circuit (indirect pathway)
(Fig. 2) [59,60]. Ultimately, both pathways transmit the excitatory
signal from the thalamus to the cortical regions via GLUT and there-
after, provoke the functional synaptic signal to the spinal nerves and
skeletal muscles to induce motor functions [59,61]. The switching of
both pathways is determined by DA and its receptors. DAergic neurons
emerging from the SNpc facilitate the direct excitatory pathway at the
level of the caudate/putamen when the released DA binds to the DA1
receptor, and, alternatively, facilitates the indirect pathway when DA
binds to the DA2 receptor. In PD pathogenesis, despite the impaired
function of nigrostriatal DAergic neurons and the loss of DA transmit-
ters, an imbalance in GLUT and GABAergic transmitters has also been
documented [48,62]. More precisely, in the putamen, GLUT/N-methyl-
D-aspartate (NMDA) presynaptically inhibits DA2 on DAergic neurons,
thereby substantially increasing DA deficits (Fig. 2) [63,64].

However, NMDA antagonists substantially reverse the dyskinetic
effects, while the metabotropic GLUT receptor m5GluR has also been
documented to exert a strong inhibitory effect on DAergic neurons in
the putamen [65,66]. Nonetheless, the GABA receptors that regulate
calcium influx in neurons, astrocytes, and glial cells are also reported to
actively participate in PD pathogenesis, as their activity is altered by
mitochondrial dysfunction [67]. Calcium-induced excitotoxicity caused
by mitochondrial damage in patients with PD results in substantial
DAergic neuronal loss in the SNpc. This decrease in GABA/calcium ion

regulation has been reported to exert a cascade of effects, i.e., weak-
ening of the BBB, accumulation of Lewy bodies (LB), and the formation
of abundant calcium-binding protein deposits [67,68]. A postmortem
analysis of the brains of patients with PD has shown a reduction in the
number of GABAergic neurons in the basal ganglia circuit that precisely
targets several regions of the thalamus. In patients with PD, the elec-
trophysiological data obtained from the subthalamic region revealed
hyperactivity due to the reduced inhibition of GABAergic activity from
the globus pallidus extrena (Fig. 2) [69,70]. Ultimately, these anoma-
lies in the GLUT and GABAergic systems have negative impacts on the
outbound signals from the thalamus and motor deficits in PD patho-
genesis.

The neurotransmitter ACh, which plays a role in cognitive functions,
is prominently dysregulated in several neurodegenerative disorders,
including PD. Histological studies of the brains of subjects with PD
detected a substantial loss of neurons expressing choline acetyl-
transferase (ChAT) [71,72]. Although both DA and Ach are reported to
be involved in learning, DAergic and cholinergic interneurons exhibit
antagonistic interactions that are mediated by presynaptic GABAergic
and GLUT–NMDA neurons [73,74]. Generally, ACh is rhythmically re-
leased by cholinergic interneurons into the striatum with a pause be-
tween release events and is autoinhibited by M4 muscarinic receptors.
The pause response of ACh generally increases the release of DA to
facilitate striatal synaptic plasticity [75]. Currently, researchers have
hypothesized that ACh release is regulated by DA2 receptors on choli-
nergic neurons. Furthermore, nicotinic cholinergic neurons (nACh)
were also reported to be involved in the activation of DA neurons in the
caudate putamen via the β2 subunit of nicotinic ACh receptors [75,76].
The depletion of DAergic neurons and impairments in the DA-mediated
nigrostriatal pathway in patients with PD leads to an imbalance in the
D2 receptor and ACh levels, altering the DA2-mediated indirect
pathway, extensively inhibiting the thalamocortical pathways and
producing locomotor deficits in patients (Fig. 2) [77].

Serotonin (5-HT/SER) is another major neurotransmitter with
multifaceted roles in neuronal synaptic signaling that is primarily found
in the raphe nuclei of the midbrain and that is known to contribute to
severe motor and nonmotor deficits, such as resting tremor and psy-
chosis, in patients with PD [78]. Functional neuroimaging studies of the
brains of patients with PD reported an approximately 30% reduction in
serotonergic transporters (SER-T), which represents the denervation of
the SER system and contributes to the intensity of tremors and other
motor deficits in patients with PD [79]. Interestingly, PD tremors in-
duced by the loss of the SERergic system in the raphe nucleus are re-
latively more intense and expected to precede tremors induced by
DAergic neuron loss in the nigrostriatal pathway [80,81]. SER also fa-
cilitates L-dopa–induced dyskinesias (LIDs), potentially by altering the
DA dynamics in SERergic systems due to the unmanageable conversion
of L-dopa to DA and/or by inducing the development of SERergic
terminals [82]. The DAergic–SERergic interaction at the caudate pu-
tamen was mediated by 5-HT2A receptor binding; however, active 5-
HT1A/5-HT1B receptor binding inhibits the striatal serotonergic affer-
ents and blocks SERergic transmission (Fig. 2) [83,84]. This provides
researchers with the opportunity to apply 5-HT2A antagonists as po-
tential therapeutics to reverse the effects of LIDs.

3.3. Protein misfolding/aggregate formations/proteolytic dysfunction

Protein misfolding is a common pathological event seen in several
neurodegenerative disorders, including Alzheimer's disease [beta-amy-
loid (Aβ) and phosphorylated-tau (p-tau) proteins], PD (α-synuclein)
and Huntington's disease (huntingtin protein) [85]. In PD, the cardinal
misfolding of α-synuclein (α-syn) proteins results in the formation of
aggregates and LBs, which damage the neuronal cell membrane; impair
its stability; and subsequently, induce mitochondrial damage, oxidative
stress, excitotoxicity, and neuroinflammation-mediated cell death
[86,87]. In general, protein misfolding is a commonly occurring event

Fig. 2. Schematic representation of potential neurotransmitter circuit involved
in the basal ganglia–thalamus–cortical loop. The figure in the left represent
normal conditions and the right represent PD conditions. For clear under-
standing, only the presumed prominent neurotransmitter system involved in PD
pathogenesis is represented. The red and blue color projections denote
GLUTergic and GABAergic systems, respectively; the purple and dark green
projections represent D1 receptor and D2 receptor associated DAergic systems,
respectively; and the light green and orange projections represent acetylcholine
and serotonin systems, respectively. The projections with a thick outline and
dotted line represent the intense and weak transmissions, respectively. Glu:
glutaminergic; GABA: GABAergic; ACh: acetylcholine; 5-HT: serotonin; DA:
dopamine; DA1: dopamine receptor 1; DA2: dopamine receptor 2; Gpe: globus
pallidus externa; Gpi: globus pallidus interna; STN: subthalamic nucleus; SNpc:
substantia nigra pars compacta.
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in most eukaryotic cells, as the stability of the native form of the protein
is low and its constant exposure to external environmental factors, such
as increased temperature, oxidation, nitrosylation or other post-
translational modifications, can lead to protein misfolding [88]. Bio-
logically, our cells possess complex quality control (QC) surveillance
systems, such as the ubiquitin–proteasome system, molecular chaper-
ones (e.g., heat shock proteins), and the autophagy clearance system,
which act to sense and either repair misfolded proteins or destroy those
that are not capable of being repaired [88,89]. In patients with PD, the
malfunctioning of these QC surveillance systems leads to the excess
accumulation of misfolded α-syn proteins/aggregates and LB formation
(Fig. 3) [90]. For instance, several in vitro and in vivo studies reported
on the accumulation and overexpression of α-syn aggregates, particu-
larly in the mitochondria, which impaired the bioenergetics and func-
tional stability of the mitochondria [91,92]. Interestingly, according to
recent histological evidence obtained from the brains of patients with
PD complicated with dementia, α-syn protein aggregates were observed
in addition to Aβ and p-tau (related to Alzheimer's disease pathogen-
esis) protein aggregates [93,94]. Further, patients with PD presenting
frontotemporal dementia displayed the accumulation of p-tau ag-
gregates in the cortical and SNpc regions that colocalized with LBs,
suggesting a potential role of these signs in the denervation of the
DAergic system [95]. These reports indicate the importance of protein
clearance/proteolytic system in preventing the aggregation of mis-
folded proteins. This aberrant protein homeostasis in patients with PD
is partially attributed to the commonly reported inheritable mutations
in specific genes, i.e., α-syn, parkin, PINK1, DJ-1, and LRRK2 [41]. For
example, parkin (which regulates DA release in the SNpc), an E3 en-
zyme associated with the ubiquitin-proteasome system (UBS) required
for the proteasomal degradation of misfolded proteins, differentially
regulates poly- and monoubiquitination processes [96,97]. Specific
mutations in parkin increase the accumulation and aggregation of
misfolded proteins in the SNpc, promote LB formation, and facilitate
several other molecular cascades involved in PD pathogenesis [96].
Similarly, other specific genes—for example, DJ-1, a dimer with anti-
oxidant, transcriptional regulation, chaperone and proteasome activ-
ities; PINK1, a kinase that preserves mitochondrial functions in neu-
ronal cells; and LRRK2, a kinase encoded by the PARK8 gene that
facilitates cytoskeletal maintenance, neurite outgrowth, and autophagic
protein degradation with neuroprotective functions are mutated in
patients with PD and facilitate disease progression by directly or in-
directly hindering the proteolytic functions of the QC surveillance

system (Fig. 3) [98–100]. Additionally, mutations in several other
glucocerebrosidase (GBA), familial/autophagy-related genes, such as
PARK9, PARK 10, PARK11, PARK 3, VPS35, GRIN2a, SREBF, and GAK,
were also reported to be involved in PD pathogenesis [101–103]-.

