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Alzheimer’s disease (AD) is the most common cause of memory disruption in
elderly subjects, with the prevalence continuing to rise mainly because of the
aging world population. Unfortunately, no efficient therapy is currently available
for the AD treatment, due to low drug potency and several challenges to delivery,
including low bioavailability and the impediments of the blood-brain barrier.
Recently, nanomedicine has gained considerable attention among researchers
all over the world and shown promising developments in AD treatment. A wide
range of nano-carriers, such as polymer nanoparticles, liposomes, solid lipid
nanoparticles, dendritic nanoparticles, biomimetic nanoparticles, magnetic
nanoparticles, etc., have been adapted to develop successful new treatment
strategies. This review comprehensively summarizes the recent advances of
different nanomedicine for their efficacy in pre-clinical studies. Finally, some
insights and future research directions are proposed. This review can provide
useful information to guide the future design and evaluation of nanomedicine in
AD treatment.
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1 Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder that causes a
progressive decline in cognitive function, including memory loss, language disorders, and
judgment and comprehension impairments (Masters et al., 2015; Qin et al., 2022). According
to the World Alzheimer’s Disease Report 2021, there are currently around 50 million
patients with AD worldwide. However, due to the growing population of aging people and
the average lifespan of humans, this number is expected to increase to 78 million by 2030
(Nandi et al., 2022). AD is China’s fifth leading cause of death (Ren et al., 2022). According to
the China Alzheimer Disease Report 2021, around 13.14 million patients had AD in China,
and the standard prevalence was 7.88% (Ren et al., 2022). As a result, AD has become a
significant healthcare challenge, with up to 0.32 million deaths in China (1.62 million deaths
worldwide, accounting for 19.8% in China).

The pathological signs of AD are diverse and complex. The number of studies examining
the cause and progression of AD has never stopped, since the German neurologist and
psychiatrist Alois Alzheimer initially described the condition in 1907 (Breijyeh and
Karaman, 2020). Although the pathogenesis of AD is still unknown, there are three
accepted hypotheses for the pathological cause of AD, including the amyloid-beta (Aβ)
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plaque hypothesis, the Tau hyperphosphorylation hypothesis, and
neuroinflammation (Busche and Hyman, 2020; Webers et al., 2020).
According to the Aβ plaque hypothesis, AD is pathologically
characterized by an excessive accumulation of Aβ plaques at
different brain sites. Either there is an increase in Aβ plaques or
an aggregation-prone form of Aβ plaques. According to the Tau
hypothesis, AD is pathologically characterized by abnormally high
levels of hyperphosphorylated and misfolded Tau protein that
accumulate in the brain and form neurofibrillary tangles (NETs).
Aβ deposition initiated a spectrum of microglia-activated
neuroinflammation, and neuroinflammation is one of the key
signs of AD (Thakur et al., 2023). In addition, the key signs of
AD also include abnormal neurotransmitter metabolism, loss of
neurons and synapses, autophagy dysfunction, and so on (Wong
et al., 2020a).

Currently, no drugs on the market can stop or reverse AD
progression (Breijyeh and Karaman, 2020). The acetylcholinesterase
inhibitors donepezil, rivastigmine, galantamine, huperzine A, and
the N-methyl-D-aspartate receptor antagonist memantine
hydrochloride, which are the current clinical drugs for AD that
can only temporarily relieve the cognitive symptoms of patients
(Breijyeh and Karaman, 2020). Several new AD drugs have been
terminated in clinical trials, including sodium oligomannate
(launched in November 2019 and terminated in an international
phase III clinical trial in 2022), anti-amyloid antibody aducanumab
(launched in June 2021 and terminated in Europe in 2022), and
gantenerumab (produced negative phase III clinical data at the end
of 2022) (Bateman et al., 2022; Yeo-The and Tang, 2023).
Fortunately, the monoclonal antibody (mAb), known as
lecanemab, which binds to Aβ soluble protofibrils, achieved
promising outcomes in its global phase III clinical trial in
September 2022 (Mead and Fox, 2023). The U.S. Food and Drug
Administration (FDA) approved this mAb in January 2023, through
the Accelerated Approval pathway for treating AD (van Dyck et al.,
2023). However, because the exact cause of AD has not yet been
identified, the disease is still incurable, and most of the above
therapeutic drugs can only delay its progression.

Studies found that AD drug development fails up to 99.6%
between 2002 and 2012 (Elmaleh et al., 2019; Oxford et al., 2020).
The blood-brain barrier (BBB) is a physical barrier that regulates
how drugs enter and exits the central nervous system (CNS). BBB is
one of the most crucial defense mechanisms of the CNS, and it is
another significant factor hindering the development of AD drugs
(Pardridge, 2019; Qin et al., 2020). Traditionally, the BBB has been
difficult for almost all macromolecular drugs, including peptides,
mAb, polyclonal antibodies, recombinant proteins, RNA drugs and
gene drugs, and >98% of small-molecular drugs cannot do so
(Pardridge, 2019). Therefore, a critical issue in AD drug
development is to find the effective drug delivery strategies.
Novel strategies are urgently required to overcome BBB issues,
thereby increasing the possibility of success in drug development
programs, considering AD drug development’s extremely high
failure rate.

As nanotechnology advances quickly, several nanomaterials can
assist macromolecular drugs and small-molecular drugs in
penetrating through the BBB and successfully delivering them to
brain, which is important for developing new drugs and treating
CNS diseases (Wu et al., 2019; Jagaran and Singh, 2021; Zeng et al.,

2021). More than 80 nanomedicine drugs have received worldwide
regulatory approval, mainly antitumor drugs, including doxorubicin
liposomes, paclitaxel albumin nanoparticles, paclitaxel polymer
micelles, etc. (Ahmed and Qaisar, 2022). Nanomedicines can be
loaded with macromolecular drugs and small-molecular drugs to
successfully cross the BBB through masking, encapsulating, and
embedding (Xu et al., 2019; Fan et al., 2022). Additionally,
nanomedicine can be modified and grafted onto macromolecular
drugs and small-molecular drugs to ensure safe targeting and
controlled release. It has the benefits of a long half-life, strong
targeting, a high drug loading rate, good biocompatibility, high
bioavailability, and low systemic toxicity (Vissers et al., 2019; Faria
et al., 2023). This review summarizes the pathogenesis of AD, the
types and properties of nanomedicine, the recent advances of
different nanomedicine for their efficacy in treating AD, and
proposes some insights and future research directions. This
review can provide useful information to guide the future design
and evaluation of nanomedicine in AD treatment.

2 Pathogenesis of AD

The pathogenesis of AD is extremely complicated and
multifactorial. The principal factors responsible for the
progression of AD are shown in Figure 1. Aβ plaques,
neurofibrillary tau tangles and microglia-activated
neuroinflammation are considered the three major pathological
hallmarks of AD. Other important factors related to AD were
oxidative stress, neurotransmitter dysregulation, autophagy
dysfunction and neuronal loss.

2.1 Aβ plaque hypothesis

The amyloid cascade hypothesis, the most recognized
hypothesis to date, was proposed by British scientists Hardy and
Higgins (1992). The β-amyloid precursor protein (APP) is converted
into the polypeptide Aβ, which has 39–43 residues, by β-secretase
and γ-secretase. Aβ exists in the brain in multiple forms, including
soluble monomers, oligomers, protofibrils, and insoluble Aβ fibers
in amyloid plaques (Hampel et al., 2021). Additionally, amyloid
oligomers are soluble and spread throughout the brain. The two Aβ
isoforms that contain 40 residues each, Aβ40 and Aβ42 are thought
to be the most significant among all isoforms. The two additional
residues at the C-terminus of Aβ42 are the only difference in amino
acid residues between these two isoforms. However, they differ in
metabolism, aggregation mechanisms, and toxicities. Particularly,
Aβ40 is more likely to aggregate and form oligomers, with strong
neurotoxicity, whereas Aβ40 has higher solubility and easier to
remove cells. Moreover, the abundance of Aβ42 is the highest in
amyloid plaques of brain samples of patients with AD (Lesné et al.,
2006).

The Aβ plaque hypothesis, which suggests that Aβ protein
accumulation in the brain is a key factor in AD progression, is
the foundation for many drugs developed today. One of the most
promising AD treatments includes immunotherapies focused on Aβ,
which include strategies to decrease Aβ production, increase Aβ
clearance, and inhibit Aβ aggregation. A novel fusion protein called
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αAβ-Gas6, developed by Jung and his team, can successfully
promote Aβ clearance because it works through a different
mechanism than Aβ-based mAbs (Jung et al., 2022). In addition,
αAβ-Gas6 eliminated Aβ plaques in AD models without causing the
neurotoxic inflammatory side effects associated with a conventional
antibody treatment.

However, there are numerous negative trials of Aβ-targeting
drugs for mild to moderate AD over the past 20 years, and the
limited efficacy and no benefit also was observed in many trials,
which have raised the question of whether Aβ is the right target
(Rafii and Aisen, 2023). Recently, Aβ-targeting drugs has made
substantial progress. A systematic review shows that aducanumab
reduced brain Aβ plaques in a time- and dose-dependent manner,
and aducanumab reduced the severity of clinical dementia in the
high-dose treated group (Rahman et al., 2023). In addition,
lecanemab was found to produce marked lowering of Aβ plaques
based on evidence derived from amyloid positron emission
tomography, and lecanemab shows “clinical benefit” for the AD
treatment, paving the way for the medication to be considered for
full FDA approval (Mahase, 2023; van Dyck et al., 2023).

2.2 Tau hyperphosphorylation hypothesis

Along with Aβ and cerebrovascular amyloid angiopathy,
neurofibrillary tangles (NFTs) and neuropil threads are
neuropathological confirmations in diagnosing AD. The aberrant
intraneuronal Tau protein, which is highly neurotoxic and impairs
cognition, makes up the entire structure of NFTs. An overview of the
discovery of Tau proteins dates back to 1974 when American
scientist Iqbal et al. isolated NFT and paired helical filament
(PHF) proteins from the brains of patients with AD for the first
time (Iqbal et al., 1974). In the following year, Weingarten et al.

(1975) isolated Tau protein from pig brains. Then, Grundke-Iqbal
et al. (1986) found that PHFs consist of Tau protein, which is
significantly more phosphorylated than normal human brain Tau.
Tau protein is a microtubule-associated protein that is highly soluble
and abundant in the neurons of the CNS. It primarily affects the
distal end of axons, preserving the stability and flexibility of
microtubules while also regulating axonal transport and
promoting actin filament formation (Venkatramani and Panda,
2019). Normal Tau carries multiple phosphate groups in its
microtubule assembly domain, but phosphorylation of tau
reduces its affinity for microtubules and begins to aggregate in its
hyperphosphorylated form (Mohammadi et al., 2023). Elevated
phosphorylation and aggregation of Tau are widely considered
pathological hallmarks in AD (Wegmann et al., 2021).

Dr. Mielke found that peripheral blood phosphorylated Tau at
threonine-181 (P-Tau 181) and phosphorylated Tau at threonine-
217 (P-Tau 217) levels are reliable indicators of cerebral amyloid
lesions and can be used as blood-based biomarkers to distinguish
AD from other neurodegenerative diseases (Mielke et al., 2022).
Stabilizing the structure of tubulin, inhibiting the phosphorylation
and aggregation of Tau, and promoting the degradation of
aggregated Tau are the major steps in developing drugs that
target Tau. Fang et al. found that sildenafil has neuroprotective
and neurorestorative roles by promoting neurite growth and
reducing aberrant Tau protein phosphorylation (Fang et al., 2021).

2.3 Neuroinflammation

Neuroinflammation is another distinguishing hallmark of the
brain in AD patients, along with Aβ plaques and NFTs, and it is also
thought to play a role in the progression of AD (Si et al., 2023). Study
has shown that the serum levels of inflammatory cytokines, such as

FIGURE 1
The principal factors responsible for the progression of Alzheimer’s disease. Amyloid-β plaques, neurofibrillary tau tangles and microglia-activated
neuroinflammation are considered the three major pathological hallmarks of Alzheimer’s disease. Other important factors related to Alzheimer’s disease
were oxidative stress, neurotransmitter dysregulation, autophagy dysfunction and neuronal loss.
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interleukin-6 (IL-6), IL-1β, tumor necrosis factor α (TNF-α), and
interferon-γ, are significantly higher in patients with AD than in
healthy individuals (Demirci et al., 2017). The risk of AD is
increased by chronic inflammation in the brain, which is
mediated by interactions between the immune system and the
CNS. Before Aβ plaque deposition, neuroinflammation occurs in
the very early stages of AD. Recent studies suggest that as the disease
advances, neuroinflammation promotes the synthesis of new Aβ,
and increased Aβ levels in the brain can induce and exacerbate
neuroinflammation (Bronzuoli et al., 2016; Yang, 2019). This leads
to a vicious cycle between Aβ accumulation and neuroinflammation.

The resident brain macrophages known as microglia, detected in
certain brain areas in patients with AD, have been found to promote
phagocytosis to monitor and protect neural tissue. Hexokinase 2
(HK2), a glycolytic enzyme, is shown to be highly upregulated in
microglia in a mouse model of AD (Leng et al., 2022). The increased
activity of HK2 resulted in insufficient energy production in these
cells, decreasing microglial phagocytosis. However, HK2 inhibition
causes a switch from glucose to lipid metabolism to ensure efficient
energy, leading to microglia with strong phagocytic activity to clear
Aβ plaques and improve cognitive function (Choi and Mook-Jung,
2022; Leng et al., 2022). However, there is a debate concerning the
role of microglia in AD, and when these cells lose their ability to
maintain homeostasis, they may have harmful effects. The pyrin-
domain containing 3 (NLRP3) inflammasome is one of the
multiprotein complexes that microglia can produce. When
NLRP3 is activated, it can cleave the downstream inflammatory
factor IL-1β from the precursor to the mature state and release it
into the extracellular space, which causes neuroinflammation
(Heneka et al., 2018). Further studies have found that Aβ-
induced Tau lesions depend on the NLRP3 inflammasome, and
the NLRP3 inflammasome plays a role in the development of Tau
lesions and AD. IL-1β is also highly expressed in the cortex of
patients with frontotemporal dementia, suggesting inflammasome
activation.

Following the interferon-induced transmembrane protein 3
(IFITM3) in aging mice compared to healthy mice, another study
found that IFITM3 is upregulated in tissue samples from patients
with advanced AD (Hur et al., 2020). Anti-inflammatory drug
administration that can lower IFITM3 levels also reduces the
production of Aβ, delaying the onset and progression of AD. IL-
3 is a crucial mediator of astrocyte-microglia crosstalk and a node of
AD therapeutic intervention, and the study of Harvard University
discovered that it had a protective effect in an AD mouse model
(McAlpine et al., 2021). These findings suggest that regulating
neuroinflammation might be a novel treatment option for AD.

