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Abstract: Parkinson’'s disease (PD) is the second most com-
mon neurodegenerative disease and leads to severe disability
and even death in patients, causing a heavy social burden world-
wide. Among the therapeutics for PD, pharmacotherapy is usu-
ally the first-line therapy and is typically the basic treatment
for other therapeutics, such as surgery, exercise therapy and
psychological intervention. Unfortunately, the existing PD ther-
apeutic agents fail to cure the disease due to their low efficacy,
cytotoxicity, severe side effects and poor cell targeting. With
the development of nanotechnology and the emergence of nano-
medicine, the application of nanomaterials has helped improve
the efficacy of pharmacotherapy for PD. In the following review,
the current pharmacotherapy for PD and its pros and cons are
described. A summary of the nanomaterial types commonly used
in nanomedicine and their applications in PD treatment is pro-
vided. Additionally, challenges related to using nanomaterials for
PD pharmacotherapy are discussed.
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1. INTRODUCTION

Parkinson’s disease (PD) has been studied for more than two centuries
since its discovery in 1817 when the term “shaking palsy” was first
proposed by the British doctor James Parkinson (Medical Research
Council Laboratory of Molecular Biology et al., 2018). Currently, PD
is generally recognized as a neurodegenerative condition. It is patho-
logically characterized by the disorganized aggregates of intracellular
a-synuclein (a-syn) inclusions and the loss of substantia nigra (SN) neu-
rons and clinically characterized by distinctive motor disorders such as
tremors, bradykinesia, muscle rigidity and postural balance disorders,
moreover, nonmotor symptoms such as sleep disorders, olfactory dis-
orders, cognitive and psychiatric disorders may also occur (Ye et al.,
2023). However, its pathogenesis and therapeutics remain elusive. The
clinical therapeutic strategies for PD include pharmacotherapy, surgical
intervention, exercise therapy, rehabilitation therapy and psychological
intervention (Costa et al., 2023; Rezazadeh Yazd et al., 2023; Strauss
et al., 2014). Pharmacotherapy is usually the first-line therapy and is
typically the basic treatment for other therapeutics. Unfortunately, the
efficacy of drugs is limited since the blood-brain barrier (BBB) blocks
their entry into the brain. Some studies have shown that nanotechnol-
ogy-based drug delivery can efficiently deliver drugs across the BBB
due to the small size, large surface area and high adsorption capacity
of nanoparticles (Junguang et al., 2021; Sisubalan et al., 2023). This
review discusses the application of nanomedicine in PD treatment.
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2. THE CURRENT
PHARMACOTHERAPY FOR PD

PD is the second most common neurodegenerative
disease after Alzheimer’s disease. It is estimated
that more than 8.5 million people worldwide were
diagnosed with PD in 2019. Current estimates
suggested that in 2019, PD resulted in 5.8 million
disability-adjusted life years (DALYs), an 81% in-
crease since 2000, and caused 329000 deaths, an
increase of more than 100% since 2000 (WHO, 9
August 2023). Therefore, it is urgent to find the ther-
apeutics to cure PD, as the current treatment can
only alleviate symptoms.

The biochemical changes in PD include reduced
dopamine levels in the SN and striatum, causing
motor disorders. Currently, the most common clin-
ical treatment is dopamine replacement. There are
a variety of drugs available in the clinic that exert
dopamine replacement effects to improve the mo-
tor symptoms of PD. (1) Levodopa (L-DOPA) is the
standard treatment for PD and is the most effective
symptomatic drug in PD pharmacotherapy (Poewe
et al.,, 2010). L-DOPA is a precursor substance to
dopamine that can cross the BBB through L-ami-
no acid transporters. It is taken up by dopamine
neurons and converted to dopamine by aromatic
L-amino acid decarboxylase enzyme. It is used to
temporarily relieve the motor symptoms of PD. (2)
In addition to L-DOPA, there are several dopamine
receptor agonists (DAs) that bind to postsynaptic
dopamine receptors to achieve therapeutic effects.
There are two types of DAs: ergot DAs and non-er-
got DAs, of which ergot DAs are no longer advo-
cated in the clinic due to the serious adverse effects
that may cause valvulopathy (Fox et al., 2018). (3)
Another therapeutic option is the monoamine oxi-
dase type B inhibitor (MAO-BI). Monoamine ox-
idase B (MAO-B) converts dopamine to 3,4-dihy-
droxyphenylacetic acid derivatives, homovanillic
acid, and hydrogen peroxide, leading to oxidative
stress. Thus, MAO-BI can reduce the degradation
of dopamine, increasing neuronal dopamine levels,
and attenuating the motor symptoms of PD (Fox,
2013). (4) Catechol-O-methyltransferase inhibitor
(COMTTI) inhibits the breakdown of L-DOPA in
the periphery, thereby increasing the proportion
of L-DOPA entering the brain. Therefore, COMTI
must be taken with L-DOPA and is not effective
alone (Fabbri et al., 2022). The use and concentra-
tion of the above drugs are optimized in the clinic
according to the patient’s actual condition.
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In addition to dopamine replacement therapy
drugs, there are two other drugs that target motor
symptoms. (1) Anticholinergics are mainly admin-
istered to patients with tremors and are not recom-
mended for patients without tremors (Cui et al.,
2023). (2) Amantadine is effective in ameliorating
hyperactivity, tonus, tremors, and anisocoria (Gon-
zalez-Latapi et al., 2020).