3.4. Mitochondrial impairments, oxidative stress, and neuroinflammation

As the ‘powerhouse’ of the cell, the mitochondria are susceptible to
several disease-mediated pathogenic cascades or stress conditions
mediated by exogenous factors. In PD, the nonproteolyzed misfolded
protein aggregates likely accumulate in the mitochondria and inhibit
the mitochondrial respiratory complex (MRC)-mediated ATP produc-
tion and bioenergetics of the cell, inducing oxidative stress and later,
neuronal cell death [104]. Interestingly, the accumulation of α-synu-
clein aggregates was also reported to impair other key cellular func-
tions, such as the functions of the endoplasmic reticulum in vesicular
trafficking and autophagy–lysosomal degradation [105–107]. Post-
mortem studies of the brains of patients with PD revealed prominent
deficits in MRC-I precisely in the cortical and SNpc regions. Subse-
quently, a significant loss of MRC-III was also observed in the platelets
and lymphocytes from patients with PD [108,109]. Indeed, the in-
hibition of MRC I and III was reported to exacerbate negative signaling
cascades, leading to oxidative stress-mediated DAergic neuronal cell
death. As oxidative phosphorylation plays a vital role in the bioener-
getics required for mitochondrial ATP production, mitochondrial im-
pairments exert a substantial impact on the oxidative metabolic
pathway in cells [110,111]. Under normal physiological conditions, the
oxygen utilized for MRC is converted to reactive oxygen species (ROS),
which are later processed and eliminated by the endogenous anti-
oxidant enzyme system. However, impairments in MRC systems can
disrupt the homeostasis of the ROS/reactive nitrogen species–antiox-
idant system, as well as increase oxidative stress, mitochondrial dys-
function, and neuronal cell death cascades [112]. Notably, DA and
SERT possess substantial antioxidant functions, while the relative
breakdown of these monoamines by monoamine oxidase-B (MAO-B)
also plays a critical role in free radical generation in the DAergic system
[113]. Conversely, certain specific mutations in mitochondrial DNA
and/or other associated familial mutations in α-syn, parkin, DJ-1, or
PINK also potentially contribute to the imbalance in mitochondrial
bioenergetics observed in PD pathogenesis (Fig. 3) [114]. Recently,
researchers developed a special set of hybrid cells termed “cybrids,”
where the insertion of mitochondrial DNA from patients with PD into

Fig. 3. Schematic representation of protein mis-
folding/aggregate formations/proteolytic dysfunc-
tion and other associated plausible events, potentially
involved in the active neuronal cell-death mediated
progression of PD pathogenesis. The genetic muta-
tions of PINK1, DJ-1, and parkin potentially attribute
to the inhibition of normal physiological proteolysis
of undesirable α-synuclein, leading to α-synuclein
misfolding and aggregation. On the other hand, mu-
tations in mitochondrial DNA and DA oxidation were
also presumably involved in the misfolding and ag-
gregation of α-synuclein. The aggregates of misfolded
α-synuclein (LBs) and other amyloid beta/p-tau
proteins subsequently aggravate the disease condi-
tions by inflicting mitochondrial dysfunction and
ROS conditions, dysregulation of lysosomal-autop-
hagosomal clearance of impaired proteins and en-
doplasmic reticulum, neuroinflammation and neu-
ronal cell death. mt-DNA: mitochondrial DNA; ROS/
RNS: reactive oxygen species/reactive nitrogen spe-
cies.
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neuroblastoma cells was performed to study the pathogenesis of PD
[115]. Interestingly, these cybrids exhibit substantial MRC impairments
and formed LBs in neuronal cells, analogous to the DAergic loss ob-
served in patients with PD, thus supporting a role for mitochondrial
dysfunction in PD progression [116,117]. However, damage induced by
oxidative stress and mitochondrial dysfunction triggers inflammation
and further exacerbates the disease condition [117,118]. Persistent
inflammation is clearly established by activated microglial cells, the
excess accumulation of cytokines (e.g., the pro-inflammatory cytokines
tumor necrosis factor alpha, interleukin-1β, and interleukin-6) and
other neuroinflammatory mediators in the cerebrospinal fluid and brain
tissues of patients with PD that were collected in live and postmortem
studies. Microglial activation in the nigrostriatal regions parallels the
loss of DAergic cells in patients with early-stage PD [119–121]. An
animal model of PD, which is established by chronically administering
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), revealed ele-
vated levels of inflammatory cytokines along with a significant loss of
DAergic neurons in the SNpc, thereby confirming the important con-
tributions of inflammation to DAergic system impairments and suc-
cessive PD progression [107,121].

4. Contemporary DA-centered PD therapeutics and their
limitations

Therapeutic interventions that potentially ameliorate all facets of
disease progression and cure PD are currently unavailable. However, a
few symptomatic therapies are currently on the market to modestly
delay disease progression and to provide temporary relief to patients
with PD. An early diagnosis of PD and provision of appropriate care
with symptomatic treatment can improve the life expectancy of patients
with PD by up to several years. The clinical management of patients
with PD is currently achieved using DA-based drug therapies (e.g., L-
dopa, DA agonists, monoamine oxidase B inhibitors, and catechol-O-
methyltransferase inhibitors) (Fig. 4), surgical procedures, such as deep
brain stimulation and lesion-inducing operations, gene therapies [e.g.,
viral vectors encoding growth factors and clustered regularly inter-
spaced short palindromic repeats (CRISPR)–CRISPR-associated protein
9 gene editing], stem cell transplantation procedures, like striatal and

bone marrow transplants), as well as complementary and rehabilitation
therapies, including diet and exercise modifications [122–125]. How-
ever, in this review, we mainly focused on DA-centered drug ther-
apeutics. Although several therapeutic strategies have been in-
vestigated as PD treatments over the past few decades, currently, DRTs
are widely used in clinical management [126].

Clinically, the primary and most effective treatment currently used
to manage the symptoms of PD is L-dopa therapy, which acts to reverse
DA depletion, either alone or in conjunction with other decarboxylase
inhibitors [127,128]. L-dopa is a precursor of DA that is effectually
metabolized into active DA and which potentially increases DA levels
throughout the brain, including the extracellular regions of the dorsal
striatum, thereby effectively restoring the striatal synaptic plasticity
and ameliorating motor deficits observed during PD progression [129].
However, the acute administration of L-dopa shows relatively minimal
therapeutic efficacy compared with long-term chronic administration,
which is likely due to the substantial time required for L-dopa to restore
considerable DA levels and synaptic plasticity. Thus, L-dopa therapies
require a chronic dosing regimen to potentially alleviate long-term
depression and long-term potentiation in patients with PD. In doing so,
these therapies improve the patient's quality of life by ameliorating the
characteristic motor symptoms [130,131]. Nevertheless, its ability to
extend the patient's life expectancy is still debatable due to its chronic
administration. As the gold standard PD therapy, L-dopa treatment can
be initiated at any stage of PD progression. Nonetheless, its clinical
bioavailability is approximately 1% and the peripheral availability of L-
dopa outside BBB has been observed, which substantially alters sy-
naptic plasticity in the striatal spiny neurons and results in time-de-
pendent alterations in the DAergic and GLUTergic systems. These
changes eventually result in LIDs, a hyperkinetic condition [132–134].
Researchers have been investigating the possible underlying mechan-
isms for LIDs and have identified several proposed pathways to date.
For example, L-dopa–mediated sprouting of the axon terminals of
SERTergic neurons facilitates hypersynaptic functions, which induces
more DA release and results in LIDs [135,136]. However, from our
perspective, although researchers have investigated other drugs to al-
leviate the side effects of the main drug (i.e., L-dopa), a focus on the
core causes of its side effects, such as chronic dosage or a low “wearing-

Fig. 4. Graphic representation of the potential mechanism of actions of various classes of drugs, i.e., L-dopa, DA agonists, COMT inhibitors, and MAOB inhibitors,
showing some promising therapeutic effects in the clinical management of symptomatic PD. DA: dopamine; L-dopa: levodopa; DDC: dopamine decarboxylase; COMT:
catechol-O-methyltransferase; 3-OMD: 3-O-methyldopa; MAO: monoamine oxidase B; DOPAC: 3,4-dihydroxyphenylacetic acid.
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off” period, and addressing them appropriately, would be an ideally
suitable solution to rectify this issue. Notably, researchers are currently
working to increase the plasma half-life of L-dopa by developing sus-
tained-release formulations to overcome the requirements for large
doses and the wearing off issue [137,138]. Alternatively, the sustained
delivery of DA across the BBB to the striatal regions represents another
potential strategy to delay disease progression.