2.4 Dysregulation of neurotransmitters

In the brains of patients with AD, there is a general decrease in
the levels of neurotransmitters, particularly those involved in
learning and memory, such as the acetylcholine (Ach) system,
amino acids, monoamine system, neuropeptides, and other
neurotransmitters (such as γ-aminobutyric acid, glutamate,
epinephrine, etc.). Previous study has confirmed that Ach and
choline acetyltransferase levels in the hippocampus and cortex of
patients with AD are significantly decreased (DeKosky et al., 2002).

Current standard treatments for patients with mild-to-moderate AD
include cholinesterase inhibitors such as donepezil, rivarastine,
galantamine, and huperzine A. The basic mechanism is to
increase the concentration of Ach in the brain and prevent
cholinesterase (Snowden et al., 2019). Studies have shown that
elderly patients with cholinesterase inhibitors can also improve
cognitive function and promote the release of dopamine,
norepinephrine, epinephrine, and other neurotransmitters in the
brain (Wynn and Cummings, 2004). However, cholinesterase
inhibitors can cause side effects such as nausea, vomiting, and
diarrhea (Hogan, 2014).

2.5 Oxidative stress

There is growing evidence that oxidative stress plays a key role in
the pathogenesis of AD (Sultana and Butterfield, 2010). Reactive
oxygen species (ROS) can cause the oxidation of intracellular
biological macromolecules (such as nucleic acids, membrane
lipids, and cellular proteins), which can negatively impact
synaptic activity, damage nerve cells, and result in cognitive
dysfunction. Loss of mitochondrial function, altered metal
homeostasis, and decreased antioxidant capacity can increase
ROS production. ROS also promotes aberrant Aβ deposition and
Tau hyperphosphorylation, which aggravates mitochondrial
dysfunction and ROS production, resulting in AD and creating a
vicious cycle (Kent et al., 2020; Wang et al., 2020). Therefore,
inhibiting mitochondrial ROS overproduction, metal ion
chelation therapy, and increasing antioxidant capacity can
improve the symptoms of AD.

2.6 Others

Mitophagy is an autophagy mechanism that selectively
eliminates defective mitochondria, preserving cellular homeostasis
and energy metabolism in cells. Early cellular homeostasis in AD
involves mitochondrial damage, and cell ROS levels result in
abnormal mitophagy and autophagy. A recent study has shown a
previously unreported pattern of autophagic stress, known as
poisonous anthos flower, associated with impaired neuron
autophagy and present in AD brains (Lee et al., 2022). Although
themolecular basis for mitophagy and autophagy dysfunction in AD
is unknown, this pattern of autophagic stress has been linked to AD
(Lee and Nixon, 2022). Additionally, using imaging and
histochemical methods, they showed that the neurons are the
source of the great majority of senile plaques in AD mice
models, leading to a re-evaluation of the generally understood
sequence of events in plaque formation in AD (Lee et al., 2022).

Recent studies show that the most common genetic risk factor
for AD is the lipid and cholesterol gene apolipoprotein E4 (APOE4)
(Simon et al., 2012; Ryu et al., 2019; Safieh et al., 2019). One copy of
the APOE4 allele increases the risk of getting AD by three to four
times, while two copies can increase the risk by 8–12 times (Simon
et al., 2012). According to the studies, the APOE4 allele is present in
50%–60% of patients with AD (Abushakra et al., 2016; Ryu et al.,
2019). APOE4 drastically changed the signaling pathways involved
in cholesterol homeostasis and transport, hampered myelination,
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and impacted cognitive function in mice. In mice with APOE4,
pharmacological intervention to lessen this effect enhanced learning
and memory. This study provides a prospective treatment strategy
for AD by demonstrating a functional relationship between APOE4,
cholesterol, myelination, and memory (Blanchard et al., 2022). In
addition, the APOE4 gene causes glia-specific cellular and cell-free
dysregulation, which raises the risk for AD (Tcw et al., 2022). The
studies mentioned above present a new strategy of treating AD.

3 Types and properties of
nanomedicine

Developing anti-AD drugs is challenging due to the complex
etiology and unclear pathogenesis, and getting adequate drug
delivery across the BBB is another major challenge (Roy et al.,
2022). However, nanomedicine-based drug delivery strategies
provide complementary opportunities for AD. Increasing efforts
have been made in recent years to deliver drugs to the brain, some of
which have entered clinical trials. Nanomedicine is one of the
effective methods for delivering drugs to cross the BBB.
Additionally, nanomedicines can improve the biodistribution and
pharmacokinetics of drugs through oral, intravenous, and intranasal
delivery. Therefore, nanomedicines have been thoroughly
researched for the treatment of AD (Saraiva et al., 2016).
However, inorganic materials are difficult to break down, which
may result in toxicity and restrict clinical applications (Li et al.,
2021), include metal nanoparticles (NPs) and carbon nanotubes
(CNTs). In contrast, liposomal and polymeric NPs are widely used
in approved nanomedicines due to their high drug loading, good

biocompatibility, and nontoxicity (Hettiarachchi et al., 2019). The
ideal AD nanomedicine typically possesses the following
characteristics: particle size 10–100 nm, BBB penetration, high
drug loading, long action time, good drug stability, nontoxicity,
biodegradability, simple fabrication process, noninvasive
administration, low cost, and stable storage (Jagaran and Singh,
2021).

In 1971, Gregoriadis discovered that using liposomes as drug
carriers could reduce the toxic effects of drugs and increase their
ability to work as intended (Gregoriadis and Ryman, 1971).
Liposomal amphotericin B, the first nanomedicine, was
introduced in the Irish market in 1990. After more than 50 years
of rapid development, nanomedicine is currently a topic of interest
in treating AD. Liposome drugs were listed earlier and made up
most of the currently commercialized nanocarrier drugs, such as
amphotericin B liposomes, daunorubicin liposomes, doxorubicin
liposomes, paclitaxel liposomes, etc. (Crommelin et al., 2020).
Followed by microspheres, common ones include octreotide,
risperidone, leuprolide, etc. Many nanoparticles for AD have
been studied and developed with the continuous innovation of
drug delivery systems. The reported nanomedicines of AD
mainly include liposomes, solid lipids NPs, polymer NPs,
dendritic NPs, albumin NPs, metal NPs, non-metal inorganic
NPs, etc. (shown in Figure 2). However, only a few of these NPs
have been approved for clinical use, and most are still in the
fundamental research stage (Mitchell et al., 2021). Table 1
highlights in vivo studies of the nanomedicines for AD therapy
from 2019 to 2022.

3.1 Polymer NPs

In a promising nanoscale drug delivery system, polymer NPs can
encapsulate drugs within a biodegradable polymeric matrix or alter
their surface to provide a controlled release and improved
bioavailability. Polymer NPs can range from 10 to 1,000 nm. Poly
(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), poly-L-
lysine, polylactic acid (PLA), polyethyleneimine, poly (acrylate-co-
alkyl acrylate) (PACA), poly (butyl cyanoacrylate),
polycaprolactone, chitosan, and gelatin are commonly used to
make polymer NPs (Zhang W. et al., 2021). The basic idea
behind this class of nanoscale drug delivery systems is to
encapsulate drugs within the matrix of the carrier material or to
modify them by covalent linkage/adsorption on the surface of the
carrier material. The excellent biocompatibility, high bioavailability,
and controllable biodegradability of polymer NPs span a broad
spectrum. The technology is currently one of the most active
research areas, and has enormous potential for application in
nanomedicine.

Extensive studies shows that curcumin has anti-Aβ formation,
aggregation, anti-inflammatory, and antioxidant effects that can
help middle-aged and older people with mild cognitive
impairment improve their memory (Fan et al., 2018; Yang et al.,
2018). Therefore, Fan et al. designed a brain-targeted curcumin NPs
system containing PLGA-PEG combined with B6 peptide and
curcumin. The results showed that compared with curcumin
administration, curcumin NPs could reduce hippocampal Aβ
deposition and excessive Tau protein phosphorylation,

FIGURE 2
Schematic representation of the structures of the most
commonly used nanomedicine types for Alzheimer’s disease: lipid
(liposomes and solid lipid), organic (dendritic and polymer), inorganic
(metal and non-metal inorganic) and biomimetic (albumin).
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TABLE 1 In vivo studies of nanomedicines for Alzheimer’s Disease.

Main materials Target hypothesis Loaded-drugs In-vivo model Results References

Polymer NPs

PLGA Aβ None 5xFAD AD mice Reduce Aβ plaques in PLGA-
treated 5xFAD mice

Anand et al.
(2022)

PLGA Aβ None C57 mice Mediate the clearance of Aβ1–42 in
the brain

Paul et al.
(2022)

PLGA Neuroinflammation Anti-TRAIL monoclonal
antibody

3xTg AD mice Increase the presence of anti-
TRAIL antibody in the brain

Musumeci et al.
(2022)

PLLA and PLGA AChE Galantamine Wistar rat Increase the uptake of galantamine
by neurons in the entire
hippocampal formation

Nanaki et al.
(2020)

PLA-PEG Aβ Bies virus protein 2,
rifampicin, gadolinium

APP/PS1 transgenic
mice

Reduce Aβ plaques in hippocampus
and cortex, repair the synapse
structure

Zhou et al.
(2022)

Chitosan Aβ, oxidative stress Tanshinone IIA Caenorhabditis
elegans model of AD

Increase the concentration of
Tanshinone IIA, extend the lifespan
and promote reproduction of
Caenorhabditis elegans

Zhang et al.
(2022)

Chitosan Aβ, oxidative stress Luteolin STZ-induced ADmice
model

Improve the acquisition of short-
term memory, increase in the
number of surviving neurons in all
hippocampus regions

Abbas et al.
(2022)

Chitosan Aβ Cannabidiol Aβ1-42 peptide-
induced AD rat model

Reduce Aβ plaques, increase brain
cannabinoid receptor type 1 and
2 levels

Amini &
Abdolmaleki
(2022)

Liposomes

DSPE-PEG-MAN, DSPE-
PEG-CPP, DOPE, DOTAP,
and cholesterol

Neurotrophic factors Plasmid encoding BDNF APP/PS1 transgenic
mice

Enhance BDNF expression, reduce
plaque, increase synaptic protein
level

Arora et al.
(2022)

Solid lipid NPs

Lecithin, stearic acid,
cholesterol, Tween 80

Oxidative stress Pomegranate extract AlCl3-induced AD rat
model

Increased the efficacy of active
components

Almuhayawi
et al. (2020)

compritol, Tween 80,
chitosan

Oxidative stress Ferulic acid STZ-induced AD rat
model

Enhance ferulic acid concentration
in brain

Saini et al.
(2021b)

Compritol® 888 ATO,
Lutrol F68®

Aβ, oxidative stress Curcumin TgCRND8 mice Restore the mitochondrial
functions

Campisi et al.
(2022)

Dendritic NPs

Prussian blue,
Polyamidoamine
dendrimer, angiopep-2

Aβ, oxidative stress None APP/PS1 transgenic
mice

Reduce neurotoxic Aβ aggregation;
rescue the cognitive functions

Zhong et al.
(2022)

Albumin NPs

Human albumin Aβ, oxidative stress Andrographolide CRND8 transgenic
mice

Decrease the oxidative stress levels;
amelioration of cognitive functions

Bilia et al.
(2019)

Bovine serum albumin Aβ Aβ-binding peptides Aβ-induced AD mice
model

Reduce Aβ deposition and TNF-α
level in brain

Zhao et al.
(2019)

High-density lipoprotein NPs

Native HDL of human
plasma fraction IV

AChE, Aβ Donepezil Aβ1-42 peptide-
induced AD mice
model

Inhibit AChE activity and reduce
Aβ deposition in donepezil-loaded
HDL treated AD mice

Zhang et al.
(2019)

Exosomes

Exosomes from whole blood Tau Quercetin Okadaic acid- induced
AD mice model

Inhibit phosphorylated Tau-
mediated neurofibrillary tangles

Qi et al. (2020)

(Continued on following page)
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TABLE 1 (Continued) In vivo studies of nanomedicines for Alzheimer’s Disease.

Main materials Target hypothesis Loaded-drugs In-vivo model Results References

Exosomes derived from
curcumin-treated RAW
264.7 cells

Tau Curcumin Okadaic acid- induced
AD mice model

Inhibit Tau phosphorylation,
attenuate cognitive decline

Wang et al.
(2019)

Exosomes from bone
marrow of mice

Aβ, neuroinflammation Rabies viral glycoprotein
peptide

APP/PS1 transgenic
mice

Reduce plaque deposition, inhibit
astrocytes activation

Cui et al. (2019)

Magnetic NPs

SPIONs Aβ, neuroinflammation,
oxidative stress

Aβ oligomer-specific
scFv antibody W20 and
class A scavenger
receptor activator XD4

APP/PS1 transgenic
mice

Reduce neuroinflammation and
ROS level, increase glutathione
level, reduced reactive oxygen
species level, rescue cognitive
deficits and alleviate
neuropathology

Liu et al.
(2020a)

PEGylated SPIONs Aβ None Aβ1-42 peptide-
induced AD rat model

Improve BDNF and p-CREB levels,
inhibit Aβ aggregation, and
improve learning and memory
ability

Sanati et al.
(2021)

Quercetin-conjugated
SPIONs

Oxidative stress Quercetin AlCl3-induced AD rat
model

Anti-oxidation, anti-apoptosis,
reduce the expression level of APP
gene, improve cognitive function

Amanzadeh
Jajin et al.
(2021)

Metallic nanoparticles

Au Aβ, oxidative stress L- or D-glutathione APP/PS1 transgenic
mice

Decrease Aβ deposition, rescues the
spatial learning and memory
impairments

Hou et al.
(2020)

Ru Tau, oxidative stress NGF Okadaic acid- induced
AD mice model

Control NGF release, inhibit tau
hyperphosphorylation, inhibit ROS
production

Zhou et al.
(2020)

Non-metal Inorganic Nanoparticles

Se-doped carbon quantum
dots

Aβ, oxidative stress None AD rat model Reduce Aβ accumulation, ROS-
scavenging activity

Zhou et al.
(2021)

Se nanoparticles Neuroinflammation, Aβ Resveratrol AlCl3-induced AD rat
model

Downregulate STAT3 and IL-1β,
antioxidant activity, anti-
inflammatory effect

Abozaid et al.
(2022)

Sulfur nanoparticles Neuroinflammation,
oxidative stress

Quercetin APP/PS1 transgenic
mice

Reduce neuronal apoptosis,
inflammatory response, calcium
homeostasis imbalance, and
oxidative stress

Liu et al.
(2020b)

Others

Regadenoson, nitric oxide
donor and YC-1

Aβ Donepezil AD rat model Beneficial for synaptic plasticity and
memory formation

Liu et al. (2021)

Nanocurcumin Oxidative stress; AChE Curcumin STZ-induced AD rat
model

Ameliorate the behavioral,
immunohistochemical and most of
the neurochemical changes

Noor et al.
(2022)

Nano-Honokiol Neuroinflammation,Aβ Honokiol TgCRND8 mice Improve cognitive deficits, inhibit
neuroinflammation via suppressing
the levels of TNF-α, IL-6 and IL-1β
in the brain, reduce Aβ deposition
in the cortex and hippocampus of
mice

Qu et al. (2022)

RBC membranes, PLGA,
T807

Tau Curcumin Okadaic acid- induced
AD mice model

Reduce the total p-tau level,
increase curcumin accumulation in
the brain

Gao et al. (2020)

Abbreviations: Aβ, amyloid β-protein; AChE, acetylcholinesterase; AD, alzheimer’s Disease; APP/PS1, amyloid precursor protein/presenilin 1; BDNF, brain-derived neurotrophic factor; CREB,

element-binding protein; HDL, high-density lipoprotein; IL-1β, interleukin-1β; NGF, nerve growth factor; PEG, polyethylene glycol; PLA-PEG, poly (l-lactide)-poly (ethylene glycol); PLGA,

poly (lactide-co-glycolide); PLLA, poly (l-lactic acid); ROS, reactive oxygen species; SPIONs, superparamagnetic iron oxide nanoparticles; STAT3, signal transducer and activator of

transcription; STZ, streptozocin; TRAIL, tumor necrosis factor-related apoptosis inducing ligand; 3xTg AD, the triple-transgenic mouse model of AD.
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significantly improving the spatial learning and memory ability of
APP/Presenilin 1 (PS1) mice (Fan et al., 2018). Additionally, Yang
et al. developed bovine serum albumin and chitosan loaded with
curcumin. They found that the NPs could effectively increase the
penetration of drugs through the BBB, promote microglia activation,
and accelerate the phagocytosis of Aβ42 (Yang et al., 2018).