However, the current pharmacotherapy options
for PD only treat the symptoms of PD and do not
alleviate neuronal damage. As PD progresses, it
might also cause side effects such as the “on-off
phenomenon” and the “end-of-dose phenomenon”
in patients (Fanshi et al., 2023). These side effects
are associated with the low bioavailability, high
cytotoxicity and poor cell targeting of the current
drugs. Therefore, it is vital to find more efficient
targeted pharmacotherapies with few side effects.

3. THE APPLICATION OF NANOMEDICINE
FOR PD PHARMACOTHERAPY

Nanotechnology was an emerging technology that
first appeared in the 1990s. The rapid development
of nanotechnology has given rise to a series of new
disciplines, such as nanophysics and nanochemis-
try. With the continuous penetration of nanotech-
nology into medicine, the field of nanomedicine
was developed (Weber, 1999). The physicochemi-
cal properties of nanomaterials, such as their size,
surface charge and morphology, play essential roles
in overcoming biological barriers. Size influences
several biological phenomena, including circulat-
ing half-life, extravasation through leaky blood
vessels and cellular uptake (Li et al., 2023) where-
as nanoparticles with an average diameter of 100
nm were typically found in the circulation for long
periods of time (Blanco et al., 2015). Nanomateri-
als with neutral and negative surface charges have
been shown to reduce the adsorption of serum pro-
teins, thereby prolonging the circulating half-life
(Alexis et al., 2008). The morphology of nanomate-
rials, such as ellipsoidal, cylindrical, and discoidal
shapes, also affect hemorheological dynamics and
cellular uptake (Blanco et al., 2015). Nanomedicine
has been extensively studied in the field of oncology
and antimicrobials (Shen et al., 2024; S. Singh et
al., 2024).

Nanomedicine includes the use of nanomate-
rials in both diagnostic and therapeutic settings
(Chen et al., 2016; Gawne, 2023), and we paid more
attention to its therapeutic use in this review. Using
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nanomaterials in the treatment of diseases has two
main advantages. First, they can modulate the dis-
tribution of the payload to increase deposition at the
target site and diminish systemic toxicity (Nguy-
en-Thi et al., 2023). Second, they could create a
nano environment that provides solubility, stabil-
ity, and protection for payloads from degradation
during transport to the destination (Mitchell et al.,
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2021). These two attributes determined that nano-
materials have unique properties and advantages as
drug delivery systems or therapeutic agents for PD
pharmacotherapy. There are a variety of nanomate-
rials currently used in PD therapy. In this section,
we briefly summarize the following four types of
nanomaterials that have the potential to be em-
ployed to treat PD (Fig. 1).
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Figure 1. Summary of the potential applications of nanomaterials in the treatment of PD.
This figure summarizes the different nanomaterials discussed in this current review.

(1) Lipid nanomaterials

Lipid nanomaterials are efficient nano deliv-
ery vehicles for PD pharmacotherapy due to
their high bioavailability, low cytotoxicity and
ability to be conjugated with drugs. Some lipid
nanomaterials that have been produced include
liposomes, solid lipid nanoparticles (SLNs), lipid
nanoemulsions and lipid-polymer hybrid carriers
(Jagaran et al., 2022).
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Liposomes have been widely used because
they have ability to encapsulate both hydrophil-
ic and hydrophobic molecules (Giuseppina et al.,
2015). Researchers have used BBB- penetrating
peptides such as chlorotoxin to modify liposomes.
A previous study showed that peptide-conjugated
liposomes loaded with dopamine significantly in-
creased the accumulation of dopamine in the SN
and striatum and attenuated serious behavioral
disorders in PD model mice (Xiang et al., 2012).
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Currently, nanomaterials are generally adminis-
tered via the intraperitoneal or intravenous route.
Furthermore, one study showed that compared with
the oral administration of ropinirole (a kind of DA)
alone, the oral administration of SLNs conjugated
with ropinirole had a three-fold increase in poten-
cy such as increased dopamine, glutathione and
catalase levels (Dudhipala et al., 2020). Therefore,
lipid nanomaterials could increase the pharmacoki-
netic and pharmacodynamic activity of drugs. The
intravenous therapeutic patisiran (ONPATTRO®),
which utilizes lipid nanomaterials for the delivery
of a therapeutic siRNA, has been used for the clini-
cal treatment of polyneuropathy (Urits et al., 2020).
Therefore, lipid nanomaterials may realize their po-
tential in the formulation of drug delivery systems
for PD soon.