In addition to L-dopa, DA agonists are the second most commonly
used therapeutics for the clinical management of PD. As the structures
of DA agonists contain a DA-like moiety, they specifically bind to DA
receptors and thereafter, reinstate endogenous DA levels with a reduced
risk of dyskinesia. DA agonists have been recommended as a mono-
therapy for patients with early-stage PD (de novo) and paired with L-
dopa as a combination therapy for patients with intermediate- or ad-
vanced-stage PD [139,140]. Currently, two classes of DA agonists have
been administered in the clinic, i.e., ergot and nonergot derivatives
[141]. Ergot derivatives (e.g., bromocriptine, pergolide) were recently
reported to increase the incidence of valvular cardiac conditions, in-
cluding the fibrosis of cardiac valves [142,143]. In a study comparing
the effects of ergot and nonergot derivatives, 20% of patients treated
with ergoline derivatives (i.e., pergolide and cabergoline) exhibited
cardiac valvular complications; however, researchers have not yet ob-
tained clear evidence that the ergot derivatives themselves directly
induce cardiac complications [144]. Currently, nonergoline derivatives,
such as ropinirole, pramipexole (oral), and apomorphine (AM) (injec-
tions) are the most commonly utilized treatments for PD management
in the clinic. In addition to their effects on specific DA receptors, these
compounds exhibit a longer half-life in plasma, thereby facilitating the
sustained release of DA and preventing irregular fluctuations in DA-
mediated dyskinesias in patients with PD [145–147]. However, pra-
mipexole, a nonergoline derivative, was reported to induce unpredicted
sleep manifestations or somnolence and is found at relatively higher
percentages than ergolines [147,148]. Furthermore, the use of none-
rgoline DA agonists often induces several nonmotor psychological side
effects, such as hallucinations, paranoia, delusions, depression, and
autonomic events, including orthostatic hypotension and sleep
anomalies [147,149]. Thus, patients with PD who are treated with DA
agonists—specifically, nonergoline derivatives—should be cautioned
about or monitored closely for these psychological effects and advised
not to perform any critical activities, such as driving, until such effects
have subsided [147]. On the other hand, AM, also exhibits a similar
level of efficacy to that of L-dopa and is reported to result in a lower
incidence of psychological effects; however, in contrast, it provokes
relatively higher levels of other prominent adverse effects, such as an
emetic response, nausea, and cutaneous abnormalities [150,151]. Re-
cent advances in transdermal therapy have provided researchers with
opportunities to establish specific formulations for the slow/sustained
release of drugs, e.g., ropinirole or rotigotine administered via trans-
dermal patches [152,153]. Interestingly, the use of low-dose rotigotine
transdermal patches ensured favorable tolerance to sleep disturbances
in patients with advanced PD, along with mild to moderate adverse
events. Unfortunately, their previously reported side effects (i.e., psy-
chological and sleep anomalies) were still observed in a considerable
number of patients (38%) following long-term treatment. Thus, ex-
tensive safety investigations are still required to obtain a clear picture
of the pervasiveness of adverse events [153,154].

Amantadine, an aliphatic primary amine, is a clinically well-known
extended-release drug approved by the United States Food and Drug
Administration (FDA) for the treatment of Parkinsonian symptoms.
Amantadine substantially reduces tremors and rigidity and ameliorates
dyskinesia in patients with PD [155,156]. Further, AM is potentially
involved in blocking DA reuptake and facilitating DAergic transmission
at synapses by actively blocking the GLUTergic NMDA receptors. Since
AM is the only predominant GLUT receptor antagonist that exhibits
strong antidyskinetic properties, the extended-release modality of AM
has been approved by the FDA as the first medication available to treat

LIDs and to alleviate the motor symptoms of PD [155,157]. However,
regarding clinical administration, although the extended release of AM
reduced the daily dosage and wearing off period when compared to AM
hydrochloric acid, the common side effects, which include hallucina-
tions, nausea, constipation, impulse control disorder, and livedo re-
ticularis, have persisted. Notably, according to recent case reports, AM
induces corneal edema in pediatric patients and induces delirium upon
withdrawal [158–160].

Monoamine oxidase B (MAOB) is an enzyme located in presynaptic
terminals and glial cells that actively participates in the breakdown of
DA, predominantly in the nigrostriatal pathway, and greatly exacer-
bates PD pathogenesis [161]. Presently, MAOB inhibitors, such as se-
legiline and rasagiline, are some of the most commonly used treatments
in the clinical management of PD. These drugs effectively inhibit DA
metabolism and provide a considerable amount of extracellular DA for
synaptic signaling; thus, they are typically administered as a mono-
therapy to patients with early-stage PD [162,163]. However, these
compounds may also be administered as part of a combination treat-
ment with L-dopa to overcome the wearing-off period. In terms of tol-
erability, MAOB inhibitors induce less dyskinesis than L-dopa. Further,
in combination with L-dopa, MAOB inhibitors increase the risk of hal-
lucinations [164,165]. Ultimately, although both MAOB inhibitors
showed substantial neuroprotective effects, their impacts on alleviating
motor deficits are still being investigated, with selegiline producing
fewer antidyskinetic effects [165].

Another enzyme, catechol-O-methyltransferase (COMT), is directly
[COMT → DA → 3-methoxytyramine (3-MT) → homovanillic acid
(HVA)] or indirectly (DA → MAO → COMT → HVA) involved in the
metabolic cascades required for DA biosynthesis and suppresses en-
dogenous DA levels [166]. Moreover, COMT and aromatic L-amino
decarboxylase (AAD) also facilitate the degradation of extracellular L-
dopa in the peripheral milieu of the BBB to 3-O-methyldopa (3-OMD)
and peripheral DA, respectively [167]. As COMT plays a pivotal role in
DA metabolism, the inhibition of COMT by COMT inhibitors (e.g.,
tolcapone, entacapone) effectually restores endogenous DA levels
[166,167]. Thereafter, the administration of COMT inhibitors in com-
bination with the AAD inhibitor carbidopa (which also prevents per-
ipheral L-dopa breakdown) effectively suppresses motor deficits in pa-
tients with advanced-stage PD, similar to a cotherapy approach with L-
dopa. Despite its potential clinical application as a combination therapy
with L-dopa, COMT inhibitors still create dyskinesias and hallucinations
as side effects [167].

Numerous DA-centered therapeutic candidates are currently being
investigated as DA replacement therapies due to their substantial ac-
tivities on ameliorating PD progression (Table 1). Based on the dis-
cussion presented above, the inability of DA to cross BBB and the low
half-life, quick-release formulations of L-dopa that mediated chronic
and prolonged administration have been considered as major hurdles in
the elucidation of suitable DRTs. Currently, existing therapies have
several limitations; thus, further work should take advantage of the
advances in nanotechnology to overcome these barriers.

5. Nanotechnology in central nervous system (CNS) drug delivery
systems

Nanotechnology is an advanced stream of biotechnology that en-
compasses the engineering of materials at the atomic/nanoscales and
interactions with the biological entities at the molecular level. Recently,
nanotechnology was reported to constitute a substantial revolution in
the field of clinical therapeutics by facilitating effectual interactions,
stimulation, disease-targeted drug delivery, and theragnostic functions
to manage several clinical conditions, including neurodegenerative
disorders [168,169]. Nanotechnology can be directly or indirectly in-
volved in altering the physicochemical properties of drug candidates
via masking or loading them into specific delivery systems and in-
creasing their biocompatibility and bioavailability to reach the site of
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action. Unlike subjects with other clinical conditions, patients with
neurodegenerative disorders, such as Alzheimer's disease and PD, were
reported to possess protective biological barriers in the CNS, which
represents a critical challenge for therapeutics to attain maximum
therapeutic efficacy [168,169]. The BBB, which acts as a defensive
barrier in the brain, affords unidirectional, concentration-based, selec-
tive permeability of specific candidates into the brain parenchyma
[170]. Thus, small, lipophilic candidates can easily traverse the BBB
through transcytosis; conversely, larger molecules and hydrophilic
candidates must use specific receptor-ligand, ion-gated channels for
transport. This mechanism potentially prevents several drug candidates
from passing through the BBB, which accounts for the failure of the
primary PD therapeutic strategy, i.e., an exogenous supply of DA to the
brain [171,172]. However, as discussed above, conventional neu-
rotherapeutics fail to or reach the site of action only at low levels and

exhibit lower or minimal efficacy at a relatively higher dose or fol-
lowing prolonged administration. This situation is further complicated
when the drug candidates are bound to targets in the periphery and
produce undesirable side effects [173]. Fortunately, with advances in
nanodrug delivery systems, the nanoparticulate (NP) active candidates
circumvented the CNS barriers, i.e., the BBB, and are transported to the
targeted site with enhanced bioavailability. Moreover, the interaction
of the nanoparticles (NPs) with biological systems potentially induces a
prolonged and sustained release of the active drug candidates with
enhanced efficacy [174,175]. The protracted circulation of NPs in the
brain results in their absorption into the brain, based on the gradient
concentration fluxes. However, the most widely accepted hypothesis is
that NPs are transported into the brain parenchyma by endocytosis
mediated by endothelial cells. Thereafter, the drug is released to the
brain cells or is shuttled by transcytosis across the BBB to the brain cells