Donepezil is primarily used to treat mild and moderate AD.
However, the drug’s concentration in the brain is restricted due to
poor penetration. Therefore, to prepare organic NPs loaded with
donepenzil, Liu et al. introduced regadenoson (Reg) at the end of
PEG2000. Reg-NPs could enhance drug delivery into the brain, and
activate the PKG/PI3K and NO/cGMP signaling pathways. The NPs
improved learning and memory in Aβ-induced AD mice as
compared with donepezil at the same dose (Liu et al., 2021).

Depending on how they charge, polymer NPs can be divided
into cationic, anionic, and zwitterionic polymers. Positively charged
polymers are amine-containing polymers that can electrostatically
adsorb or encapsulate negatively charged nucleic acids. Wang et al.
constructed PEG-polydimethylaminoethyl methacrylate (cationic
polymer) NPs loaded with β-site amyloid precursor protein
cleaving enzyme 1 (BACE1) to treat APP/PS1 transgenic mice.
According to the findings, these NPs significantly decreased
BACE1 mRNA and Aβ plaques, inhibited Tau phosphorylation,
and promoted hippocampal neurogenesis (Wang et al., 2018).

3.2 Liposomes

Liposomes are the earliest nanomedicine delivery system to
proceed from concept to preclinical research and clinical
application. Liposomes mainly comprise natural lipids, usually
phospholipids, ionizable, cholesterol, and pegylated. Liposomes
have no pharmacological activity, low toxicity, and good
biodegradability, mobility, and biocompatibility (Patel et al.,
2021). Therefore, they promise vehicles to deliver therapeutics,
such as antitumor agents and anti-inflammatory, antibiotic,
antifungal, anesthetic, and other drugs. Moreover, liposomes’
hydrophilic and hydrophobic components can encapsulate water-
soluble and lipid-soluble drugs, improving their bioavailability.
Several liposomal drugs have been approved for marketing
worldwide. Chen et al. modified liposomes with transferrin to
improve the brain delivery of α-mangostin, a polyphenolic
xanthone effective in treating AD. In addition, the transferred
liposomes could successfully transport α-mangostin across the
BBB in vitro and in vivo (Chen et al., 2016).

Tannic acid is a multi-branched polyphenol molecule that
effectively inhibits Tau aggregation. Hu et al. coated the
liposomes with Tween 80 and added tannic acid to the centre of
each one, tannic acid liposomes can cross the BBB and deliver drugs
effectively (Hu et al., 2020). In addition to internal drug loading,
phospholipids can react with the drug to synthesize the
phospholipid prodrug, which can then assemble with other lipids
to form liposomes with surface modification of the drug and achieve
an anti-AD effect. Introducing phosphatidic acid with Aβ affinity
into the liposome component can also endow the liposome with
certain AD efficacy. Mancini et al. used phosphatidic acid to create
liposomes (Mancini et al., 2016). The modified ApoE-derived
peptide was also added to the surface of the liposomes to

increase BBB permeability. The outcomes demonstrated that the
generated liposomes might delay the cognitive function decline in
mice. Furthermore, the liposomes were optimized for drug delivery
and treatment, after administration, the area and number of Aβ
plaques in the cortex and hippocampus were reduced by 29% and
31%, respectively. The above studies have shown that liposomes help
drugs enter the brain, making them the most promising drug-carrier
system for treating AD.

3.3 Solid lipid NPs (SLNs)

SLNs are solid core lipid nanocarriers, which are developed to
hold both hydrophilic and lipophilic drugs (Paliwal et al., 2020). The
particle size ranges between 10 and 1,000 nm, and fatty acids, fatty
alcohols, and phospholipids comprise most of the components in
SLNs. The drug is encapsulated or trapped in the lipid core to create
a solid colloidal drug delivery system. Due to their improved
physical stability, higher loading capacity, better bioavailability,
and ease of large-scale production, SLNs are excellent for poorly
soluble drugs (e.g., adriamycin and cyclosporine). Therefore, it has
been widely used to create various dosage forms, including oral,
injection, transdermal, and pulmonary delivery, and has broad
prospects in developing new drugs for AD.

Ferulic acid is an active component of herbal medicines, which
can inhibit Aβ aggregation and improve the viability of AD cell
models in vitro and is considered as a potential drug for AD
treatment (Mancuso and Santangelo, 2014; Kikugawa et al.,
2016). However, Ferulic acid has the characteristics of poor water
solubility and limited brain permeability. Therefore, using
Compritol as a lipid and Tween 80 as a surfactant, Saini et al.
constructed SLNs for ferulic acid. SLNs significantly improved
learning and memory functions in AD rats and had an excellent
nasal mucosal adhesion and penetration ability (Saini et al., 2021).
Additionally, Vedagiri and Sumathi created SLNs loaded with
chrysin, and found that SLNs could increase the bioavailability of
chrysin and decrease the neuronal damage caused by Aβ25-35
(Vedagiri and Sumathi, 2016). Yusuf et al. created piperine-
loaded SLNs in a different study. They found that SLNs could
improve Aβ plaque deposition by reducing oxidative stress and
cholinergic degradation in the cortex of AD rats induced by
atraconic acid (Yusuf et al., 2013). Additionally, Dhawan et al.
created quercetin-loaded SLNs, they found that compared to
pure quercetin, SLNs significantly decreased their antioxidant
capacity and prevented the neurodegeneration induced by
alumina in rats (Dhawan et al., 2011). According to the studies
above, SLNs can cross the BBB and increase the bioavailability of
insoluble drugs, and it have good potential as nanocarriers for the
treatment of AD.

3.4 Dendritic NPs

Highly branching globular polymers, known as dendritic NPs,
often have compact three-dimensional structures with a central core
and corona. They mostly use dendrimers made of polyamide-amine
(PAMAM) (Janaszewska et al., 2018). Their unique three-
dimensional structure gives them unique properties, such as
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surface modification of functional groups, spherical nanostructures,
internal hydrophilic or hydrophobic cavities, and a low
polydispersity index (Li et al., 2021). The internal core of
dendrimers, which contains functional groups, provides space
and binding capabilities for several drug molecules, including
chemical compounds, peptides, genes, and other substances.

A novel class of nanocomposites, known as dendritic NPs, has
been applied in AD drug development. The efficient passage of
dendritic NPs through the BBB can be attributed to its lipophilicity
(Kaurav et al., 2023). Modifying the surface of dendrimers will
improve biocompatibility and enhance drug transport through the
BBB (Zhu et al., 2019). Kumari et al. demonstrated how the
preparation and synthesis of hyperbranched dendritic polymers,
such as PACA, PLA, and PLGA, can inhibit fiber formation and
have a specific therapeutic effect on AD (Kumari et al., 2010).
PAMAM dendrimers can disrupt existing fibrils and interfere
with the development of Aβ1-28 in AD brain, which can delay
the progression of AD (Klajnert et al., 2006). Additionally,
Klementieva et al. found that maltose (MAL)-modified
polypropylamine (PPI) dendrimers can prevent Aβ1-40 fibrosis.
They include PPI-G5-MAL, which can block the formation of
amyloid fibers, and PPI-G4-MAL, which can reduce amyloid
toxicity by aggregating fibers (Klementieva et al., 2011). Hence,
dendritic NPs may have promising application prospects in
treating AD.

3.5 Biomimetic NPs

3.5.1 Albumin NPs
Albumin is the most abundant protein in plasma, with 50% of

the total protein content of plasma proteins. Common albumins
include ovalbumin, bovine serum albumin, human serum albumin
(HAS), and recombinant HAS. Albumin is an endogenous substance
and is water soluble and biocompatible. Therefore, it can be injected
intravenously and metabolized in vivo without releasing toxic
chemicals (Mariam et al., 2016). Covalently binding drugs to
albumin, physically adsorbing drugs on the surface of the
albumin, or encapsulating drugs inside the matrix of albumin
NPs are a few examples of albumin-mediated drug delivery
systems. HAS cannot cross the BBB directly, but it can be
injected into the nasal cavity, by passing the BBB and entering
the brain (Piazzini et al., 2019). The NPs can greatly improve drug
transport across the BBB and accumulate therapeutic drugs in the
brain.

A nanocomposite known as NC-KLVFF, which contains bovine
serum albumin as the core and the KLVFF peptide modified on the
surface, can significantly inhibit the oligomerization of Aβ and
fibrosis. In vivo, NC-KLVEF can bind to Aβ to form a complex,
which then promotes the uptake and clearance of Aβ by microglia.
Simultaneously, to avoid damage to scavenger receptors caused by
Aβ oligomers triggering microglia to secrete inflammatory factors,
the scavenger receptor type A and CD36 on the surface of microglial
cells were maintained. Furthermore, the ability of microglia to
phagocytose is attenuated. It also downregulates the expression of
scavenger receptors on the surface of microglia (Zhao et al., 2019).

Yang et al. created NPs using HAS as the core to encapsulate
donepezil and clioquinol (a metal-ion chelating agent), and the

outer-modified transmembrane brain and monosialotetrahexosyl
ganglioside to increase BBB permeability and Aβ permeability
(Yang et al., 2020). The results showed that surface modification
of the transmembrane brain and monosialotetrahexosyl ganglioside
could improve NPs’ brain entry efficiency and retention ability. In
addition, clioquinol inhibited the aggregation of Aβ induced by
copper and zinc and promoted the degradation of aggregated Aβ.
Donepezil can alleviate the progression of the disease in many ways,
reduce the inflammatory response associated with Ach in mouse
microglia cells, regulate the balance of Ach, and achieve synergistic
treatment.

3.5.2 High-density lipoprotein (HDL) NPs
Natural HDL mainly consists of phospholipids, cholesterol, and

apolipoproteins. It is easy to express in vitro, has good biosafety and
compatibility, and possesses the structural characteristics of a
hydrophilic outer layer and a hydrophobic inner layer (Damiano
et al., 2013). The hydrophobic core of the prepared NPs can contain
poorly soluble drugs, and the surface can also provide gene drugs
with covalent site misdetermination of amphiphilicity. Furthermore,
the surface of the NPs can be modified with functional
phospholipids such as phosphatidic acid. Additionally, native
HDL has excellent brain-targeting properties and is a promising
drug delivery carrier for AD due to its high expression of lipoprotein
receptors on the BBB.

It has been reported that the NPs of HDL have an affinity for Aβ,
which can facilitate Aβ binding in the brain and Aβ absorption and
degradation by microglia and astrocytes. In addition, the NPs can
bind free Aβ in the blood, promote hepatocytes to phagocytose,
degrade Aβ, and maintain the metabolic balance of Aβ in the body
(Song et al., 2014). The HDL carrier possesses Aβ affinity
characteristics and can target the BBB. Inspired by “HDL
bionics”, Zhang et al. delivered donepezil via an apolipoprotein
A-I-reconstituted HDL to enable simultaneous clearance of Aβ and
inhibition of acetylcholinesterase (Zhang et al., 2019). ApoA-I can
target the scavenger receptor SR-BI on the surface of the BBB to
efficiently transtranscytophoresize NPs across the BBB. Since ApoA-
I has a high affinity for Aβ, it can be taken up by cells, combined with
Aβ to form nanocomposites, inhibit Aβ aggregation, promote
metabolic clearance of Aβ through the lysosomal pathway, relieve
the burden of Aβ in the brain, and inhibit the activity of
acetylcholinesterase. The double-effect treatment for AD can be
achieved by increasing the content of Ach at the receptor site.

Additionally, lipoprotein NPs have therapeutic effects on the
brain’s microenvironment and the lesion site’s damaged nerves and
blood vessels. The neurovascular unit (NVU), composed of neurons,
glial cells, and blood vessels, is crucial to the brain
microenvironment’s stability. Therefore, NVU impairment is a
key pathogenic event in AD that is closely related to the
progression of the disease and cognitive decline (Iadecola, 2017).
A multifunctional lipoprotein-like nanostructure called RAP-RL,
which contains an antagonist peptide (RAP) of the receptor for
advanced glycation end-products (RAGE), has been developed to
intervene in the progression of AD and modify the NVU (Zhang Q.
et al., 2021). RAP-RL can significantly reduce the amount of Aβ
accumulated in the hippocampus of APP/PS1 mice by 55.24% and
the amount of Aβ accumulated in the cortex by 44.14% through the
specific binding of RAP to RAGE. In addition, it can also decrease
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the levels of the inflammatory factors TNF- and IL-6, restore NVU
integrity and function, improve cerebral blood flow, and increase
learning and cognitive ability in mice.

3.5.3 Exosomes
Exosomes are extracellular nanosized biovesicles that function

as intercellular messengers because they contain proteins, lipids, and
nucleic acids in bodily fluids. Undoubtedly, exosomes are potential
bionanoparticles for drug delivery. Furthermore, exosomes are an
attractive and safe platform for brain-targeted delivery because they
are small, easily cross the BBB, and have low immunogenicity as cell-
derived vesicles. However, whether or how they cross the BBB
remains unclear (Lin et al., 2020).

