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Anti-inflammatory role of gold nanoparticles in
the prevention and treatment of
Alzheimer’s disease

Munire Aili,a Kebing Zhou,a Jun Zhan,b Huaping Zhengc and Feng Luo *ad

Alzheimer’s disease (AD) is a neurodegenerative disease that causes memory and cognitive dysfunction

and reduces a person’s decision-making and reasoning functions. AD is the leading cause of dementia in

the elderly. Patients with AD have increased expression of pro-inflammatory cytokines in the nervous

system, and the sustained inflammatory response impairs neuronal function. Meanwhile, long-term use

of anti-inflammatory drugs can reduce the incidence of AD to some extent. This confirms that anti-

neuroinflammation may be an effective treatment for AD. Gold nanoparticles (AuNPs) are an emerging

nanomaterial with promising physicochemical properties, anti-inflammatory and antioxidant. AuNPs

reduce neuroinflammation by inducing macrophage polarization toward the M2 phenotype, reducing

pro-inflammatory cytokine expression, blocking leukocyte adhesion, and decreasing oxidative stress.

Therefore, AuNPs are gradually attracting the interest of scholars and are used for treating inflammatory

diseases and drug delivery. Herein, we explored the role and mechanism of AuNPs in treating

neuroinflammation in AD. The use of AuNPs for treating AD is a topic worth exploring in the future, not

only to help solve a global public health problem but also to provide a reference for treating other

neuroinflammatory diseases.

1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in the
elderly, and the age-standardized prevalence of dementia in
people over 60 is 5–7%. It has become a global health problem,
costing up to $604 billion annually.1 In 2018, about 50 million
people had dementia worldwide, and age is a major factor
contributing to dementia. AD is a neurodegenerative disease
that causes memory and cognitive dysfunction and reduces a
person’s decision-making and reasoning functions.2 People
with AD are at higher risk of stroke, chronic obstructive
pulmonary disease, and suicide than the general population,
placing a heavy burden on patients and society. AD is a multi-
factorial disease, and the pathogenesis and pathophysiological

mechanisms have not been fully elucidated.3 Multiple factors
combine to cause AD, with amyloid b-protein (Ab) deposition,
the formation, and proliferation of neurogenic fiber tangles
composed of the microtubule-associated protein taurine (Tau),
dysregulation of protein degradation pathways, loss of support
from neurotrophic factors, and synaptic and neuronal loss
being the main pathological features of AD.4

Currently, the primary treatment for AD is medication.
Cholinesterase inhibitors and N-methyl-D-aspartate (NMDA)
receptor antagonists can be used to treat AD.5 However, drug
therapy can only temporarily relieve symptoms and cannot
change the natural history of AD patients.6 As AD patients enter
advanced stages, neurodegeneration increases, and they cannot
repair damaged neural networks by reducing amyloid, so new
drug strategies are urgently needed.7 Recent studies have shown
that the inflammatory response is closely related to the onset and
progression of AD and that suppressing or eliminating inflam-
mation may help to treat AD.8 Firstly, patients with AD have
activated microglia around amyloid plaques, activated T cells in
the brain parenchyma, and increased expression of pro-
inflammatory cytokines in the peripheral and central nervous
systems (CNS). There is an accumulation of Ab in the nervous
system of AD patients. Furthermore, the deposition of Ab leads to
the release of pro-inflammatory cytokines such as interleukin-1a
(IL-1a), interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a),
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gamma-interferon (IFN-g), reactive oxygen species (ROS), and
nitric oxide (NO).9 These factors activate microglia and the
complement system, which exacerbate the inflammatory
response and induce the expression of amyloid precursor pro-
tein (APP).10 The increase of APP will, in turn, upregulate the
expression of Ab, forming a vicious circle, leading to neuronal
dysfunction or even death and aggravating AD.11 Generally,
inflammation subsides independently, however, persistent
inflammatory responses can become chronic inflammation
and impair brain function.12 Moreover, long-term use of anti-
inflammatory drugs reduces the incidence of AD to some
extent.13 This confirms that neuroinflammation may be closely
related to the development of AD, so anti-inflammatory medica-
tions may be an effective way to treat AD.

Nanomaterials have an important role in disease treatment
and diagnosis, novel drug synthesis, and drug delivery, and
they have been widely used in biomedical, engineering, and
health research fields.14 Among them, nanomedicine is an
important branch of nanomaterials that can help medical
practitioners to improve the accuracy of diagnosis and have
good efficacy.15 Nanomedicine is used in the treatment of
cancer, rapid detection of AIDS, and on-demand exogenous
insulin release for diabetes, Anti-inflammation, etc.16 Recent
studies have shown that nanoparticles have advantages over
traditional materials in anti-inflammatory and treating central
nervous system diseases.17 AuNPs are an emerging type of
nanoparticles. On the one hand, it can penetrate the blood–
brain barrier (BBB) and reach the central nervous system to
exert therapeutic effects. On the other hand, AuNPs of 40–
50 nm in the concentration range of 10 mg kg�1 can effectively
reduce the inflammatory response in rats.18 Therefore, given
their excellent anti-inflammatory effect, AuNPs may be a pro-
mising option for treating Alzheimer’s.