Fig. 5. Illustrations of potential lipid-based nanocarriers including a) liposomes, b) SLNs, c) NLCs, and d) LPNs, which are predominantly developed and investigated
for active shuttling of potential drug candidates across the BBB. Such enhances the bioavailability and therapeutic efficacy of the bioactive candidates precisely in
treating several neurodegenerative complications including PD.
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[176]. Additionally, the functionalization of nanocarriers with specific
peptide sequences or ligands induces receptor-mediated BBB transport
and the site-specific delivery of active drug candidates [174,175]. This
finding was further supported by other research showing the existence
of enhanced cellular uptake and a relative reduction in the dosage re-
gimens of therapeutic candidates when compared to the administration
of its free form [177]. Generally, nanocarriers are constructed from
several organic (e.g., lipids, polymer) or inorganic (e.g., carbon nano-
tubes, mesoporous silica, metals) matrices that are further fabricated to
achieve their functions in the targeted biological system [178]. Among
the several reported delivery systems, lipid- or polymer-based matrices
are the most commonly employed nanodrug delivery systems due to
potential nondegradable traits of inorganic materials, such as carbon,
metal, and silica in biological systems [178,179]. Lipids constitute the
structural basis for most of the cells and tissues in our bodies; thus, the
engineering of these lipid-based NPs provides enhanced biocompat-
ibility and biodegradability and is widely implied in the development of
nanocarrier systems [180]. The vesicle-like structures of lipid-based
nanocarriers actively protect the loaded drug or candidate molecule
from enzymatic degradation or physiological hindrances in the biolo-
gical system. Notably, these lipid-based vesicular liposomes have al-
ready been approved by the FDA and are even used for several com-
mercial purposes in the clinical and pharmaceutical industries
[181,182]. Nevertheless, polymers have been adapted as substrates or
as insulation materials for neural interfaces and implants for a sub-
stantial period of time without any harmful biological interferences as a
result of their biocompatibility with the surrounding tissue. Several
clinical devices that are composed of polymers, such as gels, micro-
spheres, and biofilms have also been widely used in clinical applica-
tions [183,184]. This evidence supports the biocompatibility of lipid-/
polymer-based nanocarriers compared with other inorganic materials
in biological systems. However, recently, some synthetic polymer-
coated NPs have been reported to cross-link with certain carcinogenic
monomers and form toxic substrates, and these substances must be
removed from the biological milieu [185,186]. Thus, as lipid-based
nanocarriers have been broadly studied and widely applied in the field
of nanomedicines more so than other materials to allow neurother-
apeutics to pass through the BBB, extensive reviews of several drug
delivery systems to the brain have also been recently reported
[21,24,187–189]. As such, to the best of our knowledge, none have
exclusively described the significance and updates to the lipid-based
nanocarrier systems that are principally focused on DA-centered PD
therapeutics. Here, we introduce this missing information and cover
recent updates in lipid-based, DA-centered PD therapeutics.

6. Lipid-based nanodrugs and their applications in DA-centered
PD therapeutics

Over the past few decades, several lipid-based NPs have been suc-
cessfully developed as drug delivery systems to treat a wide range of
clinical conditions [190,191]. Lipid-based NPs are classified into four
major categories: liposomes, solid lipid NPs (SLNs), nanostructured
lipid carriers (NLCs), and lipid–polymer hybrids (LPNs) (Fig. 5). Gen-
erally, these lipid-based nanocarriers share a common structure of cell
membrane-like lipid bilayers involving both hydrophilic and hydro-
phobic moieties, which promotes the versatility of loading active mo-
lecules in conjunction with various characteristics in the pharmaceu-
tical industry [180,190].

6.1. Liposomes

Liposomes are considered to be a first-class drug carrier and have
been developed and characterized over the past few decades as a po-
tential carrier system with favorable biocompatibility, lower toxicity,
reduced immunoreactivity, and targeted delivery traits [191]. Lipo-
somes are constructed from several types of lipids and phospholipids,

such as phosphatidylcholine, phosphatidylserine, and cholesterol,
which are the most frequently employed lipids due to their versatile
traits [192,193]. Conventionally, the liposome formulation is prepared
by the spontaneous interaction of the thin layer of the lipid film with
the aqueous phase. In brief, lipids are initially dissolved in an organic
solvent and condensed; this organic solvent–lipid mixture is then dis-
persed in aqueous media. Thereafter, the resultant liposomes are pur-
ified and characterized. Eventually, the drug candidates can be loaded
in liposomes by either passive (during liposome formulation) or active
(after liposomal formations) methods [194]. Most of the hydrophobic
drugs can be passively loaded in the lipid compartments of liposomes
during vesicle formation; however, the fate of loading hydrophilic
drugs depends upon the solubility of the drug in aqueous vesicles en-
trapped in the lipid compartments. In contrast, hydrophilic drugs with
protonizable amine function groups can be actively loaded into lipo-
somes by altering the pH gradients of the suspension medium
[194,195]. Interestingly, the physicochemical parameters of liposomes
can also be altered based on clinical demands by providing external
force/pressure using a homogenizer, microfluidizer, or another instru-
ment [196,197]. As discussed above, small therapeutic molecules are
easily transported across the BBB to treat CNS conditions. With the aid
of these post-liposomal alterations, the NPs appear smaller and exhibit
a homogeneous distribution. The liposomal construct contains a hy-
drophilic core that potentially facilitates the loading of hydrophilic
drugs and further encapsulation by the lipid bilayer, which potentially
entraps the lipophilic candidates to form the vesicular structure
[194,198]. As discussed above, the inability of the hydrophilic mole-
cule DA to pass through the BBB represents a significant hurdle for the
use of DRTs in PD management.

A research team successfully loaded DA into the hydrophilic core of
the liposomes (phosphatidylcholine:cholesterol in a 1:3 M ratio) and
stereotactically implanted it in the striatum of rats with unilateral le-
sions in the SNpc. The liposome-administered rats exhibited partial
recovery of behavioral deficits and a partial amelioration of PD-like
symptoms [199]. However, the conventional sonication and extrusion
liposome methods applied did not provide sufficient space for DA
loading, likely due to the smaller inner volume of unilamellar vesicles,
while the formation also exhibited substantial leakage and poor stabi-
lity. Another research team developed DA liposomes (egg phosphati-
dylcholine:cholesterol:stearylamine in a 6:3:1 M ratio with a size of
200 nm and 40% entrapment efficiency) with an ammonium sulfate
gradient to overcome these limitations. Results revealed that the ionic
gradient of ammonium sulfate improved the entrapment and stability of
DA liposomes for three weeks [200]. Additionally, alterations in the
DA–lipid ratio were crucial in enhancing the efficacy of DA to suppress
PD symptoms in a mouse model [200]. As shown in the study by Jain
et al., DA hydrochloride–loaded multilamellar liposomes effectively
deliver DA to the brain and are superior to L-dopa in PD management
[201]. Interestingly, as the endothelial cells of BBB are enriched with
amino-acid transporters, the authors developed glutamate stear-
ylamine-conjugated DA liposomes (phosphatidylcholine:cholester-
ol:glutamate stearylamine in a 7:3:2 M ratio with a size of
290 ± 0.014 nm, charge of +16 mV, PDI of 0.92, and entrapment
efficiency of 38.89% ± 1.94%) in their follow-up studies and reported
enhanced therapeutic effectiveness towards chlorpromazine-induced
catatonia, a PD-like symptom, in a rat model compared with using
nonconjugated DA liposomes. This effect was potentially attributed to
the enhanced BBB shuttling and sustained-release property of the glu-
tamate-conjugated liposomes [202]. Eventually, several other strategies
were developed to improvise the effectual shuttling of DA-loaded li-
posomes across the BBB. Polyethylene glycol (PEG), a polyether can-
didate that is generally inert under physiological conditions, was fab-
ricated over the surface of liposomes (i.e., so-called “stealthy liposomes”)
and prolonged the circulating half-life of the liposomes (4–10 mol% of
PEGylated lipids; size: 70–200 nm) in biological systems. Additionally,
PEG was also reported to facilitate the conjugation of certain ligands,
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such as proteins, vitamins, and antigens, to the surface of liposomes,
which facilitated the development of targeted PEG/ligand-coated lipo-
somal therapies [203,204]. Consistent with these findings, Kang et al.
recently developed PEGlyated DA liposomes [distearoylpho-
sphatidylcholine (5.2 mM); cholesterol (4.5 mM); DSPE (0.3 mM); and a
linker lipid, DSPE-PEG2000 maleimide) (0.015 mM) with a size of
42–50 nm, zeta potential of 6 ± 1 mV, and entrapment efficiency of
35% ± 1%] fabricated with OX26 Mab, a monoclonal antibody,
termed “PEGlyated immunoliposomes” (PILs). These PILs effectively
increased DA uptake in the brains of PD rat models at an eightfold
higher level than pure DA administration and a threefold higher level
than conventional PEGlyated DA liposomes [205]. Lopalco et al. de-
veloped DA-loaded, ligand-functionalized liposomal nanocarriers
(phosphatidylcholine:cholesterol in a 7:3 M ratio with 2.5 mol% of
DSPE-PEG2000-COOH, with a size of 181.7 ± 7.8 nm, zeta potential of
7.5 ± 1.2 mV, and entrapment efficiency of 35.4% ± 1.8%) targeting
the CNS using transferrin (β-1 glycopeptide), which binds to the cor-
responding transferrin receptor in BBB endothelial cells and effectually
shuttles the DA-loaded liposomes across the endothelial cells in an in
vitro model of the BBB [206].