Several exosome-related drugs have shown therapeutic potential
for better AD treatment in recent years. Qi et al. developed
quercetin-loaded exosomes to improve the brain targeting of
quercetin and effectively assessed its therapeutic efficacy in a
mouse model of AD. Their findings demonstrated that exosomes
containing quercetin could alleviate the symptoms of AD by
inhibiting cyclin-dependent kinase 5-mediated phosphorylation
of Tau and lowering the production of insoluble NFTs (Qi et al.,
2020). Wang et al. found that exosomes from curcumin-treated cells
can inhibit Tau phosphorylation, reducing AD symptoms in vitro
and in vivo (Wang et al., 2019). Additionally, mesenchymal stem
cell-derived exosomes (MSC-Exo) were modified by Cui et al. using
a CNS-specific rabies viral glycoprotein (RVG) peptide to improve
the potential of exosomes to target the brain when administered
intravenously (Cui et al., 2019). RVG-modified MSC-Exo
significantly decreases plaque deposition and Aβ levels in the
brains of transgenic APP/PS1 mice compared to the group
administered unmodified MSC-Exo. Furthermore, the levels of
proinflammatory cytokines, such as TNF-α, IL-β, and IL-6,
significantly decreased while the levels of anti-inflammatory
factors, such as IL-10, IL-4, and IL-13, significantly increased.

3.6 Metal NPs

The size of metal NPs is usually between 1 and 100 nm, and they
typically have a functional organic molecules shell around a metal
core. Presently, pure metals, including gold, silver, copper, zinc, etc.,
or their oxides make up metal oxide NPs (Jamkhande et al., 2019).
For example, cerium and iron oxides make metal oxide NPs, while
molybdenum disulfide makes metal sulfoxide NPs. Drug molecules
can be coupled to the surface of metal NPs due to their dense
spherical carrier structures, large surface area, and potential for drug
loading. Additionally, metal NPs are used in targeted drug delivery
approaches for CNS diseases because of their excellent
biocompatibility, storage stability, ease of synthesis, and few side
effects. However, metal NPs are difficult to degrade in vivo, and their
safety hazards limit their clinical application.

Recently, developed metal-based NPs with higher stability and
permeability to tissues like cancer tissues have been used as carriers
for photosensitizer drugs. These carriers can be made of gold or
magnetically responsive carriers. Nanomaterial formulations have
also been used to investigate the targeted delivery of CNS drugs
further. Cerium oxide (CeO2) NPs exhibit antioxidant, anti-
interference, and anti-apoptosis properties. In addition,

CeO2-NPs existing in the +3 and +4 valence states of cerium
have free radical scavenging activity, creating an antioxidant
microenvironment and promoting the repair of nerves and other
cells (Das et al., 2013). The ability of CeO2-NPs with a size <5 nm to
mimic catalase and superoxide dismutase through the reversible
binding of oxygen atoms and conversion between Ce3+ (reducing)
and Ce4+ (oxidizing) states on their surface has also been
demonstrated (Celardo et al., 2011).

The lipophilic cation triphenyl phosphonium can target
mitochondria. Studies in the five-familial AD transgenic mouse
model have shown that cerium NPs conjugated with TPP can
increase mitochondrial concentrations and inhibit neuronal death
(Biswas et al., 2012). Another study linked two peptides with the
KLVFF sequence (residues 16–20), which corresponds to the
hydrophobic core of Aβ and plays a significant role in the
formation of the β-sheet structure with ultrasmall gadolinium
nanoparticles (AGuIX-NPs). Furthermore, this fragment can also
bind to Aβ, affecting the formation of plaques (Lowe et al., 2001).

A magnetic core (such as iron, nickel, cobalt, and their oxides)
and a surfactant makeup magnetic NPs combine the benefits of
magnetic materials and nanomaterials. Due to their unique
superparamagnetic characteristics, magnetic NPs can be guided
and deliver drugs to specific areas when exposed to a magnetic
field (Materón et al., 2021; Zhang P. et al., 2023). Iron, nickel, and
cobalt are frequently used as magnetic materials, iron and iron oxide
are the most common materials. Due to its biocompatibility and
biodegradability, iron oxide NPs (Fe3O4 or Fe2O3) have been used in
biomedical research extensively. However, the homogeneity of
magnetic NPs is difficult to establish throughout the large-scale
synthesis process, and the variation between various production
batches is high, which can have major safety problems (Vangijzegem
et al., 2019).

3.7 Nonmetal inorganic NPs

3.7.1 Carbon nanotubes (CNTs)
CNTs can be divided into single sheets of graphene, also known

as single-walled CNTs of 0. 4–2 nm and multi-walled CNTs of
2–100 nm, following the graphene sheet. To achieve drug loading,
the wall of nanotubes can not only noncovalently bind to small
molecule drugs. Still, it can also physically adsorb small molecule
drugs on the surface of carbon nanotubes. Genetic material can be
delivered to the nucleus and cells with high efficiency using carbon
nanotubes. The few studies on CNTs for AD treatment are still in the
early stages and need to be further tested for their ability to cross the
BBB (Garalleh, 2018; Mishra et al., 2021). However, CNTs can be
used as biosensors with high sensitivity and selectivity to detect Aβ
in human serum, particularly Aβ42 and Aβ40 peptides (Chen et al.,
2022).

3.7.2 Selenium (Se) NPs
Se is a crucial trace mineral. Se plays structural and enzymatic

roles as a component of proteins that contain Se and contributes to
various essential physiological functions in the body, including
antioxidant defense, immune response, and as a catalyst in
thyroid hormone metabolism (Khurana et al., 2019). More
importantly, Se can maintain neurotransmitters metabolizing at
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their normal rate, and as an antioxidant, Se can clear the brain of
harmful substances. According to increasing evidence, Se NPs are
promising nanoparticle carriers for inhibiting Aβ aggregation and
decreasing Aβ neurotoxicity (Zhang Z. H. et al., 2023). Se NPs have a
particular affinity for Aβ, which causes Aβ deposition to decrease.

After administering Se to the AD mice model, Song et al. found
that the level of β-secretase was downregulated, and the production
of Aβ in the brain was significantly decreased (Song et al., 2018).
Next, Zhou et al. injected each side of the hippocampus of rats with
Aβ40 oligomer to establish AD rat models. Then, they treated AD
rats with selenium-doped carbon quantum dot (SeCQD)
nanomedicine. They found that the treated rats had shorter
escape latencies than rats in the control group during a water
maze test, proving that SeCQDs can improve cognitive
performance in AD rat models (Zhou et al., 2021).

According to Yin et al., functionalized Se NPs modified with
sialic acid on B6 peptides allowed them to cross the BBB, maintain
systemic circulation concentration for a long, inhibit Aβ aggregation
and reduced cytotoxicity. Furthermore, they constructed a B6-SA-
SENP drug delivery system by simulating the structure of
selenoprotein using selenium NPs as the core and sialic acid and
B6 polypeptide modified on the surface (Yin et al., 2015).

Additionally, selenoproteins, a family of proteins that interact
with the C-terminal domain of α-tubulin, are involved in regulating
microtubule assembly by including the 21st amino acid,
selenocysteine, in their amino acid sequence (Yue et al., 2020).
Selenocysteine also interacts with Tau protein, Ca2+, and polyamines
to reduce the burden of ROS in cells. Thus, the structure and
function of microtubules remain protected. Moreover, sodium
selenate might improve protein phosphatase 2A activity and
dephosphorylate-specific Tau epitopes in SHSY-5Y cells
expressing human Tau isoforms to correct neural memory
impairment in mice and prevent and reverse memory and motor
deficits. Se inhibits the accumulation of aberrant proteins in the
brain by decreasing the production of Aβ and Tau phosphorylation.
Selenium NPs can therefore be used as carriers to construct
functional nano systems, which have potential application value
and can overcome the shortcomings of traditional drugs.

4 Clinical applications of nanomedicine

The number of patent applications for nanomedicine has
significantly increased since the 21st century due to the rapid
development of nanotechnology, however, no nanomedicines
have yet been approved for treating CNS diseases. Clene
Nanomedicine, Inc., a clinical-stage biopharmaceutical company,
has developed several nanotechnology-based therapies for CNS
diseases and initiated parallel phase II clinical trials
(NCT03843710, NCT03536559, NCT03815916, NCT04098406,
NCT04626921, and NCT05299658) with the lead asset CNM-
Au8®. CNM-Au8® is a gold nanocrystal suspension being
researched as a disease-modifying treatment for patients with
amyotrophic lateral sclerosis, multiple sclerosis, and Parkinson’s
disease (Kumar et al., 2022; Vucic et al., 2023). In 2019, Aphios Inc.
began a phase II clinical trial (NCT03806478) to evaluate the efficacy
and safety of intranasal nanoparticles of APH-1105, in the treatment
of AD (Zagórska et al., 2023). However, the outcomes of the current

clinical trials of AD nanomedicines have not yielded promising
results, and further research is needed to fill the gaps in the industrial
field. Although many nanomedicines have been effectively
incorporated into clinical practice.

5 Challenges and future directions of
nanomedicine

Clinical treatments for AD currently focus primarily on
symptom management and supplemental brain nutrition.
However, these methods offer palliative care without addressing
the underlying cause of the disease. The complexity of AD pathology
and the challenges associated with drug delivery across the BBB are
the primary causes of this limitation. Due to their excellent stability,
biocompatibility, degradability, high safety, flexible drug-loading
methods, controllable drug release, and surface modifiability,
nanomedicine carriers have gained increasing attention. These
characteristics make them attractive candidates for targeted
therapy in CNS diseases, including AD. Despite the potential
advantages, producing nanomedicine commercially is a major
challenge. The BBB is the densest barrier in the human body and
comprises endothelial cells, pericytes, capillary basement
membrane, and astrocytes. It serves as a protective shield,
limiting and preventing specific molecules or pathogens from
penetrating the brain from the circulatory system. The inability
of AD treatment drugs to successfully cross the BBB is a major
obstacle (Gao et al., 2017).

Tight junctions between endothelial cells, not large pores,
prevent drugs from passing through the BBB. Passively moving
across the BBB are small molecules, including water, gases, and other
lipophilic compounds. Glucose, amino acids, and most drugs are
large, highly charged, highly polar, and highly hydrophilic molecules
that specific proteins must transport into cells. Developing
nanomedicine that effectively deliver and release therapeutic
agents in the brain is challenging but necessary. As shown in
Figure 3, the different methods of drug transport across BBB are
represented, which include carrier mediated transport, adsorptive
mediated transport, receptor mediated transport, paracellular
transport and cell-mediated transport. Importantly, transferrin
receptor 1 and glucose transporter 1 are expressed at high levels
in BBB endothelial cells, and them have been developed as
promising targets for CNS diseases (Prakash et al., 2019; Zhou
et al., 2020; Li et al., 2023). Future research should focus on
eliminating BBB-related obstacles and improving drug delivery
systems, and it will progress the study of nanomedicine and pave
the way for more effective treatments for AD and other CNS
disorders.

The potential for using nanomedicine to treat
neurodegenerative diseases is immense. Although few
nanomedicines are being studied in clinical trials for AD, there
are currently no approved ones. Most nanomedicine research is still
preclinical (Kumar et al., 2020). The variety of patients, with each
patient displaying a different genetic makeup, neurological function,
and characteristics, is one of the major limitations of
nanotechnology in treating neurodegenerative diseases. As a
result, treating AD cannot be accomplished with a single
approach. Furthermore, due to complex manufacturing processes,
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testing requirements, and regulatory constraints, the development
costs of nanomedicine may be higher than those of conventional
drugs. Despite these challenges, nanomedicine is still an important
topic of study in biomedicine, particularly in cancer treatment,
vaccine development, and targeted drug delivery. As a result,
several companies and research institutions are investing in
developing nanomedicine. The cost-effectiveness of nanomedicine
must be thoroughly evaluated during the development and clinical
testing process. It is important to strike a balance between these
factors and the need to provide more economical treatment options
for patients with AD and other neurodegenerative diseases,
particularly those in developing countries or with limited
financial resources. Moreover, future research should focus on
developing customized nanomedicine treatment regimens for
each patient’s unique characteristics (Indrasekara et al., 2014).
Customized nanomedicine treatments that consider individual
differences in physiology, metabolism, and other biological
factors are becoming more and more feasible with the growing
availability of high-throughput sequencing technology and other
types of molecular profiling. Therefore, focusing on customized
treatments may significantly impact the development of new and
effective nanomedicine therapies. Additionally, customized
nanomedicine treatments can reduce healthcare costs by lowering
the possibility of unnecessary treatments or adverse effects.

The application of nanomaterials in biomedicine still has many
gaps and unresolved issues. Although there have been significant
developments in the last decade in the development of

nanomaterials for biomedical applications, many challenges still need
to be overcome before these materials can be widely applied in clinical
settings. Developing novel nanomedicine from the laboratory to the
patient’s bedside requires more work. The safety and toxicity of
nanomaterials are two major issues. While many NPs demonstrate
promising efficacy for drug delivery, imaging, and other biomedical
applications, their unique characteristics can also result in unpredictable
toxicity and unforeseen effects on biological systems, making it difficult
to evaluate their safety using conventional evaluation methods (Wong
et al., 2020). Investigating the safety profiles of nanomedicine is
challenging for several reasons, including the modifications of
nanomedicine, the route of administration, and the complex cellular
structure of the brain. The long-term safety of these compounds needs
to be carefully evaluated, both in vitro and in vivo, to minimize the risk
of unforeseen outcomes.

The need for standardization in producing and characterizing
nanomaterials presents another challenge. For example, it might be
challenging to compare the results of various studies or to
appropriately evaluate the performance of various types of NPs
because there are currently no universally accepted standards for
nanomaterials’ characterization and quality control.

Finally, the limited knowledge of the physiological and
pathological mechanisms contributing to AD also hinders the
development of effective nanomaterial-based therapies.
Nanomaterial-based therapies are expected to play a bigger role
in treating AD as more research is done to understand the disease’s
fundamental biological mechanisms.

FIGURE 3
Schematic depicting the transport methods of nanomedicine across the blood–brain barrier, via (A) carrier mediated transport, (B) adsorptive
mediated transport (C) receptor mediated transport, (D) paracellular transport and (E) cell-mediated transport.
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6 Conclusion

AD is the most prevalent age-related disorder. It is anticipated
that as the population ages, the incidence of AD will increase,
placing a greater strain on healthcare systems worldwide. Since
the underlying causes of the disease are not yet understood, effective
therapies are difficult to develop. The main goals of AD treatment
are to slow down its progression and improve the patient’s quality of
life because there is presently no known cure. Therefore, it is a
promising area of research to use nanomedicine to treat AD. The
bioavailability of drugs now used to treat AD may be increased by
NPs, potentially improving drug delivery. The potential to cross the
BBB and target the accumulation of amyloid and Tau proteins,
which are main hallmarks of AD pathology, is one advantage of
nanomedicine delivery systems. Targeting specific cell types or brain
areas using nanomedicine can also increase the specificity of drug
delivery and reduce the risk of adverse effects. Controlled drug
release can also be attained through nanomedicine, allowing for
sustained-release formulations, and optimizing drug dosing.
However, there are still risks and unanswered questions
associated with using nanomedicine to treat AD, just like with
any novel therapy. Since nanomedicine can have unpredictable
toxicity profiles, the long-term safety and efficacy of
nanomedicine need to be thoroughly evaluated.