Multiple studies have shown that AuNPs reduce the inflam-
matory response and facilitate tissue repair. AuNPs induce
polarization of microglia toward the M2 phenotype, thereby

reducing pro-inflammatory cytokines expressed by microglia in
the M1 phenotype and increasing anti-inflammatory cytokines
expressed by the M2 phenotype, reducing neuroinflammation.19

In addition, AuNPs inhibit the activation of MAPK, NF-kB, JAK/
STAT, and IKK-a/b signaling pathways, suppressing their down-
stream factors.20 AuNPs reduce the expression of ICAM-1 in
circulating polymorphonuclear (PMN) leukocytes and endothelial
cells and inhibit leukocyte adhesion.21 AuNPs scavenge ROS from
mitochondria, inhibit the production of reactive oxygen and
nitrogen species, and suppress oxidative stress.22 Injecting
20 nm of AuNPs into the peritoneal cavity of AD model rats,
AuNPs were found to reduce Tau phosphorylation caused by
okadaic acid significantly. It also increased IL-4 expression levels
in the rat cortex and hippocampus, reduced inflammation, and
mitochondrial oxidative stress, and prevented cognitive impair-
ment in rats.22 In summary, AuNPs effectively reduce the inflam-
matory response and may help control AD development.

2. Overview of AuNPs

Nanotechnology is proliferating in the 21st century with its wide
range of applications and great potential.23 By observing,
manipulating, assembling, and controlling matter from the
nanoscale, nanotechnology has prepared new nanomaterials
for use in various fields, including chemistry, biology, engineer-
ing, and medicine.24 Nanomaterials are classified into inorganic
(e.g., metals) and organic nanomaterials (e.g., proteins, lipids)
and possess rich structural properties.25 In the biomedical field,
nanomaterials show great promise in targeted drug delivery,
diagnostic testing, evaluation, and treatment of diseases by
engaging in biomolecular interactions through manipulable
physical, chemical, and biological properties.26

AuNPs, as a kind of noble metal nanostructures, show high
activity differentiated from the macroscopic size. The properties
of AuNPs are closely related to their shape and size. Currently,
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many different shapes of AuNPs have been developed, including
rod, sphere, cage, shell, etc. (Fig. 1).27 The shapes of AuNPs can
confer unique advantages, such as rod-shaped AuNPs with good
photothermal properties, while cage-shaped AuNPs are more
suitable for loading drugs.28 In addition, the electrical conductivity
of AuNPs is affected by the particle size. Au nanocrystals (particle
size 42 nm) have conductive properties, while au nanoclusters
(particle size o2 nm) have insulating properties.29

In addition to the general properties of nanomaterials,
AuNPs have unique properties and thus have received extensive
attention from all walks of life. First, AuNPs have a surface
plasmon resonance effect (SPR).30 When AuNPs are irradiated
by light of a specific wavelength, the incident photons interact
with the surface free electrons. When the vibration frequency of
the incident light is the same as the resonance frequency of the
free electrons on the surface of the metal particles, the resulting
resonance is called SPR. The SPR absorption of photons by
AuNPs can be detected using UV-vis spectroscopy, and different
absorption peaks and peak positions reflect different morphol-
ogies, sizes, and structures of AuNPs.31 Meanwhile, the nature
of the localized surface plasmon resonance (LSPR) of AuNPs is
also affected by factors such as interparticle and surrounding
environment.32,33 Since light with wavelengths in the near-
infrared (NIR) region has better tissue penetration in water
and biological tissues. Therefore, AuNPs with LSPR peaks in the
NIR region are more suitable for biomedical applications and
have been intensively investigated for diagnostic imaging, drug-
targeting delivery, and biosensors.34 Secondly, the optical proper-
ties of AuNPs are also developed based on their SPR properties.
Different wavelengths of AuNPs absorb different wavelengths of
light, thus exhibiting different colors and photothermal effects.35

When a specific wavelength of light irradiates the surface of
AuNPs, the light energy is converted into heat energy due to the
continuous oscillation of the surface plasma. This property
makes AuNPs suitable for cancer treatment.36,37 Thirdly, AuNPs
have catalytic properties. The gold catalysts are divided into
unloaded and loaded types, and the catalytic of unloaded type

is mainly based on the fact that AuNPs have high surface energy
and surface-free electrons. In contrast, the principle of loaded
AuNPs as catalysts is unclear.38