In contrast, the precursor of DA, L-dopa, easily traverses the BBB
when administered to patients with PD in the clinic; however, only 1%
of the administered L-dopa reaches the brain in this context and the
circulating L-dopa in the periphery is converted to DA by decarboxylase
enzymes and causes potential side effects, such as nausea, drowsiness,
and dyskinesia [207,208]. Several researchers have recently developed
liposomes loaded with L-dopa (L-3,4-dihydroxyphenylalanine), DA
prodrug [2-amino-N-[2-(3,4-dihydroxy-phenyl)-ethyl]-3-phenyl-pro-
pionamide], and DA derivatives [N-3,4-bis(pivaloyloxy)DA-3-(di-
methylamino) propenamide] and reported on their potential ther-
apeutic efficacy in in vitro and in vivo PD models. Stefano et al.
synthesized maleic and fumaric diamide preparations of L-dopa prodrug
(O,O-diacetyl)-L-dopa-methylester [(+)-4, (+)-5]–loaded liposomal
(dipalmitoylphosphatidylcholine:cholesterol in a 10:1 M ratio with a
size of 112.7 ± 2.7 μm, PDI of 0.21, charge of 0.31 ± 0.04 mV, and
entrapment efficiency of 15.30% ± 0.04%) formulations. The study
results revealed that these prodrug liposomes exhibited a slow release
of L-dopa in human plasma and a relatively sustained delivery of DA in
the striatal dialysate of intraperitoneally injected rats compared with
simple L-dopa administration [209]. Xiang et al. directly loaded L-dopa
into stealth liposomes (hydrosoy phosphatidylcholine:cholester-
ol:DSPE-PEG in a 20:10:2 M ratio or 0.3% DSPE-PEG:ClTx molar ratio
with a size of 106.8 ± 3.01 nm, PDI of 0.196 ± 0.05, and charge of
0.385 ± 0.09 mV) fabricated with chlorotoxin, which exhibited en-
hanced BBB permeability in an in vitro model of brain-microvascular
endothelial cells. Moreover, the intraperitoneal administration of these
L-dopa liposomes in a mouse model of MPTP-induced PD alleviated
behavioral deficits, restored the DA levels, and effectively reversed the
loss of tyrosine hydroxylase (TH)-positive DAergic neurons in the SNpc
and striatum [210]. In another study, 2-amino-N-[2-(3,4-dihydroxy-
phenyl)-ethyl]-3-phenyl-propionamide, a potential DA prodrug, was
encapsulated in unilamellar liposomes [dimyristoyl-sn-glycero-phos-
phatidylcoline (7.5 mM), cholesterol (2.6 mM), and 2-amino-N-[2-(3,4-
dihydroxy-phenyl)-ethyl]-3-phenyl-propionamide (60 mM) with a size
of 170.8 ± 7.6 nm, PDI of 0.22, charge of −75.50 ± 0.24 mV, and
entrapment efficiency of 79.1%± 0.8%]. This monodisperse liposome
formulation exhibited substantial stability in plasma in vitro and may
have prevented the photodegradation of the prodrug [211]. Subse-
quently, Li et al. successfully synthesized N-3,4-bis(pivaloyloxy)DA-3-
(dimethylamino) propenamide (PDDP), a derivative of DA, loaded into
liposomes (Lipoid S100:cholesterol:mPEG2000-DSPE in a 3:1:1 M ratio
with a size of 114.8 ± 5.06 nm, PDI of 0.195 ± 0.024, charge of
−17.0 ± 0.57 mV, and entrapment efficiency of 55.30%± 2.3%) and
further engineered its surface with an N,N-dimethyl amino group. This
efficiently aids in the transport of liposomes across the BBB via cationic
transporters. The intravenous administration of the PDDP-loaded

liposomes led to an increased concentration of PDDP in the brain tissue
that was approximately 270-fold higher than L-dopa and effectively
alleviated the 6-hydroxydopamine (6-OHDA)-induced lesions in the rat
striatum [212]. Furthermore, more recently, another research team
developed a stealth liposome encapsulating a different DA derivative,
N-3,4-bis(pivaloyloxy)-DA (BPD), and functionalized it using RVG29
peptide as a targeting ligand (lipoid S100:cholesterol:mPEG2000-
DSPE:RVG29 peptide coupled with maleimide-PEG2000-DSPE in a
300:100:33:66 M ratio with a size of 134.7 ± 2.66 nm, PDI of
0.250 ± 0.004, charge of −13.5 ± 0.37 mV, and entrapment effi-
ciency of 52.52%± 1.6%), which displayed affinity for ACh receptors,
the BBB, and DAergic cells. Following intravenous administration, BPD-
RVG29-liposomes were effectively shuttled across the BBB, as sub-
stantial concentrations reached the striatum and substantia nigra, and
the treatment potentially alleviated PD-like molecular deficits observed
in a unilateral 6-OHDA-lesioned mouse model [213].

The glial cell-derived neurotrophic factor (GDNF) gene is involved
in promoting neurogenesis by facilitating the survival, differentiation,
and synaptic efficacy of DAergic neurons. However, previous trials
examining a direct infusion of GDNF in the caudate putamen of patients
with PD did not yield desirable effects, which may have been attributed
to the dosage and mode of delivery used [214]. Advances in gene de-
livery systems have achieved progress in certain promising liposome-
gene complex therapies. Xia et al. successfully developed a TH pro-
motor (for TH targeting)-engineered GDNF plasmid DNA and loaded it
into the Trojan horse liposome [phosphatidylcholine (18.6 μmol), di-
dodecyldimethylammonium bromide (0.6 μmol), DSPE-PEG2000
(0.6 μmol), and DSPE-PEG2000–MAL (0.2 μmol) with a size of
117 ± 2 nm and entrapment efficiency of 21% ± 2%] PIL fabricated
with monoclonal antibody targeting transferrin receptors. The in-
travenous administration of this PIL specifically delivered GDNF to the
tissues expressing TH (i.e., the SNpc) and exerted sustained therapeutic
effects on intra-cerebral 6-OHDA-induced lesions in a rat model of ex-
perimental PD [215]. Thereafter, Lin et al. developed a functionalized
gene-liposome [DPPC:cholesterol:DSPE-PEG2000-amine:α-tocopherol in
a 3:1:1:0.004 M ratio with a size of 105 nm and entrapment efficiency
of 72.8%] composed of a luciferase pLuc-N3 plasmid and GDNF gene.
The intravenous administration of this liposomal–plasmid gene, as-
sisted with a focused ultrasound, enhanced its BBB transmittance.
Moreover, the formulation reached both neurons and astrocytes alike,
thereby increasing the overall GDNF production in mouse brain tissues
[216].

A liposomal delivery system was also extended to provide a sus-
tained delivery system for several natural antioxidant candidates, such
as resveratrol, quercetin, and curcumin, which exhibit poor bioavail-
ability profiles. These antioxidant-loaded liposomes displayed increased
bioavailability in the brain milieu, potentially ameliorated ROS-in-
duced oxidative stress, and restored the antioxidant activities in the
DAergic nigrostriatal pathways when compared with following the
administration of its free form [217,218]. Glutathione is an enzyme that
provides strong antioxidant defenses by scavenging the ROS generated
by DA metabolism and other aerobic metabolic pathways in the brain.
Glutathione-loaded liposomes exhibited a substantial therapeutic po-
tential in PD models in vitro that was approximately 100-fold greater
than that seen with its free form [219].

6.2. SLNs

SLNs are usually constructed from lipid matrices that typically re-
main in a solid state at physiological and room temperatures. The main
advantage of SLNs is that they provide the collective benefits of both
liposomes and polymeric NPs, as well as substantial space for loading
both lipophilic and hydrophilic candidates [220,221]. One or more
solid lipids, such as glyceryl monostearate, stearic acid, palmitic acid,
trimyristin, tristearate, and cholesterol, are commonly employed to
prepare SLNs. The interesting aspect is that most of these lipid
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candidates are highly biocompatible and have been approved by the
FDA for applications in the food sector due to their safety [222,223].
Furthermore, SLNs have efficiently been coated with various surfac-
tants (polysorbates), polymers (PEG), lecithin, fatty acid esters, and
sucrose derivatives, which were also approved for parental route do-
sage regimens in clinical and nutritional fields to improve the stability
of the SLNs, bypass the liver reticuloendothelial system (RES) for SLN
removal, and prevent plasma protein–bound SLN opsonization [224].
Thus, SLNs appear to be more biocompatible, as they involve the
minimal usage of organic solvents for production and exhibit greater
stability and sustained release potential than other nanodelivery sys-
tems [223,224]. Hot and cold homogenization, double emulsion, high-
shear homogenization, microfluidization, and super-critical fluid tech-
niques are the most commonly employed methods in SLN synthesis. In
brief, the lipid phase is prepared by heating the solid lipid matrix at a
high temperature beyond its melting point of 80 °C, together with the
addition of surfactants/hydrophobic drugs under continuous stirring,
whereas the aqueous phase is prepared by dissolving copolymers in
distilled water and increasing the concoction's temperature close to that
of the lipid phase. Initially, the hydrophilic drug is dissolved in distilled
water, gently added to the hot lipid phase and then homogenized to
form a primary water-in-oil emulsion. Thereafter, the hot aqueous
phase with polymer is added dropwise to the hot drug-liquid phase
emulsion subjected to homogenization under stirring. Finally, the na-
nosuspension is obtained by cooling down the nanoemulsion
[225–227]. Typically, the size of SLNs range from 1 to 1000 nm, de-
pending on the production methods and coating stabilizers/functiona-
lizing materials used. However, with the aid of advances in homo-
genization, microfludization techniques, and coating strategies, the
physicochemical properties of SLNs have become more compatible and
desirable according to the therapeutic demands [228,229].