In summary, nanomedicine may become a more useful tool
for treating and preventing AD with more studies. Using
nanomedicine to treat AD has great potential, but more
research is required to establish both the safety and
effectiveness of these new therapies.

Author contributions

FQ proposed the theme of the review and helped in writing the
manuscript. LH and YT literature review and wrote the manuscript.
YJ prepared the figures. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by the National Key R&D Program of
China (2022YFC2009902/2022YFC2009900) and Sichuan Science
and Technology Program (2022YFS0028).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abbas, H., Sayed, N. S. E., Youssef, N., Gaafar, P. M. E., Mousa, M. R., Fayez, A. M.,
et al. (2022). Novel luteolin-loaded chitosan decorated nanoparticles for brain-targeting
delivery in a sporadic Alzheimer’s disease mouse model: Focus on antioxidant, anti-
inflammatory, and amyloidogenic pathways. Pharmaceutics 14 (5), 1003–1029. doi:10.
3390/pharmaceutics14051003

Abozaid, O. A. R., Sallam, M. W., El-Sonbaty, S., Aziza, S., Emad, B., and Ahmed, E. S. A.
(2022). Resveratrol-selenium nanoparticles alleviate neuroinflammation and neurotoxicity in
a rat model of alzheimer’s disease by regulating sirt1/miRNA-134/gsk3β expression. Biol.
Trace Elem. Res. 200 (12), 5104–5114. doi:10.1007/s12011-021-03073-7

Abushakra, S., Porsteinsson, A., Vellas, B., Cummings, J., Gauthier, S., Hey, J. A., et al.
(2016). Clinical benefits of tramiprosate in Alzheimer’s disease are associated with
higher number of APOE4 alleles: The "APOE4 gene-dose effect. J. Prev. Alzheimers Dis.
3 (4), 219–228. doi:10.14283/jpad.2016.115

Ahmed, Z., and Qaisar, R. (2022). Nanomedicine for treating muscle dystrophies:
Opportunities, challenges, and future perspectives. Int. J. Mol. Sci. 23 (19), 12039. doi:10.
3390/ijms231912039

Almuhayawi, M. S., Ramadan, W. S., Harakeh, S., Al Jaouni, S. K., Bharali, D. J.,
Mousa, S. A., et al. (2020). The potential role of pomegranate and its nano-formulations
on cerebral neurons in aluminum chloride induced Alzheimer rat model. Saudi J. Biol.
Sci. 27 (7), 1710–1716. doi:10.1016/j.sjbs.2020.04.045

Amanzadeh Jajin, E., Esmaeili, A., Rahgozar, S., and Noorbakhshnia, M. (2021).
Quercetin-conjugated superparamagnetic iron oxide nanoparticles protect AlCl3-
induced neurotoxicity in a rat model of alzheimer’s disease via antioxidant genes,
APP gene, andmiRNA-101. Front. Neurosci. 14, 598617. doi:10.3389/fnins.2020.598617

Amini, M., and Abdolmaleki, Z. (2022). The effect of cannabidiol coated by nano-chitosan
on learning and memory, hippocampal CB1 and CB2 levels, and amyloid plaques in an
Alzheimer’s disease rat model. Neuropsychobiology 81 (3), 171–183. doi:10.1159/000519534

Anand, B., Wu, Q., Nakhaei-Nejad, M., Karthivashan, G., Dorosh, L., Amidian, S.,
et al. (2022). Significance of native PLGA nanoparticles in the treatment of Alzheimer’s
disease pathology. Bioact. Mat. 17, 506–525. doi:10.1016/j.bioactmat.2022.05.030

Arora, S., Kanekiyo, T., and Singh, J. (2022). Functionalized nanoparticles for brain
targeted BDNF gene therapy to rescue Alzheimer’s disease pathology in transgenic
mouse model. Int. J. Biol. Macromol. 208, 901–911. doi:10.1016/j.ijbiomac.2022.03.203

Bateman, R. J., Cummings, J., Schobel, S., Salloway, S., Vellas, B., Boada, M., et al.
(2022). Gantenerumab: An anti-amyloid monoclonal antibody with potential disease-
modifying effects in early Alzheimer’s disease. Alzheimers Res. Ther. 14 (1), 178. doi:10.
1186/s13195-022-01110-8

Bilia, A. R., Nardiello, P., Piazzini, V., Leri, M., Bergonzi, M. C., Bucciantini, M., et al.
(2019). Successful brain delivery of andrographolide loaded in human albumin
nanoparticles to TgCRND8 mice, an Alzheimer’s disease mouse model. Front.
Pharmacol. 10, 910. doi:10.3389/fphar.2019.00910

Biswas, S., Dodwadkar, N. S., Deshpande, P. P., and Torchilin, V. P. (2012). Liposomes
loaded with paclitaxel and modified with novel triphenylphosphonium-PEG-PE conjugate
possess low toxicity, targetmitochondria and demonstrate enhanced antitumor effects in vitro
and in vivo. J. Control. Release 159 (3), 393–402. doi:10.1016/j.jconrel.2012.01.009

Blanchard, J. W., Akay, L. A., Davila-Velderrain, J., von Maydell, D., Mathys, H.,
Davidson, S. M., et al. (2022). APOE4 impairs myelination via cholesterol dysregulation
in oligodendrocytes. Nature 611 (7937), 769–779. doi:10.1038/s41586-022-05439-w

Breijyeh, Z., and Karaman, R. (2020). Comprehensive review on alzheimer’s disease:
Causes and treatment. Molecule 25 (24), 5789. doi:10.3390/molecules25245789

Bronzuoli, M. R., Iacomino, A., Steardo, L., and Scuderi, C. (2016). Targeting
neuroinflammation in Alzheimer’s disease. J. Inflamm. Res. 17 (1), 17–32. doi:10.
1080/14737175.2016.1200972

Busche, M. A., and Hyman, B. T. (2020). Synergy between amyloid-β and tau in
Alzheimer’s disease.Nat. Neurosci. 23 (10), 1183–1193. doi:10.1038/s41593-020-0687-6

Campisi, A., Sposito, G., Pellitteri, R., Santonocito, D., Bisicchia, J., Raciti, G., et al.
(2022). Effect of unloaded and curcumin-loaded solid lipid nanoparticles on tissue
transglutaminase isoforms expression levels in an experimental model of Alzheimer’s
disease. Antioxidants 11 (10), 1863. doi:10.3390/antiox11101863

Celardo, I., Pedersen, J. Z., Traversa, E., and Ghibelli, L. (2011). Pharmacological potential
of cerium oxide nanoparticles. Nanoscale 3 (4), 1411–1420. doi:10.1039/c0nr00875c

Chen, H., Xiao, M., He, J., Zhang, Y., Liang, Y., Liu, H., et al. (2022). Aptamer-
functionalized carbon nanotube field-effect transistor biosensors for Alzheimer’s
disease serum biomarker detection. ACS Sens. 7 (7), 2075–2083. doi:10.1021/
acssensors.2c00967

Frontiers in Cell and Developmental Biology frontiersin.org13

Hu et al. 10.3389/fcell.2023.1228679

https://doi.org/10.3390/pharmaceutics14051003
https://doi.org/10.3390/pharmaceutics14051003
https://doi.org/10.1007/s12011-021-03073-7
https://doi.org/10.14283/jpad.2016.115
https://doi.org/10.3390/ijms231912039
https://doi.org/10.3390/ijms231912039
https://doi.org/10.1016/j.sjbs.2020.04.045
https://doi.org/10.3389/fnins.2020.598617
https://doi.org/10.1159/000519534
https://doi.org/10.1016/j.bioactmat.2022.05.030
https://doi.org/10.1016/j.ijbiomac.2022.03.203
https://doi.org/10.1186/s13195-022-01110-8
https://doi.org/10.1186/s13195-022-01110-8
https://doi.org/10.3389/fphar.2019.00910
https://doi.org/10.1016/j.jconrel.2012.01.009
https://doi.org/10.1038/s41586-022-05439-w
https://doi.org/10.3390/molecules25245789
https://doi.org/10.1080/14737175.2016.1200972
https://doi.org/10.1080/14737175.2016.1200972
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.3390/antiox11101863
https://doi.org/10.1039/c0nr00875c
https://doi.org/10.1021/acssensors.2c00967
https://doi.org/10.1021/acssensors.2c00967
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1228679


Chen, Z. L., Huang, M., Wang, X. R., Fu, J., Han, M., Shen, Y. Q., et al. (2016).
Transferrin-modified liposome promotes α-mangostin to penetrate the blood-brain
barrier. Nanomedicine 12 (2), 421–430. doi:10.1016/j.nano.2015.10.021

Choi, H., and Mook-Jung, I. (2022). Lipid fuel for hungry-angry microglia. Nat.
Metab. 4 (10), 1223–1224. doi:10.1038/s42255-022-00647-0

Crommelin, D. J. A., van Hoogevest, P., and Storm, G. (2020). The role of liposomes in
clinical nanomedicine development. What now? Now what? J. Control. Release 318,
256–263. doi:10.1016/j.jconrel.2019.12.023

Cui, G. H., Guo, H. D., Li, H., Zhai, Y., Gong, Z. B.,Wu, J., et al. (2019). RVG-modified
exosomes derived from mesenchymal stem cells rescue memory deficits by regulating
inflammatory responses in a mouse model of Alzheimer’s disease. Immun. Ageing 16,
10. doi:10.1186/s12979-019-0150-2

Damiano, M. G., Mutharasan, R. K., Tripathy, S., McMahon, K. M., and Thaxton, C.
S. (2013). Templated high density lipoprotein nanoparticles as potential therapies and
for molecular delivery. Adv. Drug Deliv. Rev. 65 (5), 649–662. doi:10.1016/j.addr.2012.
07.013

Das, S., Dowding, J. M., Klump, K. E., McGinnis, J. F., Self, W., and Seal, S. (2013).
Cerium oxide nanoparticles: Applications and prospects in nanomedicine.
Nanomedicine (Lond) 8 (9), 1483–1508. doi:10.2217/nnm.13.133

DeKosky, S. T., Ikonomovic, M. D., Styren, S. D., Beckett, L., Wisniewski, S., Bennett,
D. A., et al. (2002). Upregulation of choline acetyltransferase activity in hippocampus
and frontal cortex of elderly subjects with mild cognitive impairment. Ann. Neurol. 51
(2), 145–155. doi:10.1002/ana.10069

Demirci, S., Aynalı, A., Demirci, K., Demirci, S., and Arıdoğan, B. C. (2017). The
serum levels of resistin and its relationship with other proinflammatory cytokines in
patients with Alzheimer’s disease. Clin. Psychopharmacol. Neurosci. 15 (1), 59–63.
doi:10.9758/cpn.2017.15.1.59

Dhawan, S., Kapil, R., and Singh, B. (2011). Formulation development and systematic
optimization of solid lipid nanoparticles of quercetin for improved brain delivery.
J. Pharm. Pharmacol. 63 (3), 342–351. doi:10.1111/j.2042-7158.2010.01225.x

Elmaleh,D. R., Farlow,M. R., Conti, P. S., Tompkins, R.G., Kundakovic, L., andTanzi, R. E.
(2019). Developing effective Alzheimer’s disease therapies: Clinical experience and future
directions. J. Alzheimers Dis. 71 (3), 715–732. doi:10.3233/jad-190507

Fan, S., Zheng, Y., Liu, X., Fang, W., Chen, X., Liao, W., et al. (2018). Curcumin-loaded
PLGA-PEGnanoparticles conjugatedwith B6 peptide for potential use inAlzheimer’s disease.
Drug Deliv. 25 (1), 1091–1102. doi:10.1080/10717544.2018.1461955

Fan, Z., Ren, T., Wang, Y., Jin, H., Shi, D., Tan, X., et al. (2022). Aβ-responsive metformin-
based supramolecular synergistic nanodrugs for Alzheimer’s disease via enhancing microglial
Aβ clearance. Biomaterial 283, 121452. doi:10.1016/j.biomaterials.2022.121452

Fang, J., Zhang, P., Zhou, Y., Chiang, C. W., Tan, J., Hou, Y., et al. (2021).
Endophenotype-based in silico network medicine discovery combined with
insurance record data mining identifies sildenafil as a candidate drug for
Alzheimer’s disease. Nat. Aging 1 (12), 1175–1188. doi:10.1038/s43587-021-00138-z

Faria, P., Pacheco, C., Moura, R. P., Sarmento, B., and Martins, C. (2023).
Multifunctional nanomedicine strategies to manage brain diseases. Drug Deliv.
Transl. Res. 13 (5), 1322–1342. doi:10.1007/s13346-022-01256-w

Gao, C., Chu, X., Gong, W., Zheng, J., Xie, X., Wang, Y., et al. (2020). Neuron tau-
targeting biomimetic nanoparticles for curcumin delivery to delay progression of
Alzheimer’s disease. J. Nanobiotechnol. 18 (1), 71. doi:10.1186/s12951-020-00626-1

Gao, W., Liu, Y., Jing, G., Li, K., Zhao, Y., Sha, B., et al. (2017). Rapid and efficient
crossing blood-brain barrier: Hydrophobic drug delivery system based on
propionylated amylose helix nanoclusters. Biomaterials 113, 133–144. doi:10.1016/j.
biomaterials.2016.10.045

Garalleh, H. (2018). Modelling of the usefulness of carbon nanotubes as antiviral
compounds for treating alzheimer disease.Adv. Alzheimer’s Dis. 07, 79–92. doi:10.4236/
aad.2018.73006

Gregoriadis, G., and Ryman, B. E. (1971). Liposomes as carriers of enzymes or drugs:
A new approach to the treatment of storage diseases. Biochem. J. 124 (5), 58p. doi:10.
1042/bj1240058p

Grundke-Iqbal, I., Iqbal, K., Tung, Y. C., Quinlan, M., Wisniewski, H. M., and Binder,
L. I. (1986). Abnormal phosphorylation of the microtubule-associated protein tau (tau)
in Alzheimer cytoskeletal pathology. Proc. Natl. Acad. Sci. U. S. A. 83 (13), 4913–4917.
doi:10.1073/pnas.83.13.4913

Hampel, H., Hardy, J., Blennow, K., Chen, C., Perry, G., Kim, S. H., et al. (2021). The
amyloid-β pathway in alzheimer’s disease. Mol. Psychiatry 26 (10), 5481–5503. doi:10.
1038/s41380-021-01249-0

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: The amyloid cascade
hypothesis. Science 256 (5054), 184–185. doi:10.1126/science.1566067

Heneka, M. T., McManus, R. M., and Latz, E. (2018). Inflammasome signalling in
brain function and neurodegenerative disease. Nat. Rev. Neurosci. 19 (10), 610–621.
doi:10.1038/s41583-018-0055-7