(2) Polymeric nanomaterials

Polymeric nanomaterials mainly include polyesters,
poly (amino esters), polyanhydrides and polyam-
ides. Biodegradable polymeric nanomaterials such
as poly (lactic-co-glycolic acid) (PLGA) and poly-
ethylene glycol (PEG) have been widely researched
in the context of PD pharmacotherapy due to their
biocompatibility and low cytotoxicity.

A study found that albumin/PLGA nanosystems
loaded with dopamine (ALNP-DA) were effective-
ly in crossing the BBB and replenishing dopamine
in the substantia nigra pathway, significantly im-
proving motor symptoms in the PD mouse model
compared to the L-DOPA group (Monge-Fuentes
et al., 2021). Besides being suitable delivery car-
riers, polymeric nanomaterials also exert neuro-
protective effects. A study found that PEGylated
two-dimensional (2D) nanomaterial sheets (denoted
as P-sheets) could attenuate behavioral and neuro-
nal degeneration in PD. The mechanism was that
P-sheets shielded PIP2 lipids within the membrane
restrict the hydrolysis site to inhibit IP3 second mes-
senger signaling, reducing Ca2+-related endoplas-
mic reticulum stress, and protecting neurons of PD
model mice. These results support P-sheet nanoma-
terials as a novel therapeutic agent for neurodegen-
erative-associated membrane-lipid dysregulation
and potentially for PD therapy (Liwen et al., 2022).

Polydopamine nanoparticles (PDA NPs) can be
assembled from dopamine through oxidation, cy-
clization and rearrangement (Hanmei et al., 2020).
These nanoparticles are utilized not only for drug
delivery but also as therapeutic agents. PDA NPs
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were found to be able to pass through the BBB. PDA
NPs could reduce the ROS level and the deposition
of high-molecular-weight o-synuclein oligomers
(Sardoiwala et al., 2020). Moreover, PDA NPs could
also be delivered to load with L-DOPA or melatonin
to treat PD (Ren et al., 2017; Srivastava et al., 2020).

(3) Inorganic nanomaterials

In addition to organic nanomaterials, several in-
organic nanoparticles have been employed as car-
riers or therapeutic agents for PD pharmacothera-
py. These inorganic nanomaterials mainly include
metallic nanomaterials, metal oxide nanoparticles,
magnetic nanomaterials and carbon nanomaterials.

Metallic and nonmetallic nanomaterials can
both deliver drugs efficiently. For instance, re-
searchers used silver nanoparticles and ropinirole
to synthesize the ropinirole silver nanocomposite
(RPAgNC). Compared with the ropinirole group,
RPAgNC exerted a greater neuroprotective effect in
a Drosophila model of PD (Naz et al., 2020). Black
phosphorus (BP) semi-conductor sheets are novel
nonmetallic nanomaterials. This material tends to
heat up when irradiated with near-infrared rays and
has been developed as a drug delivery system for
PD because localized heating could increase the
permeability of the BBB. A study indicated that
lactoferrin-modified drug-laden BP increased the
dopaminergic neuron number, and alleviated cog-
nitive disorders in PD model mice (Xiong et al.,
2020).

In addition to being carriers, some inorganic
nanoparticles can be used as therapeutic agents.
The pathogenesis of PD might be associated with
oxidative stress (Buhlman, 2017; Zuné et al., 2021).
Excess reactive oxygen species (ROS) cause oxida-
tive damage to neuronal cells, resulting in neuro-
logical disorders. Because the brain has low antiox-
idant levels and is rich in easily oxidized lipids, it
is more susceptible to ROS (Barnham et al., 2004).
Some studies have indicated that PtCu nanoalloys
(Yu-Qing et al., 2021), Cu O nanoparticle-clusters
(Hao et al., 2019), Mn,O, nanozyme (N. Singh et
al., 2017) and vanadium carbide (V,C) MXene na-
noenzyme (Feng et al., 2021) all have glutathione
peroxidase (GPx)-like, catalase (CAT)-like and su-
peroxide dismutase (SOD)-like activity to scavenge
ROS in neuronal cells. Therefore, these nanoma-
terials with redox properties for the intracellular
regulation of ROS are used to protect dopaminergic
neuronal cells.
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PD pathologically manifested as disorganized
aggregates of intracellular a-syn. Therefore, reduc-
ing the aberrant aggregation of a-syn is considered
an important therapeutic strategy for PD. A compu-
tational biology approach revealed that cerium ox-
ide (CeO,) NPs showed the best fitting in the active
site of a-syn (Kaushik et al., 2018). Further in vitro
research found that CeO, NPs significantly reduced
a-syn-induced toxicity in a dose-dependent man-
ner using a yeast model based on the heterologous
expression of human o-syn (Ruotolo et al., 2020).
In addition to the CeO, NPs, L-lysine (Lys)-coated
Fe O, NPs showed strong binding to monomeric
a-syn, inhibiting early aggregation events (Joshi et
al., 2015).