As discussed above, L-dopa and DA agonists directly or indirectly
alter the DA status of the nigrostriatal pathway. However, the wearing-
off and dyskinetic effects due to peripheral conversion of L-dopa outside
the BBB and relative inability of DA agonists to pass through the BBB
has necessitated a suitable delivery system. Thus, Demirel et al. per-
formed a study to formulate SLN and micro-delivery systems for pir-
ibedil, a potential DA2 receptor agonist, which exhibits a short half-life,
rapid elimination, and poor water solubility. The authors used com-
mercial lipid excipients and emulsifiers, employing both hot and cold
homogenization techniques to develop the solid lipid particles [com-
pritol (2.5%), labrasol (1.2%) with a hot homogenization size of
40.4 μm and cold homogenization size of 2 μm and an entrapment ef-
ficiency of the hot homogenization of 88:1% ± 5:3% and cold
homogenization of 67:3% ± 3:7%]. In animal models, both solid lipid
suspensions exhibited sustained release and enhanced bioavailability
when compared with the free form [230]. Eventually, Esposito et al.
conducted another study to formulate an SLN delivery system for bro-
mocriptine, the very first marketed DA agonist with a prolonged plasma
half-life but that boasts a relatively slow onset of action. The authors
developed a stable SLN delivery system [tristearin:tricaprin in a 2:1
ratio with aqueous poloxamer 188 (2.5%), with a size of 196 nm, PDI of
0.24 and entrapment efficiency of 84%] for bromocriptine using
homogenization and ultrasonication methods. The bromocriptine-
loaded SLNs exhibited a relatively rapid onset of action and sustained-
release potential compared with the free form in the 6-OHDA hemi-
lesioned rat model [231]. AM, another DA agonist that exhibits poor
oral bioavailability of less than 2% and first-pass elimination effects,
was successfully loaded in SLNs [tripalmitin (200 mg), hydrosoy
phosphatidylcholine (50 mg), and aqueous pluronic F-68 (30 mg) with
a size of 63.20 ± 0.98 nm, PDI pf 0.31 ± 0.02, charge of
7.23 ± 0.25 mV and an entrapment efficiency of 91.03% ± 0.14%]
using hot homogenization and ultrasonication methods. The AM-SLNs
showed a 12- to 13-fold greater bioavailability, a substantial AM dis-
tribution in the striatum, and enhanced therapeutic efficacy compared
with the free form following administration to 6-OHDA-lesioned PD

rats. Interestingly, this study also reported the control of the physico-
chemical traits, such as size, charge, and distribution, of the SLN par-
ticles by altering the percentage of emulsifiers added during the for-
mulation process [232]. Ropinirole, a nonergoline agonist, selectively
binds to DA2 receptors in the striatum and SNpc and increases the firing
rates of striatal neurons, similar to DA. However, due to its hydrophilic
nature, it exhibits a weak transmission across the BBB and, due to its
extensive first-pass hepatic metabolism, exhibits poor bioavailability
upon oral administration [233]. Pardeshi et al. developed a surface-
modified SLN for the delivery of ropinirole hydrochloride using an
emulsification–solvent diffusion technique. The research team em-
ployed a factorial design approach and optimized the concomitant ratio
of solid lipids to prepare the SLN formulation [dynasan 114, stear-
ylamine (varying molar ratio with total of 100 mg), and aqueous
pluronic F-68 (1% w/v) with a size of 66.22 ± 6.22 to
271.61 ± 4.26 nm, PDI of 0.016 ± 0.06 to 0.460 ± 0.16, charge of
−16.16 ± 2.17 to 47.13 ± 1.19 mV, and entrapment efficiency of
55.23% ± 0.45%–64.73% ± 0.34%], which exhibited the smallest
particle size, lowest polydispersity index, and substantial entrapment
efficiency. The formulations were stable and exhibited nonirritant traits
toward the sheep nasal mucosa, later demonstrating sustained release
and enhanced therapeutic efficacy via a nasal route compared with
conventional oral medications [234]. Based on this evidence, although
SLNs are suitable and effective delivery systems for both hydrophilic
and lipophilic candidates, the compact structural organization of solid
lipids was reported to decrease the loading efficacy of the drugs in
SLNs. Therefore, the SLN system was further progressed to a next-level
lipid delivery system, i.e., NLCs, to overcome this limitation.

6.3. NLCs

NLCs are considered to be an upgraded version of SLNs, where the
compact arrangement of the uniformly structured solid lipids has been
replaced with an unstructured lipid matrix established by blending both
solid and liquid lipids, which eventually provide more space for loading
drug candidates [235]. Generally, the solid lipids are used at a higher
gradient than the liquid lipids (i.e., 70:30) and with less than 5% of the
surfactant being present in the aqueous phase. The methods adopted for
the construction of NLC delivery systems are similar to those used for
SLNs, including homogenization, microfluidization, and double emul-
sion. However, high-shear homogenization is the most commonly em-
ployed method for preparing NLCs due to the lack of a requirement for
organic solvents in the process [235,236]. In brief, the lipid phase is
prepared by mixing solid lipids (e.g., stearic acid, cetyl palmitate) and
liquid lipids (e.g., soybean oil, corn oil) in an optimized ratio and
heating the concoction to a molten condition, with the addition of
hydrophobic drugs/surfactants. In parallel, the aqueous phase is pre-
pared by dissolving surfactants/copolymers/hydrophilic drugs in dis-
tilled water and increasing the temperature of such so as to be close to
the lipid phase. Then, the aqueous phase is added gently in a dropwise
fashion to the homogenizing hot molten lipid phase, with the resultant
mixture sonicated and cooled down to obtain the NLC particles
[237–239]. This high-pressure homogenization process was easily es-
calated for industrial-scale production in the pharmaceutical industry
[236,240]. The processed NLCs exhibited enhanced stability compared
with SLNs, potentially due to their lipid composition. Briefly, the re-
latively higher payload of drugs, lower level of drug leakage during
storage, and substantial stability in biological systems make the use of
NLCs a smarter option than SLNs [241,242].

AM (a DA agonist) was successfully intercalated in an NLC delivery
system composed of cetyl palmitate and squalene as the lipid matrix, as
well as a few other emulsifiers as interfacial additives, respectively
[243]. This research team also comparatively evaluated the AM-loaded
NLCs with SLN and lipid emulsion formulations [NLC-cetyl palmitate
and squalene (10% w/v), 0.3% myverol, and aqueous pluronic F-68
(2.7% w/v); for SLNs, all are the same except only solid cetyl palmitate
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lipid (10% w/v) was adapted; the size, NLCs: 372.7 ± 14.7 to
431.2 ± 17.5 nm and SLNs: 333.1 ± 13.8 nm; the PDI, NLCs:
0.24 ± 0.09 to 0.32 ± 0.10 and SLNs: 0.33 ± 0.02; the charge,
NLCs: 42.1 ± 0.3 to 50.7 ± 1.7 mV and SLNs: 36.5 ± 0.5 mV; and
the entrapment efficiency, NLCs: 58.7% ± 0.8%–69.9% ± 3.1% and
SLNs: 50.3% ± 1.7%, were reported]. Interestingly, although the size
of the NLC formulations was greater than that of the SLNs, the rate of
drug release from the NLCs was slow and sustained, potentially because
sizeable particles possess a reduced surface area for drug diffusion. The
interactions among the core solid crystals and liquid lipids were con-
firmed using nuclear magnetic resonance spectroscopy. As anticipated,
NLCs exhibited an enhanced entrapment efficiency (> 60%), prolonged
half-life, and substantial biodistribution in the midbrains of treated rats
[243]. Subsequently, the same research team developed NLCs to load
the diester prodrugs of AM, di-acetyl AM, and di-isobutyryl AM [NLC-
cetyl palmitate (4% w/v), sesame oil (4% w/v) 0.3% myverol, and
aqueous pluronic F-68 (2.7% w/v) with a size of 250.1 ± 3.3 nm, PDI
of 0.23 ± 0.03, and charge of 48.4 ± 0.6 mV] [244]. The addition of
emulsifiers substantially increased the size of NLCs. Based on hydrolysis
studies, both prodrugs underwent bioconversion in the plasma and
brain. The NLCs exhibited sustained-release profiles for the loaded
prodrugs, where di-isobutyryl AM exhibited a slower release and bio-
conversion rates. According to the results from bioimaging, the NLCs to
which emulsifiers had been added exhibited a substantial and pro-
longed distribution in the rat brain. The sustained-release property of
NLCs and the stability of prodrugs synergistically enhanced the ther-
apeutic potential [244]. Interestingly, NLCs are effective delivery sys-
tems for brain-targeting therapeutics. Gabal et al. focused on in-
vestigating the impact of the surface charge of NLCs in brain delivery
systems. The authors developed anionic NLC (a-NLC) and cationic NLC
(c-NLC) systems for ropinirole hydrochloride (DA agonist) using the
hot, high-shear homogenization method [a-NLC-compritol 888: Lab-
rafac™ Lipophile WL1349 (Gattefossé, Lyon, France) in a 7:3 M ratio
and PC:P188:Tween 80:SDC in a 1:2:2:1 M ratio; for c-NLCs, all are the
same except only stearylamine (3% w/w) was added to the lipid phase;
the size, a-NLCs: 103 ± 1 to 273 ± 7.6 nm and c-NLCs: 82 ± 1.7 to
314 ± 19 nm; the PDI, a-NLCs: 0.26 ± 0.01 to 0.46 ± 0.04 and c-
NLCs: 0.26 ± 0.04 to 0.47 ± 0.06; the charge, a-NLCs: −23 ± 1.2 to
−39 ± 2 mV and c-NLCs: −5.4 ± 0.3 to 37.4 ± 1.7 mV; and, the
entrapment efficiency, a-NLCs: 35.5% ± 3.8%–73.7% ± 0.4% and c-
NLCs: 32% ± 1.9%–79% ± 4.2%, were reported]. Both a- and c-NLCs
exhibited size and surface-charge–based brain delivery, whereas the a-
NLCs showed higher drug targeting efficacy in the brain and relatively
mild and reversible inflammation in the nasal epithelium of rats in
comparison with c-NLCs [245]. Cortesi et al. developed NLCs for
loading several prodrugs of L-dopa, including 3,4-diacetyloxy-L-dopa-
caffeic acid codrug, lipoic acid-DA codrug, lipoic acid-3,4-diacetoxy-DA
codrug, and dimeric L-dopa codrug containing an alkyl linker, with
homogenization or ultrasonication methods (tristearin:tricaprylin in a
2:1 M ratio w/w with aqueous poloxamer 188, with a size of
186.6 ± 1.1 to 196.6 ± 1.6 nm, PDI of 0.11–0.25, and entrapment
efficiency of 72.91%–81.87%). The NLC formulations exhibited ade-
quate sizes (< 200 nm), positive stability for up to two months, and
sustained-release profiles in vitro [246]. Moreover, previous studies by
these authors on the subject of NLC formulations of the L-dopa prodrug
methyl O-acetyl-3-(acetyloxy)-N-[(2E)-3-(3,4-dihydroxyphenyl)prop-2-
enoyl]-L-tyrosinate) exhibited sustained effects (for 24 h) in amelior-
ating the behavioral deficits in a 6-OHDA, hemi-lesioned PD-like mouse
model [247]. Recently, several researchers successfully developed
GDNF-loaded NLCs coated with chitosan and further functionalized
them with molecular peptides, i.e., transactivator of transcription
peptide, for CNS targeting. The intranasal delivery of these functiona-
lized GDNF-loaded NLCs [Precirol®AT05 (2.5% w/v), Miglyol® (0.25%
w/v), and aqueous poloxamer 188 (2% w/v), with a size of
136.70 ± 14.14 nm, PDI of 0.26 ± 0.04, charge of 32 ± 2.51 mV,
and entrapment efficiency of 98.1% ± 0.37%] significantly alleviated