Hettiarachchi, S. D., Zhou, Y., Seven, E., Lakshmana, M. K., Kaushik, A. K., Chand, H.
S., et al. (2019). Nanoparticle-mediated approaches for Alzheimer’s disease
pathogenesis, diagnosis, and therapeutics. J. Control. Release 314, 125–140. doi:10.
1016/j.jconrel.2019.10.034

Hogan, D. B. (2014). Long-term efficacy and toxicity of cholinesterase inhibitors in
the treatment of Alzheimer disease. Can. J. Psychiatry 59 (12), 618–623. doi:10.1177/
070674371405901202

Hou, K., Zhao, J., Wang, H., Li, B., Li, K., Shi, X., et al. (2020). Chiral gold
nanoparticles enantioselectively rescue memory deficits in a mouse model of
Alzheimer’s disease. Nat. Commun. 11 (1), 4790. doi:10.1038/s41467-020-18525-2

Hu, Y., Hu, X., Lu, Y., Shi, S., Yang, D., and Yao, T. (2020). New strategy for reducing tau
aggregation cytologically by A hairpinlike molecular inhibitor, tannic acid encapsulated in
liposome. ACS Chem. Neurosci. 11 (21), 3623–3634. doi:10.1021/acschemneuro.0c00508

Hur, J. Y., Frost, G. R., Wu, X., Crump, C., Pan, S. J., Wong, E., et al. (2020). The innate
immunity protein IFITM3 modulates γ-secretase in Alzheimer’s disease. Nature 586
(7831), 735–740. doi:10.1038/s41586-020-2681-2

Iadecola, C. (2017). The neurovascular unit coming of age: A journey through
neurovascular coupling in health and disease. Neuron 96 (1), 17–42. doi:10.1016/j.
neuron.2017.07.030

Indrasekara, A. S. D. S., Wadams, R. C., and Fabris, L. (2014). Ligand exchange on
gold nanorods: Going back to the future. Part. Part. Syst. Charact. 31 (8), 819–838.
doi:10.1002/ppsc.201400006

Iqbal, K., Wiśniewski, H. M., Shelanski, M. L., Brostoff, S., Liwnicz, B. H., and Terry,
R. D. (1974). Protein changes in senile dementia. Brain Res. 77 (2), 337–343. doi:10.
1016/0006-8993(74)90798-7

Jagaran, K., and Singh, M. (2021). Nanomedicine for neurodegenerative disorders:
Focus on Alzheimer’s and Parkinson’s diseases. Int. J. Mol. Sci. 22 (16), 9082. doi:10.
3390/ijms22169082

Jamkhande, P. G., Ghule, N.W., Bamer, A. H., andKalaskar,M.G. (2019).Metal nanoparticles
synthesis: An overview on methods of preparation, advantages and disadvantages, and
applications. J. Drug Deliv. Sci. Technol. 53, 101174. doi:10.1016/j.jddst.2019.101174

Janaszewska, A., Klajnert-Maculewicz, B., Marcinkowska, M., Duchnowicz, P.,
Appelhans, D., Grasso, G., et al. (2018). Multivalent interacting glycodendrimer to
prevent amyloid-peptide fibril formation induced by Cu(II): A multidisciplinary
approach. Nano. Res. 11 (3), 1204–1226. doi:10.1007/s12274-017-1734-9

Jung, H., Lee, S. Y., Lim, S., Choi, H. R., Choi, Y., Kim, M., et al. (2022). Anti-
inflammatory clearance of amyloid-β by a chimeric Gas6 fusion protein. Nat. Med. 28
(9), 1802–1812. doi:10.1038/s41591-022-01926-9

Kaurav, M., Ruhi, S., Al-Goshae, H. A., Jeppu, A. K., Ramachandran, D., Sahu, R. K.,
et al. (2023). Dendrimer: An update on recent developments and future opportunities
for the brain tumors diagnosis and treatment. Front. Pharmacol. 14, 1159131. doi:10.
3389/fphar.2023.1159131

Kent, S. A., Spires-Jones, T. L., and Durrant, C. S. (2020). The physiological roles of
tau and Aβ: Implications for Alzheimer’s disease pathology and therapeutics. Acta
Neuropathol. 140 (4), 417–447. doi:10.1007/s00401-020-02196-w

Khurana, A., Tekula, S., Saifi, M. A., Venkatesh, P., and Godugu, C. (2019).
Therapeutic applications of selenium nanoparticles. Biomed. Pharmacother. 111,
802–812. doi:10.1016/j.biopha.2018.12.146

Kikugawa, M., Tsutsuki, H., Ida, T., Nakajima, H., Ihara, H., and Sakamoto, T. (2016).
Water-soluble ferulic acid derivatives improve amyloid-β-induced neuronal cell death
and dysmnesia through inhibition of amyloid-β aggregation. Biosci. Biotechnol.
Biochem. 80 (3), 547–553. doi:10.1080/09168451.2015.1107463

Klajnert, B., Cortijo-Arellano, M., Cladera, J., and Bryszewska, M. (2006). Influence of
dendrimer’s structure on its activity against amyloid fibril formation. Biochem. Biophys.
Re.s Commun. 345 (1), 21–28. doi:10.1016/j.bbrc.2006.04.041

Klementieva, O., Benseny-Cases, N., Gella, A., Appelhans, D., Voit, B., and Cladera, J.
(2011). Dense shell glycodendrimers as potential nontoxic anti-amyloidogenic agents in
Alzheimer’s disease. Amyloid-dendrimer aggregates morphology and cell toxicity.
Biomacromolecules 12 (11), 3903–3909. doi:10.1021/bm2008636

Kumar, A., Chaudhary, R. K., Singh, R., Singh, S. P., Wang, S. Y., Hoe, Z. Y., et al.
(2020). Nanotheranostic applications for detection and targeting neurodegenerative
diseases. Front. Neurosci. 14, 305. doi:10.3389/fnins.2020.00305

Kumar, K., Annasamy, G., Rekulapally, P., S N, S., and Krishnan, S. (2022). “Chapter 11 -
nanotechnology interventions in neuroscience: Current perspectives and strategies,” in
Applications of nanotechnology in drug discovery and delivery Editors C. Egbuna,
M.-A. Găman, and J. Jeevanandam (Amsterdam, Netherlands: Elsevier), 255–289.

Kumari, A., Yadav, S. K., and Yadav, S. C. (2010). Biodegradable polymeric
nanoparticles based drug delivery systems. Colloids Surf. B 75 (1), 1–18. doi:10.
1016/j.colsurfb.2009.09.001

Lee, J.-H., Yang, D.-S., Goulbourne, C. N., Im, E., Stavrides, P., Pensalfini, A., et al.
(2022). Faulty autolysosome acidification in Alzheimer’s disease mouse models induces
autophagic build-up of Aβ in neurons, yielding senile plaques. Nat. Neurosci. 25 (6),
688–701. doi:10.1038/s41593-022-01084-8

Lee, J. H., and Nixon, R. A. (2022). Autolysosomal acidification failure as a primary
driver of Alzheimer disease pathogenesis. Autophagy 18 (11), 2763–2764. doi:10.1080/
15548627.2022.2110729

Leng, L., Yuan, Z., Pan, R., Su, X., Wang, H., Xue, J., et al. (2022). Microglial
hexokinase 2 deficiency increases ATP generation through lipid metabolism leading to
β-amyloid clearance. Nat. Metab. 4 (10), 1287–1305. doi:10.1038/s42255-022-00643-4

Frontiers in Cell and Developmental Biology frontiersin.org14

Hu et al. 10.3389/fcell.2023.1228679

https://doi.org/10.1016/j.nano.2015.10.021
https://doi.org/10.1038/s42255-022-00647-0
https://doi.org/10.1016/j.jconrel.2019.12.023
https://doi.org/10.1186/s12979-019-0150-2
https://doi.org/10.1016/j.addr.2012.07.013
https://doi.org/10.1016/j.addr.2012.07.013
https://doi.org/10.2217/nnm.13.133
https://doi.org/10.1002/ana.10069
https://doi.org/10.9758/cpn.2017.15.1.59
https://doi.org/10.1111/j.2042-7158.2010.01225.x
https://doi.org/10.3233/jad-190507
https://doi.org/10.1080/10717544.2018.1461955
https://doi.org/10.1016/j.biomaterials.2022.121452
https://doi.org/10.1038/s43587-021-00138-z
https://doi.org/10.1007/s13346-022-01256-w
https://doi.org/10.1186/s12951-020-00626-1
https://doi.org/10.1016/j.biomaterials.2016.10.045
https://doi.org/10.1016/j.biomaterials.2016.10.045
https://doi.org/10.4236/aad.2018.73006
https://doi.org/10.4236/aad.2018.73006
https://doi.org/10.1042/bj1240058p
https://doi.org/10.1042/bj1240058p
https://doi.org/10.1073/pnas.83.13.4913
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1126/science.1566067
https://doi.org/10.1038/s41583-018-0055-7
https://doi.org/10.1016/j.jconrel.2019.10.034
https://doi.org/10.1016/j.jconrel.2019.10.034
https://doi.org/10.1177/070674371405901202
https://doi.org/10.1177/070674371405901202
https://doi.org/10.1038/s41467-020-18525-2
https://doi.org/10.1021/acschemneuro.0c00508
https://doi.org/10.1038/s41586-020-2681-2
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1002/ppsc.201400006
https://doi.org/10.1016/0006-8993(74)90798-7
https://doi.org/10.1016/0006-8993(74)90798-7
https://doi.org/10.3390/ijms22169082
https://doi.org/10.3390/ijms22169082
https://doi.org/10.1016/j.jddst.2019.101174
https://doi.org/10.1007/s12274-017-1734-9
https://doi.org/10.1038/s41591-022-01926-9
https://doi.org/10.3389/fphar.2023.1159131
https://doi.org/10.3389/fphar.2023.1159131
https://doi.org/10.1007/s00401-020-02196-w
https://doi.org/10.1016/j.biopha.2018.12.146
https://doi.org/10.1080/09168451.2015.1107463
https://doi.org/10.1016/j.bbrc.2006.04.041
https://doi.org/10.1021/bm2008636
https://doi.org/10.3389/fnins.2020.00305
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1038/s41593-022-01084-8
https://doi.org/10.1080/15548627.2022.2110729
https://doi.org/10.1080/15548627.2022.2110729
https://doi.org/10.1038/s42255-022-00643-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1228679


Lesné, S., Koh, M. T., Kotilinek, L., Kayed, R., Glabe, C. G., Yang, A., et al. (2006). A
specific amyloid-beta protein assembly in the brain impairs memory. Nature 440
(7082), 352–357. doi:10.1038/nature04533

Li, H., Sun, J., Zhu, H., Wu, H., Zhang, H., Gu, Z., et al. (2021a). Recent advances in
development of dendritic polymer-based nanomedicines for cancer diagnosis. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 13 (2), e1670. doi:10.1002/wnan.1670

Li, J., Zhang, Z., Zhang, B., Yan, X., and Fan, K. (2023). Transferrin receptor 1 targeted
nanomedicine for brain tumor therapy. Biomater. Sci. 11 (10), 3394–3413. doi:10.1039/
d2bm02152h

Li, X., Liu, X., and Liu, X. (2021b). Self-assembly of colloidal inorganic nanocrystals:
Nanoscale forces, emergent properties and applications. Chem. Soc. Rev. 50 (3),
2074–2101. doi:10.1039/d0cs00436g

Lin, Y., Lu, Y., and Li, X. (2020). Biological characteristics of exosomes and genetically
engineered exosomes for the targeted delivery of therapeutic agents. J. Drug Target 28
(2), 129–141. doi:10.1080/1061186x.2019.1641508

Liu, X. G., Zhang, L., Lu, S., Liu, D. Q., Huang, Y. R., Zhu, J., et al. (2020a).
Superparamagnetic iron oxide nanoparticles conjugated with Aβ oligomer-specific scFv
antibody and class A scavenger receptor activator show therapeutic potentials for
Alzheimer’s Disease. J. Nanobiotechnology 18 (1), 160. doi:10.1186/s12951-020-00723-1

Liu, Y., Gong, Y., Xie, W., Huang, A., Yuan, X., Zhou, H., et al. (2020b). Microbubbles
in combination with focused ultrasound for the delivery of quercetin-modified sulfur
nanoparticles through the blood brain barrier into the brain parenchyma and relief of
endoplasmic reticulum stress to treat Alzheimer’s disease. Nanoscale 12 (11),
6498–6511. doi:10.1039/c9nr09713a

Liu, Z., Liu, Q., Zhang, B., Liu, Q., Fang, L., and Gou, S. (2021). Blood-brain barrier
permeable and NO-releasing multifunctional nanoparticles for Alzheimer’s disease
treatment: Targeting NO/cGMP/CREB signaling pathways. J. Med. Chem. 64 (18),
13853–13872. doi:10.1021/acs.jmedchem.1c01240

Lowe, T. L., Strzelec, A., Kiessling, L. L., and Murphy, R. M. (2001).
Structure−Function relationships for inhibitors of β-amyloid toxicity containing the
recognition sequence KLVFF. Biochemistry 40 (26), 7882–7889. doi:10.1021/bi002734u

Mahase, E. (2023). Alzheimer’s disease: FDA approves lecanemab amid cost and
safety concerns. BMJ 380, 73. doi:10.1136/bmj.p73

Mancini, S., Minniti, S., Gregori, M., Sancini, G., Cagnotto, A., Couraud, P. O., et al.
(2016). The hunt for brain Aβ oligomers by peripherally circulating multi-functional
nanoparticles: Potential therapeutic approach for Alzheimer disease. Nanomedicine 12
(1), 43–52. doi:10.1016/j.nano.2015.09.003

Mancuso, C., and Santangelo, R. (2014). Ferulic acid: Pharmacological and
toxicological aspects. Food Chem. Toxicol. 65, 185–195. doi:10.1016/j.fct.2013.12.024

Mariam, J., Sivakami, S., and Dongre, P. M. (2016). Albumin corona on nanoparticles
- a strategic approach in drug delivery. Drug. Deliv. 23 (8), 2668–2676. doi:10.3109/
10717544.2015.1048488

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and Cummings,
J. L. (2015). Alzheimer’s disease. Nat. Rev. Dis. Prim. 1 (1), 15056. doi:10.1038/nrdp.
2015.56

Materón, E. M., Miyazaki, C. M., Carr, O., Joshi, N., Picciani, P. H. S., Dalmaschio, C.
J., et al. (2021). Magnetic nanoparticles in biomedical applications: A review. Appl. Surf.
Sci. Adv. 6, 100163. doi:10.1016/j.apsadv.2021.100163

McAlpine, C. S., Park, J., Griciuc, A., Kim, E., Choi, S. H., Iwamoto, Y., et al. (2021).
Astrocytic interleukin-3 programs microglia and limits Alzheimer’s disease. Nature 595
(7869), 701–706. doi:10.1038/s41586-021-03734-6

Mead, S., and Fox, N. C. (2023). Lecanemab slows Alzheimer’s disease: Hope and
challenges. Lancet Neurol. 22 (2), 106–108. doi:10.1016/S1474-4422(22)00529-4