(4) New biomimetic nanomaterials

The above nanomaterials are able to cross the BBB,
but their ability to target specific neuronal cells or
glial cells is weak.

Researchers used red blood cell membrane
(RBCm) modified with the brain-targeting pep-
tide rabies virus polypeptide with 29 amino acids
(RVG29) to carry curcumin-based drug nanocrys-
tals (Cur-NCs), producing the new biomimetic
nanomaterial RVG29-RBCm/Cur-NCs to treat PD
(Y. Liu et al., 2022). RVG29 binds specifically to
the acetylcholine receptors (nAChR), which is ex-
pressed in both BBB and neuronal cells. The study
indicated that RVG29-RBCm/Cur-NCs could ame-
liorate motor symptoms, decrease loss of tyrosine
hydroxylase-positive neurons in the SN, and in-
crease dopamine levels in the striatum in PD mouse
models. The new biomimetic nanomaterial CSPQ@
CM NPs were produced by Cu2-xSe-poly (vin-
ylpyrrolidone) (PVP)-Quercetin (Qe) NPs with the
membrane of MES23.5 neuronal cells (H. Liu et al.,
2020). Through the interaction between vascular
cells adhering to molecule-1 (VCAM-1) expressed
on the surface of MES23.5 neuronal cells and the
surface a4f1 integrin of microglia, the NPs could
specifically target microglia. The study showed that
CSPQ@CM NPs were able to increase the dopa-
mine level in cerebrospinal fluid and improve the
movement function in PD model mice.

4. CONCLUSION AND PROSPECTS
In traditional nanomedicines, nanomaterials mostly
appeared as the role of carriers for PD pharmaco-

therapy. However, nanomaterials are not only good
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carriers for delivering drugs, some nanomaterials
also exhibit neuroprotective effects. The different
nanomaterials types we discussed above have high
efficiency, low cytotoxicity and the ability to target
specific cells, but we need comprehensive therapeu-
tic strategies that have the ability to penetrate the
BBB”, target specific neuronal cells or glial cells,
provide neuroprotection, and destruct abnormal
a-syn aggregates to restore normal motor function
to treat PD. We believe that with the continuous
discovery of the pathogenesis of PD and the devel-
opment of nanotechnology, novel drugs that effec-
tively treat PD will be developed.

No nanomaterials have been used for PD treat-
ment at the clinical level because of the shortcom-
ings or side effects of nanomedicines. Firstly, the
majority of raw materials for synthesizing nanoma-
terials are costly. Besides, the preparation process
is complicated, and important parameters such as
size, morphology and zeta potential should be con-
sidered when designing nanomaterials for clinical
use. Moreover, the current nanomedicine packag-
ing process is cumbersome and not conducive to
achieving mass production. And it is also lack of
efficient quality control measures (Liu et al., 2023).
Furthermore, in the process of synthesizing nano-
materials, especially inorganic nanomaterials, the
physical and chemical properties will be greatly
changed, so the probability of side effects would in-
crease (De Stefano et al., 2012). It has been reported
that nanomaterials may disrupt the gut microbial
community (Ma et al., 2023), and we need to focus
more on the safety of nanomaterials while focusing
on its effectiveness. Therefore, there is still a long
way to go, and many issues need to be addressed
before nanomaterials can be clinically used for PD
pharmacotherapy.