behavioral deficits and restored the number of tyrosine hydroxylase-
positive fibers in STN and SNpc in PD-like animal models to a greater
extent than the free form [248,249].

6.4. LPNs

In general, polymeric NPs are constructed with natural or synthetic
polymers, with the use of NPs comprised of natural polymers, such as
chitosan, remaining limited to monotherapies due to a possible lack of
effectual cross-linking and requirements for additional cross-linkers
that can denature the loaded therapeutic candidate [250,251]. This
limitation led to a switch to synthetic polymers, i.e., polyglycolide
(PGA), polylactide (PLA) copolymers, which provide enhanced cross-
link sites and effective drug loading. Although polymeric NPs exhibit
positive, sustained release of loaded candidates, as previously dis-
cussed, they also show substantial systemic toxicity that is potentially
due to the residual organic solvent used during synthesis, detection by
the immune system and internalization by the RES system [185,186].
This limitation was further reduced by encapsulating the polymeric NPs
with lipid coatings, thereby increasing the bioavailability by effectively
protecting the polymeric NPs from gastric enzymes and promoting in-
testinal wall permeability [252,253]. The idea of amalgamating the
traits of both the lipid NPs and polymeric NPs to compensate for their
inadequacies led to the emergence of LPNs. Despite the amphiphilic
potential of loaded candidates, LPNs are more suitable for hydrophilic
candidates, which are clinically employed in their salt forms [254,255].
The formulation of drug–polymer complexes using ionic polymers plays
a crucial role in the enhanced drug loading capacity of LPNs and is also
reported to effectively load multiple drug candidates that are relatively
suitable for multidrug or combination therapies [256]. Polymeric NPs
can be synthesized via various techniques, such as emulsification, na-
noprecipitation, and homogenization. During the general emulsification
procedure, the polymers are dissolved in a volatile organic solvent and
then emulsified in the aqueous phase; the resultant mixture is processed
with homogenization/ultrasonication and dried to yield the polymeric
NPs [257]. However, LPNs can be prepared by two different strategies:
in the first case, the performed polymeric NPs are simply mixed with
the pre-prepared lipid vesicles and surface-assimilated by external
electrostatic forces, while, in the second case, the performed polymeric
NPs are added to the thin film of lipids during the hydration process and
then subjected to homogenization or ultrasonication to obtain LPNs.
Further, the resultant LPNs can be purified from free lipids by differ-
ential centrifugation [257,258]. Paradeshi et al., who previously de-
veloped SLNs for ropinirole hydrochloric acid, engineered the very first
LPNs for CNS delivery through the nasal route [259]. These LPNs were
produced using the emulsification–solvent diffusion technique [aqu-
eous phase: hydroxypropylmethylcellulose (HPMC) K15 M (100 mg),
Pluronic F-68 (1%), soy lecithin (1% w/v); organic phase: dsynasan 114
(10 mg), stearlyamine (0.05%); size of 98.43 ± 3.38 to
287.26 ± 5.72 nm, PDI of 0.011 ± 0.27 to 0.38 ± 0.21, charge of
−20.81 ± 1.37 to 45.08 ± 1.24 mV, and entrapment efficiency of
65.90% ± 0.13%–75.84% ± 0.367%]. Briefly, the melted cationic
lipids and adjuvant were dissolved in organic solvent and injected into
the aqueous phase with surfactant. The resulting emulsion was nano-
precipitated using cold water and subjected to homogenization to ob-
tain the LPNs. A Box–Behnken factorial experimental design was
adapted to optimize the independent variables, i.e., Pluronic F-68 and
stearyl amine, by measuring the particle size, zeta potential, and en-
trapment efficiency. Among the various sets, formulation P5, made of
1% Pluronic F-68 and 0.05% stearyl amine, was complied with the
optimal criteria. The LPNs did not exhibit any significant toxicity to the
nasal mucosa and showed an acceptable mucoadhesive potential. In-
terestingly, the therapeutic efficacy of LPNs was comparable with a
marketed formulation [256,259]. Similarly, Zhao et al. developed na-
nostructured LPNs for loading a basic fibroblast growth factor (bFGF)
and targeting it to the brain via nasal administration. Researchers have
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engineered LPNs by adapting water-in-water emulsion and freeze-
drying methods, where the initial emulsion obtained by stirring the
bFGF dispersed the gelatin polymer in the aqueous phase with nonionic
copolymer, with the resulting emulsion subjected to freeze-drying.
Thereafter, the freeze-dried drug–polymer complexes were dispersed
and sonicated in a hydrogenated soy-phosphatidylcholine lipid phase;
this secondary emulsion was further freeze-dried to obtain the bFGF-
loaded LPNs [gelatin solution (2.0% w/v), poloxamer 188 (20% w/v),
D,L-glyceraldehyde (0.1% w/v), and bFGF gelatin (2 mg/mL), with a
size of 172 ± 1.31 nm, charge of −27.6 ± 1.1 mV, and entrapment
efficiency of 86.7% ± 1.1%] [260]. These LPNs maintained the in-
tegrity of the nasal mucosa with no adverse effects, effectively trans-
porting bFGF to the olfactory bulb and striatum, and thus, exhibited
enhanced therapeutic efficacy in a 6-OHDA-induced hemi-parkinsonism
rat model compared to the free form of unstable macromolecular bFGF
[260]. Recently, several variations of lipid-based DA-targeted PD
therapeutics were developed, as listed in Table 2, and most of the
therapeutic strategies were focused on loading DA agonists and L-dopa
to some extent.

7. Advantages and disadvantages of lipidic nanocarriers over
other nanodelivery systems in DA-centered PD therapeutics

In general, the lipids (i.e., triglycerides, fatty acids, lecithin) em-
ployed for lipid-based nanoformulations are comparable to those
available in the biological systems. First, phospholipid bilayer vesicles
forming the liposomal vesicles of lipid NPs are found to be similar to
that of the physiological cellular membrane [194]. Second, the cho-
lesteric component of lipid vesicles retains the homeostasis of the lipid
NPs in biological fluids, such as blood and synovial fluid, by reducing
the water permeability into the nanoparticulate, thereby providing
sustained and enhanced drug delivery [194,261]; Third, this lipidic
encapsulation of drug candidates also prevents its early systemic me-
tabolization by gastric enzyme degradation and also bypasses other
physiological barriers, i.e., P-glycoprotein efflux systems and perme-
ability issues in the BBB [262,263]. Fourth, though lipid NPs lack
complementary processing proteins, which minimize the immune ac-
tivation response, further coating them with biodegradable polymers,
such as PEG, can enhance the immune-camouflage trait of lipid NPs
[263,264]. Finally, lipid NPs in biological systems undergo comparable
xenobiotic metabolism of food-based lipids and are degraded to non-
toxic residues [263]. Moreover, due to the sustained-release properties
of lipids, the drug dosage levels were sufficiently lowered, especially in
NLCs and thereby exhibited enhanced therapeutic efficacy with limited
adverse effects and favorable cost-effectiveness [265]. Conversely, the
chemical and physical methods adapted to synthesize inorganic NPs,
such as metallic nanoparticles made of materials like gold, silver, silica,
and quantum dots, are relatively expensive and time-consuming to
conduct compared with lipid NPs [266–268]. Additionally, certain
metallic NPs, such as ZnO, CuO, and Co3O4, are reported to be highly
toxic to humans and the environment [269]. It is noteworthy that, in
recent years, metallic NPs derived from natural resources (biogenic/
green synthesis) like bacteria, fungi, and actinomycetes are attracting
interest due to their potential low toxicity [270,271]. NPs synthesized
from naturally derived polymers, i.e., starch, chitosan, and cellulose,
are biocompatible and biodegradable, whereas certain synthetic poly-
mers like poly(ethylene oxide), poly(ortho ester), and poly(acrylic acid)
were reported to undergo toxic degradation, toxic monomer aggrega-
tion, and long-term residual accumulation in biological systems [272].
Nonetheless, due to the enhanced therapeutic-based clinical applica-
tions of these inorganic NPs, researchers have engaged in several sur-
face-functionalization efforts or alterations of physicochemical traits to
attain the maximum level of efficacy with minimal toxicity [273,274].
Conversely, lipid NPs are surface-functionalized to avoid immune re-
sponse activation [264] and site-specific targeted delivery, i.e., peptide-
sequence functionalized liposomes are targeted to the tumor site and