Mielke, M. M., Dage, J. L., Frank, R. D., Algeciras-Schimnich, A., Knopman, D. S.,
Lowe, V. J., et al. (2022). Performance of plasma phosphorylated tau 181 and 217 in the
community. Nat. Med. 28 (7), 1398–1405. doi:10.1038/s41591-022-01822-2

Mishra, J., Kumar, B., Pandey, M., Pottoo, F. H., Fayaz, F., Khan, F. A., et al. (2021).
Carbon nano tubes: Novel drug delivery system in amelioration of Alzheimer’s disease.
Comb. Chem. High. Throughput Screen 24 (10), 1528–1543. doi:10.2174/
1386207323999200918112538

Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and
Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug
Discov. 20 (2), 101–124. doi:10.1038/s41573-020-0090-8

Mohammadi, Z., Alizadeh, H., Marton, J., and Cumming, P. (2023). The sensitivity of
tau tracers for the discrimination of Alzheimer’s disease patients and healthy controls by
PET. Biomolecules 13 (2), 290. doi:10.3390/biom13020290

Musumeci, T., Di Benedetto, G., Carbone, C., Bonaccorso, A., Amato, G., Lo Faro, M.
J., et al. (2022). Intranasal administration of a TRAIL neutralizing monoclonal antibody
adsorbed in PLGA nanoparticles and NLC nanosystems: An in vivo study on a mouse
model of Alzheimer’s disease. Biomedicines 10 (5), 985. doi:10.3390/
biomedicines10050985

Nanaki, S. G., Spyrou, K., Bekiari, C., Veneti, P., Baroud, T. N., Karouta, N., et al.
(2020). Hierarchical porous carbon—PLLA and PLGA hybrid nanoparticles for
intranasal delivery of galantamine for alzheimer’s disease therapy. Pharmaceutics 12
(3), 227. doi:10.3390/pharmaceutics12030227

Nandi, A., Counts, N., Chen, S., Seligman, B., Tortorice, D., Vigo, D., et al. (2022).
Global and regional projections of the economic burden of Alzheimer’s disease and
related dementias from 2019 to 2050: A value of statistical life approach.
EClinicalMedicine 51, 101580. doi:10.1016/j.eclinm.2022.101580

Noor, N. A., Hosny, E. N., Khadrawy, Y. A., Mourad, I. M., Othman, A. I., Aboul Ezz,
H. S., et al. (2022). Effect of curcumin nanoparticles on streptozotocin-induced male
Wistar rat model of Alzheimer’s disease.Metab. Brain Dis. 37 (2), 343–357. doi:10.1007/
s11011-021-00897-z

Oxford, A. E., Stewart, E. S., and Rohn, T. T. (2020). Clinical trials in Alzheimer’s
disease: A hurdle in the path of remedy. Int. J. Alzheimers Dis. 2020, 5380346. doi:10.
1155/2020/5380346

Paliwal, R., Paliwal, S. R., Kenwat, R., Kurmi, B. D., and Sahu, M. K. (2020). Solid lipid
nanoparticles: A review on recent perspectives and patents. Expert Opin. Ther. Pat. 30
(3), 179–194. doi:10.1080/13543776.2020.1720649

Pardridge, W. M. (2019). Blood-brain barrier and delivery of protein and gene
therapeutics to brain. Front. Aging Neurosci. 11, 373. doi:10.3389/fnagi.2019.00373

Patel, D., Patel, B., and Thakkar, H. (2021). Lipid based nanocarriers: Promising drug
delivery system for topical application. Eur. J. Lipid Sci. Technol. 123, 2000264. doi:10.
1002/ejlt.202000264

Paul, P. S., Cho, J. Y., Wu, Q., Karthivashan, G., Grabovac, E., Wille, H., et al. (2022).
Unconjugated PLGA nanoparticles attenuate temperature-dependent β-amyloid
aggregation and protect neurons against toxicity: Implications for Alzheimer’s
disease pathology. J. Nanobiotechnology 20 (1), 67. doi:10.1186/s12951-022-01269-0

Piazzini, V., Landucci, E., D’Ambrosio, M., Tiozzo Fasiolo, L., Cinci, L., Colombo, G.,
et al. (2019). Chitosan coated human serum albumin nanoparticles: A promising
strategy for nose-to-brain drug delivery. Int. J. Biol. Macromol. 129, 267–280.
doi:10.1016/j.ijbiomac.2019.02.005

Prakash, R., Vyawahare, A., Sakla, R., Kumari, N., Kumar, A., Ansari, M. M., et al.
(2019). NLRP3 inflammasome-targeting nanomicelles for preventing ischemia-
reperfusion-induced inflammatory injury. ACS Nano 17 (9), 8680–8693. doi:10.
1021/acsnano.3c01760

Qi, Y., Guo, L., Jiang, Y., Shi, Y., Sui, H., and Zhao, L. (2020). Brain delivery of
quercetin-loaded exosomes improved cognitive function in AD mice by inhibiting
phosphorylated tau-mediated neurofibrillary tangles. Drug Deliv. 27 (1), 745–755.
doi:10.1080/10717544.2020.1762262

Qin, F., Luo, M., Xiong, Y., Zhang, N., Dai, Y., Kuang,W., et al. (2022). Prevalence and
associated factors of cognitive impairment among the elderly population: A nationwide
cross-sectional study in China. Front. Public Health 10, 1032666. doi:10.3389/fpubh.
2022.1032666

Qin, M., Wang, L., Wu, D., Williams, C. K., Xu, D., Kranz, E., et al. (2020). Enhanced
delivery of rituximab into brain and lymph nodes using Timed-Release nanocapsules in
non-human primates. Front. Immunol. 10, 3132. doi:10.3389/fimmu.2019.03132

Qu, C., Li, Q.-P., Su, Z.-R., Ip, S.-P., Yuan, Q.-J., Xie, Y.-L., et al. (2022). Nano-
Honokiol ameliorates the cognitive deficits in TgCRND8 mice of Alzheimer’s disease
via inhibiting neuropathology and modulating gut microbiota. J. Adv. Res. 35, 231–243.
doi:10.1016/j.jare.2021.03.012

Rafii, M. S., and Aisen, P. S. (2023). Detection and treatment of Alzheimer’s disease in
its preclinical stage. Nat. Aging 3 (5), 520–531. doi:10.1038/s43587-023-00410-4

Rahman, A., Hossen, M. A., Chowdhury, M. F. I., Bari, S., Tamanna, N., Sultana, S. S.,
et al. (2023). Aducanumab for the treatment of Alzheimer’s disease: A systematic
review. Psychogeriatrics 23 (3), 512–522. doi:10.1111/psyg.12944

Ren, R., Qi, J., Lin, S., Liu, X., Yin, P., Wang, Z., et al. (2022). The China alzheimer
Report 2022. Gen. Psychiatr. 35 (1), e100751. doi:10.1136/gpsych-2022-100751

Roy, R., Bhattacharya, P., and Borah, A. (2022). Targeting the pathological hallmarks
of Alzheimer’s disease through nanovesicleaided drug delivery approach. Curr. Drug
Metab. 23 (9), 693–707. doi:10.2174/1389200223666220526094802

Ryu, J. C., Zimmer, E. R., Rosa-Neto, P., and Yoon, S. O. (2019). Consequences of
metabolic disruption in Alzheimer’s disease pathology. Neurotherapeutics 16 (3),
600–610. doi:10.1007/s13311-019-00755-y

Safieh, M., Korczyn, A. D., and Michaelson, D. M. (2019). ApoE4: An emerging
therapeutic target for Alzheimer’s disease. BMC Med. 17 (1), 64. doi:10.1186/s12916-
019-1299-4

Saini, S., Sharma, T., Jain, A., Kaur, H., Katare, O. P., and Singh, B. (2021).
Systematically designed chitosan-coated solid lipid nanoparticles of ferulic acid for
effective management of Alzheimer’s disease: A preclinical evidence. Colloids Surf. B
205, 111838. doi:10.1016/j.colsurfb.2021.111838

Sanati, M., Aminyavari, S., Khodagholi, F., Hajipour, M. J., Sadeghi, P., Noruzi, M.,
et al. (2021). PEGylated superparamagnetic iron oxide nanoparticles (SPIONs)
ameliorate learning and memory deficit in a rat model of Alzheimer’s disease:
Potential participation of STIMs. NeuroToxicology 85, 145–159. doi:10.1016/j.neuro.
2021.05.013

Saraiva, C., Praça de Almeida, C., Ferreira, R., Santos, T., Ferreira, L., and Bernardino,
L. (2016). Nanoparticle-mediated brain drug delivery: Overcoming blood-brain barrier
to treat neurodegenerative diseases. J. Control. Release 235, 34–47. doi:10.1016/j.jconrel.
2016.05.044

Frontiers in Cell and Developmental Biology frontiersin.org15

Hu et al. 10.3389/fcell.2023.1228679

https://doi.org/10.1038/nature04533
https://doi.org/10.1002/wnan.1670
https://doi.org/10.1039/d2bm02152h
https://doi.org/10.1039/d2bm02152h
https://doi.org/10.1039/d0cs00436g
https://doi.org/10.1080/1061186x.2019.1641508
https://doi.org/10.1186/s12951-020-00723-1
https://doi.org/10.1039/c9nr09713a
https://doi.org/10.1021/acs.jmedchem.1c01240
https://doi.org/10.1021/bi002734u
https://doi.org/10.1136/bmj.p73
https://doi.org/10.1016/j.nano.2015.09.003
https://doi.org/10.1016/j.fct.2013.12.024
https://doi.org/10.3109/10717544.2015.1048488
https://doi.org/10.3109/10717544.2015.1048488
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1016/j.apsadv.2021.100163
https://doi.org/10.1038/s41586-021-03734-6
https://doi.org/10.1016/S1474-4422(22)00529-4
https://doi.org/10.1038/s41591-022-01822-2
https://doi.org/10.2174/1386207323999200918112538
https://doi.org/10.2174/1386207323999200918112538
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.3390/biom13020290
https://doi.org/10.3390/biomedicines10050985
https://doi.org/10.3390/biomedicines10050985
https://doi.org/10.3390/pharmaceutics12030227
https://doi.org/10.1016/j.eclinm.2022.101580
https://doi.org/10.1007/s11011-021-00897-z
https://doi.org/10.1007/s11011-021-00897-z
https://doi.org/10.1155/2020/5380346
https://doi.org/10.1155/2020/5380346
https://doi.org/10.1080/13543776.2020.1720649
https://doi.org/10.3389/fnagi.2019.00373
https://doi.org/10.1002/ejlt.202000264
https://doi.org/10.1002/ejlt.202000264
https://doi.org/10.1186/s12951-022-01269-0
https://doi.org/10.1016/j.ijbiomac.2019.02.005
https://doi.org/10.1021/acsnano.3c01760
https://doi.org/10.1021/acsnano.3c01760
https://doi.org/10.1080/10717544.2020.1762262
https://doi.org/10.3389/fpubh.2022.1032666
https://doi.org/10.3389/fpubh.2022.1032666
https://doi.org/10.3389/fimmu.2019.03132
https://doi.org/10.1016/j.jare.2021.03.012
https://doi.org/10.1038/s43587-023-00410-4
https://doi.org/10.1111/psyg.12944
https://doi.org/10.1136/gpsych-2022-100751
https://doi.org/10.2174/1389200223666220526094802
https://doi.org/10.1007/s13311-019-00755-y
https://doi.org/10.1186/s12916-019-1299-4
https://doi.org/10.1186/s12916-019-1299-4
https://doi.org/10.1016/j.colsurfb.2021.111838
https://doi.org/10.1016/j.neuro.2021.05.013
https://doi.org/10.1016/j.neuro.2021.05.013
https://doi.org/10.1016/j.jconrel.2016.05.044
https://doi.org/10.1016/j.jconrel.2016.05.044
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1228679


Si, Z. Z., Zou, C. J., Mei, X., Li, X. F., Luo, H., Shen, Y., et al. (2023). Targeting
neuroinflammation in Alzheimer’s disease: From mechanisms to clinical applications.
Neural. Regen. Res. 18 (4), 708–715. doi:10.4103/1673-5374.353484

Simon, R., Girod, M., Fonbonne, C., Salvador, A., Clément, Y., Lantéri, P., et al.
(2012). Total ApoE and ApoE4 isoform assays in an Alzheimer’s disease case-control
study by targeted mass spectrometry (n=669): A pilot assay for methionine-containing
proteotypic peptides.Mol. Cell Proteomics 11 (11), 1389–1403. doi:10.1074/mcp.M112.
018861

Snowden, S. G., Ebshiana, A. A., Hye, A., Pletnikova, O., O’Brien, R., Yang, A., et al.
(2019). Neurotransmitter imbalance in the brain and Alzheimer’s disease pathology.
J. Alzheimers Dis. 72 (1), 35–43. doi:10.3233/jad-190577

Song, G. L., Chen, C., Wu, Q. Y., Zhang, Z. H., Zheng, R., Chen, Y., et al. (2018).
Selenium-enriched yeast inhibited β-amyloid production andmodulated autophagy in a
triple transgenic mouse model of Alzheimer’s disease. Metallomics 10 (8), 1107–1115.
doi:10.1039/c8mt00041g

Song, Q., Huang, M., Yao, L., Wang, X., Gu, X., Chen, J., et al. (2014). Lipoprotein-based
nanoparticles rescue the memory loss of mice with Alzheimer’s disease by accelerating the
clearance of amyloid-beta. ACS Nano 8 (3), 2345–2359. doi:10.1021/nn4058215

Sultana, R., and Butterfield, D. A. (2010). Role of oxidative stress in the progression of
Alzheimer’s disease. J. Alzheimers Dis. 19 (1), 341–353. doi:10.3233/jad-2010-1222

Tcw, J., Qian, L., Pipalia, N. H., Chao, M. J., Liang, S. A., Shi, Y., et al. (2022).
Cholesterol and matrisome pathways dysregulated in astrocytes and microglia. Cell 185
(13), 2213–2233.e25. doi:10.1016/j.cell.2022.05.017

Thakur, S., Dhapola, R., Sarma, P., Medhi, B., and Reddy, D. H. (2023).
Neuroinflammation in Alzheimer’s disease: Current progress in molecular signaling
and therapeutics. Inflammation 46 (1), 1–17. doi:10.1007/s10753-022-01721-1

van Dyck, C. H., Swanson, C. J., Aisen, P., Bateman, R. J., Chen, C., Gee, M., et al.
(2023). Lecanemab in early Alzheimer’s disease. N. Engl. J. Med. 388 (1), 9–21. doi:10.
1056/NEJMoa2212948

Vangijzegem, T., Stanicki, D., and Laurent, S. (2019). Magnetic iron oxide
nanoparticles for drug delivery: Applications and characteristics. Expert. Opin. Drug
Deliv. 16 (1), 69–78. doi:10.1080/17425247.2019.1554647