Declaration of Competing Interest

The authors declare that they have no known com-
peting financial interests or personal relationships
that could have appeared to influence the work re-
ported in this paper. ¢

REFERENCES

ALExs, F., PRIDGEN, E., MOLNAR, L. K., & FAROKHZAD,
0. C. (2008). Factors affecting the clearance and
biodistribution of polymeric nanoparticles. Mol
Pharm, 5(4), 505-515. doi:10.1021/mp800051m

Human Brain (2024) 3 | 5



REVIEW ARTICLE

BarnaaMm, K. J.,, Masters, C. L., & Bush, A. L
(2004). Neurodegenerative diseases and oxida-
tive stress. Nat Rev Drug Discov, 3(3), 205-214.
doi:10.1038/nrd1330

Branco, E., SHEN, H., & FErRrRARI, M. (2015). Princi-
ples of nanoparticle design for overcoming bio-
logical barriers to drug delivery. Nat Biotechnol,
33(9), 941-951. doi:10.1038/nbt.3330

Bunrman, L. M. (2017). Parkin loss-of-function
pathology: Premature neuronal senescence in-
duced by high levels of reactive oxygen spe-
cies? Mech Ageing Dev, 161(Pt A), 112-120.
doi:10.1016/j.mad.2016.06.008

CueN, G., Roy, I., Yang, C.,, & Prasap, P. N.
(2016). Nanochemistry and Nanomedicine for
Nanoparticle-based Diagnostics and Therapy.
Chem Rev, 116(5), 2826-2885. doi:10.1021/acs.
chemrev.5b00148

Costa, V., Suassuna, A. O. B, Brito, T. S. S., pa
Rocha, T. F., & GianLorRENCO, A. C. (2023).
Physical exercise for treating non-motor symp-
toms assessed by general Parkinson’s disease
scales: systematic review and meta-analysis of
clinical trials. BMJ Neurol Open, 5(2), e€000469.
doi:10.1136/bmjno-2023-000469

Cuy, Y., Sy, D,, Zuang, J., Lam, J. S. T., Cao, S.,
Yang, Y., P1ao, Y., WANG, Z., ZHou, J., PaN, H., &
FEnG, T. (2023). Dopaminergic versus anticho-
linergic treatment effects on physiologic com-
plexity of hand tremor in Parkinson’s disease:
A randomized crossover study. CNS Neurosci
Ther. doi:10.1111/cns.14516

Dt Sterano, D., Carnuccio, R., & MaIiuri, M.
C. (2012). Nanomaterials toxicity and cell
death modalities. J Drug Deliv, 2012, 167896.
doi:10.1155/2012/167896

Dupnirara, N., & Gorre, T. (2020). Neuroprotec-
tive Effect of Ropinirole Lipid Nanoparticles
Enriched Hydrogel for Parkinson’s Disease: In
Vitro, Ex Vivo, Pharmacokinetic and Pharma-
codynamic Evaluation. Pharmaceutics, 12(5).
doi:10.3390/pharmaceutics12050448

FaBBri, M., FERREIRA, J. J., & Rascor, O. (2022).
COMT Inhibitors in the Management of Par-
kinson’s Disease. CNS Drugs, 36(3), 261-282.
doi:10.1007/s40263-021-00888-9

FansHi, Z., MEl, L., JiInmEL T., L1, Z., JuN, Z., CHANG-
YN, Y., & Zucai, X. (2023). Levodopa-induced
dyskinesia: interplay between the N-meth-
yl-D-aspartic acid receptor and neuroinflam-
mation&#13. Frontiers in Immunology, 14,
1253273-1253273.

6 | Human Brain (2024) 3

Qi Xu, Jiawei Liu, Haiyan Liu

Feng, W., Han, X., Hu, H., CHANG, M., DIng, L.,
XiaNG, H., CHEN, Y., & L1, Y. (2021). 2D vana-
dium carbide MXenzyme to alleviate ROS-me-
diated inflammatory and neurodegenerative
diseases. Nat Commun, 12(1), 2203. doi:10.1038/
s41467-021-22278-x

Fox, S. H. (2013). Non-dopaminergic treatments for
motor control in Parkinson’s disease. Drugs, 73(13),
1405-1415. doi:10.1007/s40265-013-0105-4

Fox, S. H., KATZENSCHLAGER, R., Lim, S. Y., BARr-
TON, B., DE BIg, R. M. A., Seppl, K., CoELHO, M.,
Sampaio, C., & MOVEMENT DISORDER SOCIETY
EviDENCE-BAsED MEDICINE, C. (2018). Interna-
tional Parkinson and movement disorder soci-
ety evidence-based medicine review: Update on
treatments for the motor symptoms of Parkin-
son’s disease. Mov Disord, 33(8), 1248-1266.
doi:10.1002/mds.27372

GIUsEPPINA, B., & AcNEse, M. (2015). Liposomes as
nanomedical devices. International Journal of
Nanomedicine, 10(default), 975-999.