brain glioblastoma regions [275,276]. In terms of drug loading, due to
the amphiphilic nature of lipid NPs, though both hydrophilic and hy-
drophobic drugs can be loaded, drug-loading efficacy relies on the
choice of lipid selection, lipid–drug ratio, and the adapted method of
formulations [277–279]. For instance, for loading hydrophilic drugs in
liposomes, as compared with using the thin-film hydration method and
reverse-phase evaporation methods (which achieves maximum en-
capsulation up to 65%), the pH gradient–mediated loading method can
provide nearly 100% encapsulation efficacy [280]. Regardless of the
nature of the drugs, the first-generation SLNs exhibit low drug loading
efficacy due to their perfect crystalline structure. This has been effi-
ciently contrasted by the imperfect crystalline matrix of NLCs provided
by liquid lipids and having relatively more room for hydrophilic/hy-
drophobic drugs [265]. On the other hand, unlike lipid NPs, inorganic
metallic NPs made from gold and silver have surface plasmon resonance
traits, which provides more opportunity for surface functionalization
and targeted drug delivery. Also, mesoporous silica nanoparticles have
been appreciated for their enhanced loading capacity and plethora of
potential surface modifications [281,282]. However, despite the im-
proved performance of inorganic NPs in preclinical studies, unlike lipid
NPs, their failure rate in clinical studies remains fairly high [282,283].
Thus, it is clear that a deeper understanding of the mechanism of action
of nanocarriers in biological systems is highly crucial. It is also note-
worthy that, besides the nature/type of the nanocarrier, optimizing the
particle size, shape, targeted organs, mode of delivery, bioavailability,
and surface properties of the nanoparticles are also important factors
determining the fate of the drug delivery process and therapeutic effect.

Direct formulations of DA-loaded lipid nanoparticles, one of the DA
replacement strategies available with the greatest potential (Fig. 6),
have rarely been applied to date. If the nanodelivery systems for DA
were ignored, possibly due to the hydrophilic traits of DA, the amphi-
philic loading capacity of the advanced lipid systems, including SLNs,
NLCs, and LPNs, should be considered. Notably, a few recent studies of
DA-loaded lipid-/polymer-based NPs are attracting attention due to the
anticipated therapeutic potential in the management of PD
[205,284,285]. Therefore, the construction of novel and effective de-
livery systems for L-dopa and DA, either alone or in combination, will
potentially provide new and direct approaches to overcome existing
physicochemical barriers and promote the sustained release of DA-
centered PD therapeutics.

8. Conclusion and future perspectives

As a multifactorial disorder, PD requires multiple combination
therapies to ameliorate symptoms and disease progression in patients.
Currently, clinicians treat patients with PD based on their age/symp-
toms and clinical stage. For example, patients with early-stage PD aged
younger than 60 years are initially treated with DA agonists, antic-
holinergic agents, or β-blockers, while patients aged greater than 60
years are typically treated with L-dopa [286,287]. However, the pro-
gression of the disease requires an escalated chronic dosage regimen
and combination therapies, which further burden patients’ lifestyle and
inflict psychological distress [288]. L-dopa, the gold-standard therapy
for advanced PD, has a short half-life, requiring frequent dose escala-
tions and eventually inducing dyskinesia and delayed “wearing-off”
periods [289]. The subsequent approach of administering DA receptor
agonists as a monotherapy to patients with early-stage PD and as a
combination therapy with L-dopa in patients with advanced PD effec-
tively alleviates the motor deficits observed in patients [290]. Never-
theless, the oral regimen of these concomitantly administered DA
medications causes pulsatile and unstable DAergic activity in the
striatum; thus, as an alternative strategy, continual DA stimulation was
preferred via a sustained supply of DA agonists [291,292]. Recently,
transdermal patches of DA agonists, such as ropinirole, showed effec-
tive sustained release of the drug in plasma; however, patients experi-
enced prominent side effects of the drug, such as sleep disorders and
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hallucinations [293]. Thus, among the various reasons, the reduced
half-life and low bioavailability of the effective drug candidates fol-
lowing transport through the CNS barriers is one of the significant
challenges for PD therapeutics. Hence, the development of appropriate
biocompatible delivery systems for the sustained release of DA or other
DA agonists to the targeted site of action, i.e., nigrostriatal region, will
likely provide some promising disease-modifying PD therapeutics.

For the past several decades, advances in nanotechnology have been
predominantly attributed to the biomedical and pharmaceutical sectors
in terms of drug delivery applications. In particular, lipid-based nano-
drug delivery systems exhibit the lowest toxicity among evaluated
biological systems (biocompatible lipids) with enhanced loading/ther-
apeutic efficacy, sustained-release, and safe drug-trafficking properties
across the BBB as CNS therapeutics [193,240]. Moreover, advances in
the functionalization of lipid carriers with appropriate genes/peptides/
ligands have facilitated the active infiltration of nanodrugs across the
BBB and the potential targeting of these therapeutics to the site of ac-
tion [206,213]. Although nanodrug delivery approaches exhibit several
benefits, they also show multiple substantial limitations, including the
potential interaction of the biological serum/plasma substrates with the
functionalized peptides on the surface of nanocarriers or adsorption of
serum/plasma proteins onto the surface of the nanoparticles, which can
alter the transport of NPs by forming an undesired complex biomole-
cular layer known as the “protein corona” [294,295]. The possible ac-
cumulation of lipid NPs at the RES sites, i.e., the liver, subsequently
restricts or lowers the dose of NPs that reaches the systemic circulation

and the targeted brain milieu. The synthetic components of the lipid
NPs are potentially detected by the immune system, resulting in the
formation of specific antibodies and rapid clearance, also known as
accelerated blood clearance [21,296]. These limitations have been ef-
fectively overcome by altering the physicochemical properties of NPs
and by making surface modifications. For example, PEGylation of NPs
helps control the extent of “protein corona” formation by sterically
inhibiting the hydrophobic and electrostatic interactions with serum/
plasma proteins. PEGylated steric stabilization and alterations in the
size of NPs hinder RES accumulation and improve the circulation of NPs
[297]. The PEGylation of NPs (stealth NPs) is also generally believed to
potentially exhibit immunocamouflage properties and evade immune
checkpoints; however, the same mechanism has been reported to be
involved in anti-PEG antibody formation and acceleration in blood
clearance [297,298]. Thus, further comprehensive immunological in-
vestigations are required to confirm and establish an alternative for this
issue.

Conversely, despite the development of several novel and functional
nanodelivery systems, many lipid-based nanodrugs have failed to reach
the global pharmaceutical market and are less active in the clinical trial
pipeline [22,299]. According to the author, the lack of “extensive”
therapeutic investigations of NPs in disease models are potentially re-
sponsible for the failure of several nanodelivery systems in clinical
trials. For instance, a few chemists have developed novel nanodelivery
systems and extensively studied the physicochemical properties of NPs;
however, investigations of the therapeutic effects have only been based

Fig. 6. Schematic representation of the potential mechanism of action of active PD therapeutic-loaded lipid nanocarriers likely involved in transportation across the
BBB and which exhibit sustained and pulsatile release of the drugs. Also, the presumable potential of functionalized nanocarriers delivering drugs to the targeted site
of action, i.e., nigrostriatal DAergic neurons, is represented. DA: dopamine; DAergic: dopaminergic; L-dopa: levodopa; NP: nanoparticles.
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on a few biological parameters, i.e., cytotoxicity, in vitro/in vivo release,
and a few preliminary in vivo biomarkers. In contrast, some biologists
have emphasized the search for novel biomolecular insights and ther-
apeutic targets for the disease. Furthermore, they have extensively
evaluated the efficacy of therapeutic candidates and determined the
molecular mechanism of action, though few researchers have in-
vestigated the chemistry of the molecular targets of these drugs. Re-
searchers focusing on these effects have also largely failed to focus on
the ultimate outcomes of the therapeutic applications of these drugs in
the clinic. The authors suggest that an interdisciplinary understanding
and collaborative approaches between researchers in these two fields
will facilitate extensive therapeutic investigations of the developed NPs,
which will potentially succeed in clinical trials and become successful
therapeutic candidates in the pharmaceutical market. Accordingly, in
this review, we have extensively discussed the advances and findings
from the clinic regarding therapeutics and lipid-based nanodelivery
applications, focusing on DA-centered PD therapeutics, to provide cri-
tical information to a wide range of researchers/readers. This review
will potentially enlighten researchers and support opportunities for the
development of promising lipid-based nanotherapeutics for the clinical
management of PD.
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