Vedagiri, A., and Sumathi, T. (2016). Mitigating effect of chrysin loaded solid lipid
nanoparticles against Amyloid β25–35 induced oxidative stress in rat hippocampal
region: An efficient formulation approach for Alzheimer’s disease. Neuropeptides 58,
111–125. doi:10.1016/j.npep.2016.03.002

Venkatramani, A., and Panda, D. (2019). Regulation of neuronal microtubule
dynamics by tau: Implications for tauopathies. Int. J. Biol. Macromol. 133, 473–483.
doi:10.1016/j.ijbiomac.2019.04.120

Vissers, C., Ming, G. L., and Song, H. (2019). Nanoparticle technology and stem cell
therapy team up against neurodegenerative disorders. Adv. Drug. Deliv. Rev. 148,
239–251. doi:10.1016/j.addr.2019.02.007

Vucic, S., Menon, P., Huynh, W., Mahoney, C., Ho, K. S., Hartford, A., et al.
(2023). Efficacy and safety of CNM-Au8 in amyotrophic lateral sclerosis
(RESCUE-ALS study): A phase 2, randomised, double-blind, placebo-controlled
trial and open label extension. eClinicalMedicine 60, 102036. doi:10.1016/j.eclinm.
2023.102036

Wang, H., Sui, H., Zheng, Y., Jiang, Y., Shi, Y., Liang, J., et al. (2019). Curcumin-
primed exosomes potently ameliorate cognitive function in AD mice by inhibiting
hyperphosphorylation of the Tau protein through the AKT/GSK-3β pathway.
Nanoscale 11 (15), 7481–7496. doi:10.1039/c9nr01255a

Wang, L., Yin, Y. L., Liu, X. Z., Shen, P., Zheng, Y. G., Lan, X. R., et al. (2020). Current
understanding of metal ions in the pathogenesis of Alzheimer’s disease. Transl.
Neurodegener. 9, 10–23. doi:10.1186/s40035-020-00189-z

Wang, P., Zheng, X., Guo, Q., Yang, P., Pang, X., Qian, K., et al. (2018). Systemic
delivery of BACE1 siRNA through neuron-targeted nanocomplexes for treatment of
Alzheimer’s disease. J. Control. Release 279, 220–233. doi:10.1016/j.jconrel.2018.04.034

Webers, A., Heneka, M. T., and Gleeson, P. A. (2020). The role of innate immune
responses and neuroinflammation in amyloid accumulation and progression of
Alzheimer’s disease. Immunol. Cell Biol. 98 (1), 28–41. doi:10.1111/imcb.12301

Wegmann, S., Biernat, J., and Mandelkow, E. (2021). A current view on Tau protein
phosphorylation in Alzheimer’s disease. Curr. Opin. Neurobiol. 69, 131–138. doi:10.
1016/j.conb.2021.03.003

Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., and Kirschner, M. W. (1975). A
protein factor essential for microtubule assembly. Proc. Natl. Acad. Sci. U. S. A. 72 (5),
1858–1862. doi:10.1073/pnas.72.5.1858

Wong, X. Y., Sena-Torralba, A., Álvarez-Diduk, R., Muthoosamy, K., and Merkoçi, A.
(2020). Nanomaterials for nanotheranostics: Tuning their properties according to
disease needs. ACS Nano 14 (3), 2585–2627. doi:10.1021/acsnano.9b08133

Wu, D., Qin, M., Xu, D., Wang, L., Liu, C., Ren, J., et al. (2019). A bioinspired platform
for effective delivery of protein therapeutics to the central nervous system. Adv. Mat. 31
(18), 1807557. doi:10.1002/adma.201807557

Wynn, Z. J., and Cummings, J. L. (2004). Cholinesterase inhibitor therapies and
neuropsychiatric manifestations of Alzheimer’s disease.Dement. Geriatr. Cogn. .Disord.
17 (1-2), 100–108. doi:10.1159/000074281

Xu, D., Wu, D., Qin, M., Nih, L. R., Liu, C., Cao, Z., et al. (2019). Efficient delivery of
nerve growth factors to the central nervous system for neural regeneration.Adv. Mat. 31
(33), 1900727. doi:10.1002/adma.201900727

Yang, H., Mu, W., Wei, D., Zhang, Y., Duan, Y., Gao, J. X., et al. (2020). A novel
targeted and high-efficiency nanosystem for combinational therapy for Alzheimer’s
disease. Adv. Sci. (Weinh) 7 (19), 1902906. doi:10.1002/advs.201902906

Yang, R., Zheng, Y., Wang, Q., and Zhao, L. (2018). Curcumin-loaded
chitosan–bovine serum albumin nanoparticles potentially enhanced Aβ
42 phagocytosis and modulated macrophage polarization in Alzheimer’s disease.
Nanoscale Res. Lett. 13 (1), 330. doi:10.1186/s11671-018-2759-z

Yang, S. H. (2019). Cellular and molecular mediators of neuroinflammation in
alzheimer disease. Int. Neurourol. J. 23 (2), S54–S62. doi:10.5213/inj.1938184.092

Yeo-Teh, N. S. L., and Tang, B. L. (2023). A review of scientific ethics issues associated
with the recently approved drugs for Alzheimer’s disease. Sci. Eng. Ethics 29 (1), 2–20.
doi:10.1007/s11948-022-00422-0

Yin, T., Yang, L., Liu, Y., Zhou, X., Sun, J., and Liu, J. (2015). Sialic acid (SA)-modified
selenium nanoparticles coated with a high blood-brain barrier permeability peptide-B6
peptide for potential use in Alzheimer’s disease. Acta Biomater. 25, 172–183. doi:10.
1016/j.actbio.2015.06.035

Yue, C., Shan, Z., Tan, Y., Yao, C., Liu, Y., Liu, Q., et al. (2020). His-rich domain of
selenoprotein P ameliorates neuropathology and cognitive deficits by regulating TrkB
pathway and zinc homeostasis in an alzheimer model of mice. ACS Chem. Neurosci. 11
(24), 4098–4110. doi:10.1021/acschemneuro.0c00278

Yusuf, M., Khan, M., Khan, R. A., and Ahmed, B. (2013). Preparation,
characterization, in vivo and biochemical evaluation of brain targeted Piperine solid
lipid nanoparticles in an experimentally induced Alzheimer’s disease model. J. Drug
Target. 21 (3), 300–311. doi:10.3109/1061186X.2012.747529

Zagórska, A., Czopek, A., Fryc, M., Jaromin, A., and Boyd, B. J. (2023). Drug discovery and
development targeting dementia. Pharmaceuticals 16 (2), 151. doi:10.3390/ph16020151

Zeng, H., Qi, Y., Zhang, Z., Liu, C., Peng, W., and Zhang, Y. (2021). Nanomaterials
toward the treatment of Alzheimer’s disease: Recent advances and future trends. Chin.
Chem. Lett. 32 (6), 1857–1868. doi:10.1016/j.cclet.2021.01.014

Zhang, H., Zhao, Y., Yu, M., Zhao, Z., Liu, P., Cheng, H., et al. (2019). Reassembly of
native components with donepezil to execute dual-missions in Alzheimer’s disease
therapy. J. Control. Release 296, 14–28. doi:10.1016/j.jconrel.2019.01.008

Zhang, P., Feng, Y., Zhu, L., Xu, K., Ouyang, Q., Zeng, J., et al. (2023a). Predicting
thrombolytic haemorrhage risk of acute ischemic stroke through angiogenesis/
inflammation dual-targeted MR imaging. Nano. Today 48, 101707. doi:10.1016/j.
nantod.2022.101707

Zhang, Q., Song, Q., Gu, X., Zheng, M., Wang, A., Jiang, G., et al. (2021a).
Multifunctional nanostructure RAP-RL rescues Alzheimer’s cognitive deficits
through remodeling the neurovascular unit. Adv. Sci. (Weinh) 8 (2), 2001918.
doi:10.1002/advs.202001918

Zhang, W., Mehta, A., Tong, Z., Esser, L., and Voelcker, N. (2021b). Development of
polymeric nanoparticles for blood–brain barrier transfer—strategies and challenges.
Adv. Sci. 8, 2003937. doi:10.1002/advs.202003937

Zhang, X., Kang, X., Du, L., Zhang, L., Huang, Y., Wang, J., et al. (2022). Tanshinone
IIA loaded chitosan nanoparticles decrease toxicity of β-amyloid peptide in a
Caenorhabditis elegans model of Alzheimer’s disease. Free Radic. Biol. Med. 193,
81–94. doi:10.1016/j.freeradbiomed.2022.09.030

Zhang, Z. H., Peng, J. Y., Chen, Y. B., Wang, C., Chen, C., and Song, G. L. (2023b).
Different effects and mechanisms of selenium compounds in improving pathology in
Alzheimer’s disease. Antioxidants (Basel) 12 (3), 702–718. doi:10.3390/antiox12030702

Zhao, Y., Cai, J., Liu, Z., Li, Y., Zheng, C., Zheng, Y., et al. (2019). Nanocomposites
inhibit the formation, mitigate the neurotoxicity, and facilitate the removal of β-amyloid
aggregates in Alzheimer’s disease mice. Nano. Lett. 19 (2), 674–683. doi:10.1021/acs.
nanolett.8b03644

Zhong, G., Long, H., Zhou, T., Liu, Y., Zhao, J., Han, J., et al. (2022). Blood-brain barrier
Permeable nanoparticles for Alzheimer’s disease treatment by selective mitophagy of
microglia. Biomaterials 288, 121690. doi:10.1016/j.biomaterials.2022.121690

Zhou, H., Gong, Y., Liu, Y., Huang, A., Zhu, X., Liu, J., et al. (2020). Intelligently
thermoresponsive flower-like hollow nano-ruthenium system for sustained release of nerve
growth factor to inhibit hyperphosphorylation of tau and neuronal damage for the treatment of
Alzheimer’s disease. Biomaterials 237, 119822. doi:10.1016/j.biomaterials.2020.119822

Zhou, R., Zhu, L., Zeng, Z., Luo, R., Zhang, J., Guo, R., et al. (2022). Targeted brain
delivery of RVG29-modified rifampicin-loaded nanoparticles for Alzheimer’s disease
treatment and diagnosis. Bioeng. Transl. Med. 7 (3), e10395. doi:10.1002/btm2.10395

Zhou, X., Hu, S., Wang, S., Pang, Y., Lin, Y., and Li, M. (2021). Large amino acid
mimicking selenium-doped carbon quantum dots for multi-target therapy of
Alzheimer’s disease. Front. Pharmacol. 12, 778613. doi:10.3389/fphar.2021.778613

Zhou, Y., Zhu, F., Liu, Y., Zheng, M., Wang, Y., Zhang, D., et al. (2020). Blood-brain
barrier-penetrating siRNA nanomedicine for Alzheimer’s disease therapy. Sci. Adv. 6
(41), eabc7031. doi:10.1126/sciadv.abc7031

Zhu, Y., Liu, C., and Pang, Z. (2019). Dendrimer-based drug delivery systems for
brain targeting. Biomolecules 9 (12), 790. doi:10.3390/biom9120790

Frontiers in Cell and Developmental Biology frontiersin.org16

Hu et al. 10.3389/fcell.2023.1228679

https://doi.org/10.4103/1673-5374.353484
https://doi.org/10.1074/mcp.M112.018861
https://doi.org/10.1074/mcp.M112.018861
https://doi.org/10.3233/jad-190577
https://doi.org/10.1039/c8mt00041g
https://doi.org/10.1021/nn4058215
https://doi.org/10.3233/jad-2010-1222
https://doi.org/10.1016/j.cell.2022.05.017
https://doi.org/10.1007/s10753-022-01721-1
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1080/17425247.2019.1554647
https://doi.org/10.1016/j.npep.2016.03.002
https://doi.org/10.1016/j.ijbiomac.2019.04.120
https://doi.org/10.1016/j.addr.2019.02.007
https://doi.org/10.1016/j.eclinm.2023.102036
https://doi.org/10.1016/j.eclinm.2023.102036
https://doi.org/10.1039/c9nr01255a
https://doi.org/10.1186/s40035-020-00189-z
https://doi.org/10.1016/j.jconrel.2018.04.034
https://doi.org/10.1111/imcb.12301
https://doi.org/10.1016/j.conb.2021.03.003
https://doi.org/10.1016/j.conb.2021.03.003
https://doi.org/10.1073/pnas.72.5.1858
https://doi.org/10.1021/acsnano.9b08133
https://doi.org/10.1002/adma.201807557
https://doi.org/10.1159/000074281
https://doi.org/10.1002/adma.201900727
https://doi.org/10.1002/advs.201902906
https://doi.org/10.1186/s11671-018-2759-z
https://doi.org/10.5213/inj.1938184.092
https://doi.org/10.1007/s11948-022-00422-0
https://doi.org/10.1016/j.actbio.2015.06.035
https://doi.org/10.1016/j.actbio.2015.06.035
https://doi.org/10.1021/acschemneuro.0c00278
https://doi.org/10.3109/1061186X.2012.747529
https://doi.org/10.3390/ph16020151
https://doi.org/10.1016/j.cclet.2021.01.014
https://doi.org/10.1016/j.jconrel.2019.01.008
https://doi.org/10.1016/j.nantod.2022.101707
https://doi.org/10.1016/j.nantod.2022.101707
https://doi.org/10.1002/advs.202001918
https://doi.org/10.1002/advs.202003937
https://doi.org/10.1016/j.freeradbiomed.2022.09.030
https://doi.org/10.3390/antiox12030702
https://doi.org/10.1021/acs.nanolett.8b03644
https://doi.org/10.1021/acs.nanolett.8b03644
https://doi.org/10.1016/j.biomaterials.2022.121690
https://doi.org/10.1016/j.biomaterials.2020.119822
https://doi.org/10.1002/btm2.10395
https://doi.org/10.3389/fphar.2021.778613
https://doi.org/10.1126/sciadv.abc7031
https://doi.org/10.3390/biom9120790
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1228679

	Recent progress of nanomedicine in the treatment of Alzheimer’s disease
	1 Introduction
	2 Pathogenesis of AD
	2.1 Aβ plaque hypothesis
	2.2 Tau hyperphosphorylation hypothesis
	2.3 Neuroinflammation
	2.4 Dysregulation of neurotransmitters
	2.5 Oxidative stress
	2.6 Others

	3 Types and properties of nanomedicine
	3.1 Polymer NPs
	3.2 Liposomes
	3.3 Solid lipid NPs (SLNs)
	3.4 Dendritic NPs
	3.5 Biomimetic NPs
	3.5.1 Albumin NPs
	3.5.2 High-density lipoprotein (HDL) NPs
	3.5.3 Exosomes

	3.6 Metal NPs
	3.7 Nonmetal inorganic NPs
	3.7.1 Carbon nanotubes (CNTs)
	3.7.2 Selenium (Se) NPs


	4 Clinical applications of nanomedicine
	5 Challenges and future directions of nanomedicine
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