GonNzAaLEz-LATAPI, P., BHOwMICK, S. S., SARANZA, G.,
& Fox, S. H. (2020). Non-Dopaminergic Treat-
ments for Motor Control in Parkinson’s Disease:
An Update. CNS Drugs, 34(10), 1025-1044.
doi:10.1007/s40263-020-00754-0

Hanwmer L., Dan, Y., WEL, L., Qr, T., LiaNG, Z., &
Qiang, P. (2020). Polydopamine-based nano-
materials and their potentials in advanced drug
delivery and therapy. Colloids and surfaces. B,
Biointerfaces, 199, 111502-111502.

Hao, C., Qu, A., Xu, L., SuN, M., ZHAaNG, H., Xu,
C., & Kuang, H. (2019). Chiral Molecule-me-
diated Porous Cu (x)O Nanoparticle Clusters
with Antioxidation Activity for Ameliorating
Parkinson’s Disease. J Am Chem Soc, 141(2),
1091-1099. doi:10.1021/jacs.8b11856

JacAraN, K., & SiNGH, M. (2022). Lipid Nanoparti-
cles: Promising Treatment Approach for Parkin-
son’s Disease. Int J Mol Sci, 23(16). d0i:10.3390/
ijms23169361

JosHi, N., Basak, S., Kunpy, S., DE, G., MUKHOPADHYAY,
A., & CHaTTOPADHYAY, K. (2015). Attenuation of
the early events of alpha-synuclein aggregation:
a fluorescence correlation spectroscopy and la-
ser scanning microscopy study in the presence of
surface-coated Fe304 nanoparticles. Langmuir,
31(4), 1469-1478. doi:10.1021/1a503749e

JunGuanGg, W., XUEkING, C., CHuN, K. P., MoNIKA,
M., Xiaoyu, W, LN, B., & CHUNYING, C. (2021).
Nanomaterials as novel agents for amelioration
of Parkinson’s disease. Nano Today, 41.

https://doi.org/10.37819/hb.1.1810



REVIEW ARTICLE

KausHIk, A. C., BHARADWAJ, S., KUMAR, S., & WEI,
D.-Q. (2018). Nano-particle mediated inhibition
of Parkinson’s disease using computational biol-
ogy approach. Scientific Reports, 8(1), 1-8.

L1, X.,, Huang, Z., Liao, Z., Ly, A., & Huo, S.
(2023). Transformable nanodrugs for overcom-
ing the biological barriers in the tumor environ-
ment during drug delivery. Nanoscale, 15(19),
8532-8547. d0i:10.1039/d2nr06621a

Liu, H., HAN, Y., WaNG, T., ZHANG, H., Xu, Q., YUAN,
J., & L1, Z. (2020). Targeting Microglia for Ther-
apy of Parkinson’s Disease by Using Biomimet-
ic Ultrasmall Nanoparticles. J Am Chem Soc,
142(52), 21730-21742. doi:10.1021/jacs.0c09390

L, Q., Zou, J., CHEN, Z., HE, W.,, & Wu, W. (2023).
Current research trends of nanomedicines. Acta
Pharm Sin B, 13(11), 4391-4416. doi:10.1016/j.
apsb.2023.05.018

L, Y., Luo, J.,, Ly, Y., Liu, W,, Yu, G., Huang,
Y., Yang, Y., Cuen, X., & Cuen, T. (2022).
Brain-Targeted Biomimetic Nanodecoys with
Neuroprotective Effects for Precise Thera-
py of Parkinson’s Disease. ACS Cent Sci, 8(9),
1336-1349. doi:10.1021/acscentsci.2c00741

Liwen, H., Xiao, Z., ZHAOWEN, D., YILIN, Q., WEN-
JING, W., XIHAN, X., Hua, Y., LiHuAN, B., HEPING,
W., LeEvan, F., JinG, R., XuUE, Y., GUANGHUI, M.,
WEI, W., & XUE, X. (2022). PEGylated 2D-nano-
materials alleviate Parkinson’s disease by
shielding PIP2 lipids to inhibit IP3 second mes-
senger signaling. Nano Today, 46.

Ma, Y, Yu, N., Lu, H,, SHy, J., ZHANG, Y., CHEN, Z.,
& Jia, G. (2023). Titanium dioxide nanopar-
ticles: revealing the mechanisms underlying
hepatotoxicity and effects in the gut microbio-
ta. Arch Toxicol, 97(8), 2051-2067. doi:10.1007/
s00204-023-03536-x

MEebicaL RESEARCH CounciL LABORATORY OF MOLEC-
ULAR Biorogy, F. C. A., CamBriDGE CB2 0QH,
UK., & DEPARTMENT OF CLINICAL NEUROSCIENCES,
U. o. C., HiLLs Roap, CamBRIDGE CB2 2QH, UK.
(2018). Parkinson’s disease - the story of an ep-
onym. Nature reviews. Neurology, 14(1), 57-62.