In biological environments, the low reactivity and biological
inertness of AuNPs give them good biocompatibility. Sulfur-
containing compounds with different functional groups can
also be utilized to react with AuNPs to chemically modify the
materials and endow them with rich functionalities.39 The
preparation of metallic nanoparticles can be improved using
biosynthetic techniques and traditional chemical processes.40

In addition to preparing metal nanoparticles through tradi-
tional chemical processes, the use of biosynthesis techniques
can better improve the biocompatibility of metal nanoparticles
and reduce the toxicity generated in chemical synthesis.41

AuNPs have easy synthesis, superior biocompatibility, catalytic
activity, and anti-inflammatory and antioxidant properties.
Therefore, the active substance can be given unique surface
properties to perform specific functions in living organisms
through assembly, recombination, and encapsulation.42 It was
shown that in rheumatoid arthritis models, AuNPs produce
anti-inflammatory effects by inhibiting the NF-kB signaling
pathway and reducing the production of pro-inflammatory
cytokines (e.g., TNF-a, IL-1b, COX-2).43 In addition, AuNPs have
been shown to penetrate spontaneously through the BBB with-
out external stimulation, enhancing the bioavailability of drugs
to treat CNS disorders.44 Therefore, the anti-inflammatory func-
tion of AuNPs in preventing and treating Alzheimer’s disease
has been widely valued.

3. Possible anti-inflammatory
mechanism of AuNPs
3.1 Induction of macrophage polarization

Microglia are a class of macrophages widely distributed in the
central nervous system. They are the brain’s immune cells,
accounting for approximately 10% of all cells in the central

Fig. 1 Tem images of AuNPs of different shapes and sizes. (A) Nanospheres. (B) Nanocubes. (C) Nanobranches. (D) Nanorods. (E) Nanorods.
(F) Nanorods. (G) Nanobipyramids. (H) Nanobipyramids. (I) Nanobipyramids. (J) Nanobipyramids. Reprinted with permission from ref. 27. Copyright r 2008,
American Chemical Society.
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nervous system.45 They are involved in the development of the
CNS, regulate the learning and memory functions of the brain,
recognize CNS injury to initiate immune responses, remove
dead cells and cellular debris, misfolded proteins, provide
nutrition to the brain, and have an essential role in neuroin-
flammation and neurodegeneration.46 Microglia generally exist
in a resting state and recognize pathogens.47 Upon detection of
pathogens or external stimuli, microglia are activated and
undergo morphological changes, polarizing into M1-like or
M2-like phenotypes.11 Pro-inflammatory cytokines such as
endotoxin, peptidoglycan, and interferon gamma (IFNg) activate
the M1 phenotype, while anti-inflammatory cytokines such as
interleukin 4 (IL-4) and IL-13 activate the M2 phenotype.48

Microglia in the M1 phenotype produce and release inflamma-
tory mediators such as inducible nitric oxide synthase 2 (iNOS/
NOS2), cyclooxygenase-2 (COX-2), chemokines (IL-1b, IL-6, IL-
12, TNF-a, and CCL2), NADPH oxidase, integrins, co-stimulatory
molecules, protein hydrolases, ROS, and NO, causing neuroin-
flammation, damaging neural networks, inhibiting neurogene-
sis, and disrupting the BBB.49 Also, M1-type microglia induce
astrocyte proliferation, promote glial scarring, form a barrier
around damaged nerves, and inhibit neuronal extension.46 Micro-
glia of the M2 phenotype produce and release anti-inflammatory
cytokines and neuroprotective factors such as arginase 2 (ARG2),
transforming growth factor-b (TGF-b), IL-10, basic fibroblast growth
factor (bFGF), insulin-like growth factor 1 (IGF-1), CSF1, IL-6,
neurogenic growth factor (NGF), neuro dystrophin and brain-
derived neurotrophin (BDNF), which inhibit inflammatory
responses, protect neurons, and promote neurogenesis.50

AuNPs can promote microglia polarization toward M2 pheno-
type and reduce mitosis of astrocytes, which is beneficial for
neuronal repair.51 It has been reported that cytokines in the brain
of AD patients are mainly produced by microglia and astrocytes,
and the inflammatory activity of microglia is upregulated in AD
patients.19,52 Promoting microglia polarization toward the M2
phenotype facilitates neuronal repair and regeneration and may
help alleviate AD symptoms.53 Recent studies have shown that
AuNPs can regulate microglia polarization and promote the repair
and regeneration of damaged neurons.54 Xiao et al. produced
dihydrolipoic acid-functionalized gold nanoclusters (DHLA-
AuNCs). They found that DHLA-AuNCs can promote the mouse
microglia-derived cell line BV2 from M1-like phenotype to M2-like
phenotype polarization, thereby promoting neurogenesis and axo-
nal extension and inhibiting astrocyte proliferation. In addition,
DHLA-AuNCs reduced neuroinflammation and facilitated neuro-
nal regeneration by downregulating the NF-kB signaling pathway,
scavenging ROS, inducing autophagy in BV2 cells, and reducing
apoptosis.46 Confirm that AuNPs reduce neuroinflammation by
inducing microglia polarization toward the M2 phenotype (Fig. 2).