MitcHELL, M. J., BILLINGSLEY, M. M., HALEY, R. M.,
WEcHSLER, M. E., Peppas, N. A., & LANGER, R.
(2021). Engineering precision nanoparticles
for drug delivery. Nat Rev Drug Discov, 20(2),
101-124. doi:10.1038/s41573-020-0090-8

MonNGe-FUENTES, V., BioLcHl MAYER, A., Lima, M.
R., GErRALDES, L. R., ZaNoTTO, L. N., MOREIRA,
K. G., MarTIns, O. P, Piva, H. L., FeLipE, M. S.
S., AmaraL, A. C., Bocca, A. L., Tebesco, A.

https://doi.org/10.37819/hb.1.1810

Potential applications of nanomedicine...

C., & Mortari, M. R. (2021). Dopamine-load-
ed nanoparticle systems circumvent the blood-
brain barrier restoring motor function in mouse
model for Parkinson’s Disease. Sci Rep, 11(1),
15185. doi:10.1038/541598-021-94175-8

Naz, F.,, Ranur, Fatima, M., NaseeMm, S., KHAN,
W., MonpaL, A. C., & Sippiug, Y. H. (2020).
Ropinirole silver nanocomposite attenuates
neurodegeneration in the transgenic Drosoph-
ila melanogaster model of Parkinson’s disease.
Neuropharmacology, 177, 108216. doi:10.1016/].
neuropharm.2020.108216

Ncuyen-THi, P. T., Ncuven, T. T., Puan, H. L., Ho,
T. T, Vo, T. V., & Vo, G. V. (2023). Cell mem-
brane-based nanomaterials for therapeutics of
neurodegenerative diseases. Neurochem Int,
170, 105612. doi:10.1016/j.neuint.2023.105612

PeTeEr J. Gawng, M. F., MaARisaA ParaLuca, JaN
GrimM, Paoro Decuzzi. (2023). New opportuni-
ties and old challenges in the clinical translation
of nanotheranostics. Nature Reviews Materials.

PoeEwk, W., ANTONINI, A., ZIILMANS, J. C., BURKHARD,
P. R., & VINGERHOETS, F. (2010). Levodopa in the
treatment of Parkinson’s disease: an old drug
still going strong. Clin Interv Aging, 5, 229-238.
doi:10.2147/cia.s6456

REN, Y., ZHAO, X., LiaNG, X., Ma, P. X., & Guo,
B. (2017). Injectable hydrogel based on quater-
nized chitosan, gelatin and dopamine as local-
ized drug delivery system to treat Parkinson’s
disease. International Journal of Biological
Macromolecules, 105(P1), 1079-1087.

REzazaDEH YAzD, S. A., GASHTIL, S., MORADPOOR,
M., P1sHDAR, S., NABIAN, P., Kazewmi, Z., & NAEIM,
M. (2023). Reducing depression and anxiety
symptoms in patients with Parkinson’s disease:
The effectiveness of group cognitive behav-
ioral therapy. Parkinsonism Relat Disord, 112,
105456. doi:10.1016/j.parkreldis.2023.105456

Ruotoro, R., DE Gioraio, G., MiNaTo, 1., BIANCHI,
M. G., BussoraTi, O., & MarwmiroLl, N. (2020).
Cerium Oxide Nanoparticles Rescue alpha-Sy-
nuclein-Induced Toxicity in a Yeast Model of
Parkinson’s Disease. Nanomaterials (Basel),
10(2). doi:10.3390/nan010020235

SArRpOIWALA, M. N., SrivasTava, A. K., KAUNDAL, B.,
KARMAKAR, S., & CHOUDHURY, S. R. (2020). Re-
cuperative effect of metformin loaded polydopa-
mine nanoformulation promoting EZH2 mediated
proteasomal degradation of phospho-alpha-synu-
clein in Parkinson’s disease model. Nanomedicine,
24, 102088. doi:10.1016/j.nano.2019.102088

Human Brain (2024) 3 | 7



REVIEW ARTICLE

SHEN, X., Pan, D., Gong, Q., Gu, Z., & Luo, K.
(2024). Enhancing drug penetration in solid
tumors via nanomedicine: Evaluation models,
strategies and perspectives. Bioact Mater, 32,
445-472. doi:10.1016/j.bioactmat.2023.10.017

SINGH, N., SAVANUR, M. A., SRIVASTAVA, S., D’SIiLvA,
P, & MucesH, G. (2017). A Redox Modulato-
ry Mn(3) O(4) Nanozyme with Multi-Enzyme
Activity Provides Efficient Cytoprotection to
Human Cells in a Parkinson’s Disease Model.
Angew Chem Int Ed Engl, 56(45), 14267-14271.
doi:10.1002/anie.201708573