There are fewer articles on AuNPs promoting microglia polar-
ization in AD models. However, findings in many other disease
models are to be found to suggest that AuNPs promote the
polarization of macrophages toward the M2 phenotype, attenuate
the inflammatory response, and promote tissue repair. These
studies will confirm the function of AuNPs to some extent.55 Can
et al. found that 45 nm AuNPs downregulated iNOS expression in

periodontal tissue, inhibited macrophage polarization to the M1
phenotype and induced it to the M2 phenotype, decreased TNF-a
and IL-6 levels, promoted the release of IL-10 and TGF-b from
macrophages, and attenuated inflammatory response of period-
ontal tissues, improve periodontal inflammation, and inhibit the
progression of periodontitis.56 Taratummarat et al. found
through in vivo and in vitro experiments that AuNPs reduced
M1 phenotype macrophages and increased M2 phenotype macro-
phages, promoted macrophage polarization toward the M2
phenotype, and upregulated the expression of IL-10, arginase 1
(Arg 1), and PPARg, reduced the expression of pro-inflammatory
mediators such as TNF-a, IL-6, and IL-1b, inducible nitric oxide
synthase (iNos) and Nur77, exerting anti-inflammatory effects,
thereby reducing bacterial sepsis in mice.57 Wang et al. investi-
gated that hexapeptide-coated AuNPs P12 could inhibit the
activation of Toll-like receptor (TLR) signaling in macrophages.
They established a lipopolysaccharide-induced mouse ALI model
to explain the molecular mechanism of gold nanoparticle anti-
inflammation. They recognized that hexapeptide-coated AuNPs
P12 exerted its anti-inflammatory effect mainly through regulat-
ing macrophages, and P12 could reduce alveolar and interstitial
macrophages of M1 phenotype in lung tissue P12 was able to
reduce alveolar and interstitial M1 phenotype macrophages and
increase alveolar M2 phenotype macrophages in lung tissue.
In vivo and in vitro, P12 induced polarization of bone marrow-
derived macrophages (BMDMs) toward the M2 phenotype,
reduced infiltration of pro-inflammatory mediators and inflam-
matory cells, upregulated IL-10 expression, reduced lung inflam-
mation, alleviated lung injury, and facilitated the regression of
lung inflammation.58 Park et al. found through in vivo and in vitro
experiments that trimethoprim AuNPs (Triam AuNPs) promoted
the expression of anti-inflammatory mediators by macrophages
and fibroblast-like synoviocytes (FLS) and inhibited the expression
of pro-inflammatory cytokines, induced a shift from the M1
phenotype to the M2 phenotype of macrophages, increased the
number of M2 phenotype macrophages in the joint cavity, affected
the inflammatory response in the synovium, and Promoting
cartilage regeneration may help to treat arthritis. In contrast,
Triam alone only reduces the pro-inflammatory response, does
not increase the release of anti-inflammatory cytokines from FLS
and macrophages, and induces macrophage polarization to the
M2 phenotype.59 These results suggest that AuNPs reduce pro-
inflammatory cytokines such as TNF-a and IL-6, IL-1b, iNos, and
Nur77 by inducing macrophage polarization.60 Meanwhile, it
increases the expression of anti-inflammatory cytokines and neu-
roprotective factors such as IL-10 and TGF-b, Arg1, and PPARg,
thus exerting anti-inflammatory and neuronal protective effects.61

In skeletal muscle and bone tissues, AuNPs were also found
to promote the conversion of macrophages from the M1 pheno-
type to the M2 phenotype. Theresa et al. modified the surface of
AuNPs with polyethylene glycolization and then combined
AuNPs with IL-4 to prepare PA4, a complex capable of delivering
IL-4. In in vivo experiments, PA4 was injected into the damaged
skeletal muscle of mice and was found to induce the conversion
of Mjs from M1 to M2 phenotype and improve muscle function.
Furthermore, in vitro experiments showed that PA4-polarized
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Fig. 2 Effect of AuNCs on the pro-inflammatory response of BV2 cells. (A) The represented mrna levels of AuNCs-1/2/5 mg mL�1 groups were normalized to
the control group and appeared as fold changes. (B) Quantification of cytokines in BV2 cell supernatant was performed by Elisa. (C) Represented if staining
images of iNos, CD206, and arginase (Alexa Fluor488, green) in BV2 cells. Nuclei were counterstained with dapi (blue). (D) Protein levels were examined by
western blotting analysis. (E) The cell cytoskeleton was stained with phalloidin (bodipy 558/568, red). Nuclei were stained with dapi (blue). If staining of NF-kB
p65 (Alexa Fluor488, green) showed that in comparison with the control group, the cytoskeleton–nuclear translocation of p65 (original magnification, 400�)
was reduced in cells treated with AuNCs (5 mg mL�1). Reprinted with permission from ref. 46. Copyright r 2020, American Chemical Society.
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Mjs expressed higher levels of CD206 compared to Mjs polar-
ized with soluble IL-4 alone.62 Bai et al. established an LPS-
induced inflammatory bone erosion model in mice. They found
that AuNPs reduced the proportion of M1 macrophages by 59%,
decreased the expression of inflammatory factors in LPS-
induced M1 macrophages, and thus reduced bone erosion. At
the same time, AuNPs increased the proportion of M2 macro-
phages by about 3-fold, upregulated type I collagen deposition,
increased osteogenic activity, and reduced the number of CD68-
positive natural inflammatory cells. In conclusion, AuNPs alle-
viated bone loss by altering the inflammatory microenviron-
ment at the site of bone erosion, increased bone density by 14%,
increased bone mass, and improved bone structure (Table 1).63