SINGH, S., SHARMA, K., & SHARMA, H. (2024). Green
Extracts with Metal-based Nanoparticles for
Treating Inflammatory Diseases: A Review.
Curr Drug Deliv, 21(4), 544-570. doi:10.2174/1
567201820666230602164325

SisuBALAN, N., SHALINI, R., RAmYA, S., SIVAMARUTHI,
B. S., & CHArvasur, C. (2023). Recent advances
in nanomaterials for neural applications: oppor-
tunities and challenges. Nanomedicine (Lond).
doi:10.2217/nnm-2023-0261

Srivastava, A. K., Roy CHOUDHURY, S., & KARMA-
KAR, S. (2020). Melatonin/polydopamine nano-
structures for collective neuroprotection-based
Parkinson’s disease therapy. Biomater Sci, 8(5),
1345-1363. doi:10.1039/c9bm01602c

StraAuss, 1., KaLia, S. K., & Lozano, A. M. (2014).
Where are we with surgical therapies for Par-
kinson’s disease? Parkinsonism and Related
Disorders, 20, S187-S191.

Urits, 1., Swanson, D., Swert, M. C., PaTEL, A.,
BErARrRDINO, K., AMGALAN, A., BERGER, A. A,,
Kassem, H., Kaye, A. D.,, & Viswanatg, O.
(2020). A Review of Patisiran (ONPATTRO®)
for the Treatment of Polyneuropathy in People
with Hereditary Transthyretin Amyloidosis.

Qi Xu, Jiawei Liu, Haiyan Liu

Neurol Ther, 9(2),
s40120-020-00208-1

WEBER, D. O. (1999). Nanomedicine. Health Forum
J, 42(4), 32, 36-37.

WHO. (9 August 2023). Parkinson disease. Re-
trieved from https:/www.who.int/news-room/
fact-sheets/detail/parkinson-disease

XIANG, Y., Wu, Q., Liang, L., WANG, X., WANG, J.,
ZHANG, X., Py, X., & Znang, Q. (2012). Chlo-
rotoxin-modified stealth liposomes encapsulat-
ing levodopa for the targeting delivery against
Parkinson’s disease in the MPTP-induced mice
model. J Drug Target, 20(1), 67-75. doi:10.3109/
1061186X.2011.595490

XIONG, S., L1, Z., Liy, Y., WANG, Q., Luo, J., CHEN,
X., XIE, Z., ZHANG, Y., ZHANG, H., & CHEN, T.
(2020). Brain-targeted delivery shuttled by
black phosphorus nanostructure to treat Par-
kinson’s disease. Biomaterials, 260, 120339.
doi:10.1016/j.biomaterials.2020.120339

YE, H., RoBak, L. A., Yu, M., Cykowski, M.,
& SuuLman, J. M. (2023). Genetics and
Pathogenesis of Parkinson’s  Syndrome.
Annu Rev Pathol, 18, 95-121. doi:10.1146/
annurev-pathmechdis-031521-034145

Yu-QIng, L., YUuANYANG, M., ENQuAN, X., HUIMIN, J.,
SHu, Z., L., D. V., M,, D. T., YAN-ME1, L., ZHI,
Z., WEwgl, H., & Xi1aoBo, M. (2021). Nanozyme
scavenging ROS for prevention of pathologic
a-synuclein transmission in Parkinson’s dis-
ease. Nano Today, 36, 101027-.

ZUNE, J. v. R., SHAMEEMAH, A., SorAYA, B., & CoL-
N, K. (2021). Toxic Feedback Loop Involving
Iron, Reactive Oxygen Species, a-Synuclein and
Neuromelanin in Parkinson’s Disease and Inter-
vention with Turmeric. Molecular neurobiology,
58(11), 1-17.

301-315.  doi:10.1007/

S

@ @@ Publisher’s note: Eurasia Academic Publishing Group (EAPG) remains neutral

with regard to jurisdictional claims in published maps and institutional affiliations.
Open Access. This article is licensed under a Creative Commons Attribution-NoDerivatives 4.0
International (CC BY-ND 4.0) licence, which permits copy and redistribute the material in any me-
dium or format for any purpose, even commercially. The licensor cannot revoke these freedoms as
long as you follow the licence terms. Under the following terms you must give appropriate credit,
provide a link to the license, and indicate if changes were made. You may do so in any reasonable
manner, but not in any way that suggests the licensor endorsed you or your use. If you remix,
transform, or build upon the material, you may not distribute the modified material. To view a copy
of this license, visit https://creativecommons.org/licenses/by-nd/4.0/.

8 | Human Brain (2024) 3 https://doi.org/10.37819/hb.1.1810