These studies suggest that AuNPs promote microglia polariza-
tion toward the M2 phenotype, which may help to alleviate or
eliminate neuroinflammation and improve AD symptoms
(Fig. 3).

3.2 Reduction pro-inflammatory cytokine expression

Sustained neuroinflammation becomes chronic and releases
pro-inflammatory cytokines excessively, impairing brain
function.56 Transcript levels of several pro-inflammatory med-
iators such as tumor necrosis factor-a, IL-1b, interferon-
gamma, IL-18, and IL-6 are increased in the brain of AD
patients, which can damage neurons and induce Tau hyperphos-
phorylation, causing cognitive dysfunction. Pro-inflammatory
mediators may be considered biomarkers of AD.64,65 AuNPs
may reduce neuroinflammation by decreasing TNF-a and IL-1b
expression and inhibiting MAPK and NF-kB pathways.66

(1) Reduction of TNF-a and IL-1b expression. AuNPs
reduce the expression of pro-inflammatory cytokines TNF-a
and IL-1b and decrease inflammation.67 Wang et al. exposed
human neural stem cells (hNSCs) to Ab to establish an AD cell
model and then treated hNSCs with 10 ppm AuNPs. hNSCs
were found to increase the cellular activity inhibited by Ab,
reduce the expression levels of TNF-a, IL-6 and ROS production
in hNSCs, and exert anti-inflammatory and antioxidant effects.
AuNPs also induced hNSCs to differentiate into neurons and
astrocytes and reduced the expression of Ab protein, phos-
phorylated Tau, and total Tau, thereby reducing neurocytotoxi-
city caused by Ab accumulation.68 This experiment confirms
that AuNPs play a beneficial role in protecting hNSCs by
reducing the inflammatory cytokines TNF-a, IL-1b, etc. AuNPs
eliminate inflammation in neuronal cells. This was also con-
firmed in another experiment. Chiang et al. printed hNSCs with
bioink and found that AuNPs significantly reduced Ab-induced
inflammation under 3D cell culture conditions. It reduced the
elevated levels of IL-1b, TNF-a, ROS expression, and IKK
transcription in Ab-treated hNSCs and increased the viability
of the cells. In addition, AuNPs significantly promoted the
expression of anti-inflammatory and antioxidant factors in
Ab-treated hNSCs, and it increased the transcript levels of
GSH, SOD, HO-1, catalase, and Nrf2.65 It can be seen that
AuNPs have good efficacy in reducing inflammation in nerve
cells and also help nerve cells to survive and perform their
physiological functions. There are few studies on AuNPs T
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reducing TNF-a and IL-1b in AD models. Still, in other neuro-
logical disorders, such as Parkinson’s disease, researchers have
also found that AuNPs improve symptoms by reducing inflam-
matory responses. Li et al. established a rat model of Parkinson’s
disease (PD) by injecting 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine, then administering 40–50 nm spherical AuNPs to
Parkinson’s rats. In animal experiments, they found that AuNPs
significantly reduced the expression of IL-6, TNF-a, and IL-1b in
rats, decreased the inflammatory response and motor impair-
ment, and effectively improved PD symptoms.18 In cellular
experiments, they found that LPS upregulated NO and TNF-a
production by RAW 264.7 macrophages, whereas treatment with
GP-AuNPs significantly reduced the LPS-induced increase in
NO and TNF-a.69 These studies confirm that AuNPs can reduce
the expression of some pro-inflammatory mediators. However,
its effect on inflammatory cytokines in AD models and its
molecular mechanisms need further investigation.70

(2) Inhibition of MAPK, NF-jB pathway. MAPK pathway
and NF-kB pathway influence the progression of the inflamma-
tory response by regulating the expression of multiple inflamma-
tory cytokines.71 MAPK pathway activates second messengers in
cells, regulates the activation of multiple transcription factors,
and alters gene expression.72 AuNPs regulate multiple signaling
pathways, such as the MAPK and NF-kB pathways, and may play
an essential role in slowing down neuroinflammation and
improving AD.73,74 Here, we summarize the effects of AuNPs on
the MAPK and NF-kB pathways, hoping to provide a direction for
the molecular mechanism of AuNPs’ effects on AD.75

AuNPs inhibit MAPK, NF-kB, JAK/STAT, and IKK-a/b signal-
ing pathways, suppressing their downstream pro-inflammatory
cytokines, and reducing inflammation. Yuan et al. prepared
Au25Sv9 with gold atoms and tripeptides and found that Au25Sv9

inhibited the activation of NF-kB and p38MAPK pathways in
LPS- and IFN-g-stimulated microglial cells and the extent of
inhibition increased with the concentration of Au25Sv9. Au25Sv9

also decreased the expression levels of TNF-a, NO, and IL-6 in
LPS- and IFN-g-stimulated microglial cells and increased cell
survival. Importantly, the same SV peptides did not inhibit the
inflammatory cytokines expressed by LPS- and IFN-g-induced
microglia.76 This suggests that the protective effect of Au25Sv9

on microglia is due to the action of gold nanoclusters, indicat-
ing that the NF-kB and MAPK pathways are a mechanism by
which AuNPs reduce inflammatory cytokines. Alexandre et al.
infused streptozotocin (STZ) into the lateral ventricle of rats to
establish an AD model and found that 20 nm AuNPs signifi-
cantly reduced STZ-induced neuroinflammatory responses and
ameliorated spatial memory deficits and cognitive impairments
in rats. STZ-induced activation of the NF-kB pathway in rats was
accompanied by an increase in the expression of IL-1b. AuNPs
significantly reduced STZ-induced activation of the NF-kB path-
way, and AuNPs may reduce inflammatory cytokines downstream
of NF-kB through this effect.77 This experiment was carried out in
the animal model of AD, which not only discussed the ways of
AuNPs to reduce inflammatory reactions from the molecular level
but also tested the cognitive function and spatial memory func-
tion of AD animals. It is reasonable to conclude that AuNPs

Fig. 3 Role of AuNPs in macrophage polarization. AuNP crosses the blood–brain barrier and promotes the conversion of M1-type microglia to M2-type
microglia. Thus, it reduces neuroinflammation and astrocyte proliferation caused by M1 phenotype microglia. It also enhances the pro-inflammatory
effect of M2 phenotype microglia, neuronal regeneration and protects the brain.
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inhibit stimulus-induced activation of the NF-kB pathway in AD
models, which may be promising for reducing neuroinflamma-
tion to improve AD symptoms (Fig. 4).

AuNPs not only act on NF-kB and MAPK pathways, but some
scholars have found that they can also inhibit JAK/STAT and ERK-1/
2 pathways. Sun et al. used ephedra as a stabilizer to prepare ES-
GNs. They found that in LPS-induced microglia, ES-GNs signifi-
cantly inhibited the signaling of IKK-a/b, NF-kB, p38MAPK, JAK/
STAT, ERK-1/2 and down-regulated the expression of pro-
inflammatory mediators and cytokines, such as nitric oxide, pros-
taglandin E, tumor necrosis factor-a, IL-1b, IL-6, cyclooxygenase-2,
and nitric oxide synthase. It also activates AMPK/Nrf2 signaling
and upregulates the anti-inflammatory factors quinone oxido-
reductase (NQO1) and heme oxygenase-1 (HO-1) to exert anti-
neuroinflammatory functions.78 NF-kB, p38MAPK, and JAK/
STAT are essential pathways that regulate the immune response
in vivo, and AuNPs can act on these pathways to attenuate the
inflammatory response of stimulated microglia. However, the
mechanism of action of AuNPs should be more than this, and

in-depth studies are needed. Scientists have also studied the effects
of AuNPs on LPS-induced RAW 264.7 macrophages. Since micro-
glia are also a type of macrophage, there are similarities in their
mechanism of action that may provide some clues. Liu et al.
synthesized novel EO-AuNPs using extracts of Euphrasia officinalis
leaf to investigate their effects on LPS-induced RAW 264.7 macro-
phages. This study confirmed that EO-AuNPs inhibited LPS-
induced NF-kB activation and blocked JAK/STAT pathway activa-
tion by inhibiting the phosphorylation and degradation of IkBa
and preventing NF-kB p65 from entering the nucleus and reduced
LPS-induced NO, iNOS, TNF-a, IL-1b, and IL-6 expression in RAW
264.7 cells, which facilitated suppressing inflammation.79 Another
experiment confirmed this result. Ahn et al. synthesized AuNPs in
green using Acanthopanacis cortex extract. They showed that in
RAW264.7 macrophages, AuNPs inhibited NF-kB translocation
and reduced the expression of iNOS, COX-2, NO, and PGE2 by
prompting p38MAPK signaling phosphorylation.80 These studies
confirm that AuNPs inhibit MAPK, NF-kB, JAK/STAT, and IKK-a/b
signaling pathways and activate AMPK/Nrf2 signaling, which

Fig. 4 AuNPs reduced neuroinflammation and reduced the toxicity of Ab. (A) AuNPs promoted cell viability and inhibited inflammatory response in
Ab-treated hNSCs. (a) Ab inhibited hNSCs viability, and AuNPs significantly enhanced the activity of hNSCs. (b) and (c) The concentrations of IL-6 and
TNF-a were measured by elisa kit, and the level of IL-6 and TNF-a remarkably increased after treatment with Ab. the pro-inflammatory factors IL-6 and
TNF-a were significantly decreased in the AuNPs co-treatment group. (d)–(g) The protein expression of t-Tau, p-Tau, and Ab was measured by western
blot, and the results showed that Ab-induced protein expression was remarkably down-regulated. In contrast, these protein expressions were elevated by
AuNPs treatment during cell differentiation. Reprinted with permission from ref. 68. (b) Effects of gnp treatment on the levels of IL-1b (a) and NF-kB (B) at
21 days after induction of dementia by STZ. Adapted with permission from ref. 77. (C) Effects of STZ and AuNPs treatment on cognitive performance.
(A) The spatial memory was evaluated using the barnes maze task during acquisition represented by latency to find the escape hole. (B) Retention
memory was represented by the time spent within the target quadrant during the retrieval phase of task. (C) Time dedicated to exploration during
acquisition memory (equal objects) in object recognition tasks. Reprinted with permission from ref. 77.
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facilitates the control of inflammatory responses. Sungeun et al.
prepared green synthetic P.g AuNPs using ginseng leaf extract and
treated RAW 264.7 macrophages with LPS. They recognized that
P.g AuNPs inhibited NF-kB activation in RAW 264.7 macrophages
by suppressing LPS-induced activation of the p38 MAPK pathway
and inhibiting NF-kB entry into the nucleus, thus reducing mRNA
and protein level expression of inflammatory mediators and
cytokines, such as IL-6, TNF-a, PEG2, NO, iNOS and COX-2,
exerting anti-inflammatory activity and contributing to the treat-
ment of inflammatory diseases.81 In conclusion, AuNPs reduce
downstream inflammatory cytokines by attenuating LPS-induced
activation of NF-kB, p38MAPK, JAK/STAT, ERK-1/2, and other
signaling pathways in microglial cells, attenuating neuroinflam-
mation and promoting neuronal cell survival and differentiation.
Exploring the effects of AuNPs on MAPK and NF-kB pathways in
AD is an attractive direction for future research, which may be a
potential target for treating AD (Fig. 5).

3.3 Restraint of leukocyte adhesion

When inflammation occurs, hemodynamics is altered, and
vascular permeability increases.82 Leukocytes cross the micro-
vascular wall, swim out of the blood vessels, accumulate at the
site of inflammation through chemotaxis of chemokines, and
phagocytose and degrade bacteria, necrotic tissue debris, and
immune complexes. The most crucial role of the inflammatory
response is to deliver leukocytes to the injury site to participate
in its repair and regeneration.83 The interaction of leukocytes
with endothelial cells is the initial and critical stage of

inflammation. In most tissues, leukocyte emergence from the
vasculature is a complex and continuous process that includes
border set, rolling, adhesion, and emergence.84 Inflammatory
mediators (histamine, leukotrienes, and cytokines) stimulate
vascular endothelial cells, increase the expression of the adhe-
sion molecule P-selectin glycoprotein ligand 1 (PSGL1), trap
motile neutrophils on the endothelial cell surface and roll them
along the blood flow.85 Rolling helps neutrophils fully engage
with chemokine IL-8-modified endothelial or pro-inflammatory
cytokines (TNF-a, IL-1b), activating the G protein-coupled che-
mokine receptors of neutrophils. Activated neutrophils express
constitutively high levels of integrins LFA1 and ICAM1 and
show higher affinity for endothelial cell surface molecules such
as immunoglobulin-like cell adhesion molecules (CAM).21 It is
worth mentioning that the binding between LFA1 and ICAM1
expressed by endothelial cells is essential for the firm adhesion
of neutrophils to endothelial surfaces.86 It is worth mentioning
that the binding between LFA1 and ICAM1 expressed by
endothelial cells is important for the firm adhesion of neutro-
phils to the endothelial surface.87

Inhibition of leukocyte adhesion to endothelial cells during
inflammation reduces the secretion of pro-inflammatory factors,
prevents heterogeneity of microglia and astrocytes, and maintains
neurotransmitter homeostasis. This alleviates the neuroinflamma-
tory response and has implications for treating Alzheimer’s dis-
ease. It has been shown that AuNPs can reduce circulating TNF
concentration and ICAM-1 expression in endothelial cells and
reduce leukocyte adhesion to blood vessels.43,57 In the Wistar rat

Fig. 5 Mechanism of AuNPs to reduce the expression of pro-inflammatory cytokines. AuNP inhibits MAPK, NF-kB, JAK/STAT, and IKK-a/b signaling
pathways and downregulates their downstream pro-inflammatory mediators, such as iNos, TNF-a, IL-1b, IL-6, IL-8, TARC, COX-2. Meanwhile, AuNP
activates AMPK/Nrf2 signaling, promotes quinone oxidoreductase (NQO1) and heme oxygenase-1 (HO-1) expression, and reduces inflammation.
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mesenteric microcirculation model constructed by Uchiyama et al.,
intravenous injection of AuNPs-IgG or 20 nm citrate-fixed alloy
nanoparticles (cit-AuNPs) inhibited leukocyte adhesion to the
posterior capillary wall.88 Further, Bella et al. applied 20 nm cit-
AuNPs to a mouse model of sepsis-associated encephalopathy
(SAE). They proposed that 20 nm cit-AuNPs inhibited NF-kB
expression or activity by indirectly mediating the reduction of
phosphorylated IkBa. Inhibition of NF-kB expression reduces
circulating PMN leukocytes and ICAM-1 expression in the cerebral
vasculature, inhibits leukocyte adhesion, and thus decreases TNF-
a concentrations (Fig. 6).89 In addition, AuNPs were found to
reduce the number of leukocytes and exert anti-inflammatory
effects in a mouse model of knee osteoarthritis.43,90 In summary,
in leukocyte adhesion to endothelial cells, AuNPs inhibit the
NF-kB signaling pathway and reduce the expression of inflamma-
tory factors such as TNF-a, which decreases leukocyte activation.
On the other hand, AuNPs reduced ICAM1 expression on the
surface of circulating leukocytes and endothelial cells, and
leukocyte-endothelial cell binding was inhibited, preventing leu-
kocyte adhesion to blood vessels (Fig. 7).

3.4 Reduction of oxidative stress

ROS have partially reduced forms of oxygen metabolites (OH�,
O2
�, H2O2) with strong oxidative properties.91 The NADPH

oxidase produces them in phagocytes and as by-products of
the electron transport chain (ETC).92 Under normal conditions,
small amounts of glutathione in neurons act as antioxidants to
eliminate accumulated ROS.93 However, Ab accumulation and
abnormal or increased activity or expression of antioxidant
enzymes such as superoxide dismutase (SOD) in the CNS of AD

patients.94 Excessive oxidation of lipids, proteins, or nucleic acids
accumulates high levels of ROS, creating an oxidative stress
environment and increasing the burden on the brain.95 Studies
have shown that the mechanisms of oxidative stress formation in
Alzheimer’s disease patients include mitochondrial dysfunction,

Fig. 6 Effect of cit-AuNPs on phosphorylated IkBa (a), TNF-a (b), ICAM-1 in circulating pmn leukocytes (c) and ICAM-1 in cerebral vessels (d) of mice
with sepsis. (a) Enhanced phospho-IkBa was demonstrated in the brain of mice 6 h after induction of sepsis, but that increase was not observed in mice
previously treated with cit-AuNP. (b) cit-AuNP treatment reduced TNFa concentration. (c) Enhanced ICAM-1 expression was quantified in pmn
leukocytes 6 h after induction of sepsis, and cit-AuNP treatment reduced it. (d) Enhanced ICAM-1 expression in cerebral blood vessels was noticed 6 h
after induction of sepsis, and cit-AuNP treatment reduced it. Reprinted with permission from ref. 89.

Fig. 7 Mechanism of AuNPs to prevent leukocyte adhesion. AuNPs enter
the brain tissue through the blood–brain barrier and reduce the concen-
tration of TNF-a in the brain by indirectly mediating the reduction of
phosphorylated IkBa and inhibiting the expression or activity of NF-kB. on
the one hand, circulating polymorphonuclear (PMN) leukocytes in tissues
are reduced. on the other hand, the expression of ICAM-1 in endothelial
cells is reduced, and the binding of neutrophil lfa1 to ICAM-1 is inhibited,
thus suppressing the firm adhesion of neutrophils to the endothelial
surface.
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metal accumulation, Tau hyperphosphorylation, inflammation,
and Ab accumulation.96,97 Therefore, reducing ROS production
and oxidative stress through various pathways is an effective
treatment option for AD.

AuNPs have good performance in treating AD with their anti-
inflammatory and antioxidant properties. On the one hand,
AuNPs act as regulators of mitochondria and scavengers of
ROS, restoring the mitochondrial membrane potential differ-
ence and maintaining the mitochondrial function of neutraliz-
ing ROS.98 AuNPs were injected into the ventricles of an

Okadaic acid (OA)-induced AD rat model. The results showed
that AuNPs controlled Tau phosphorylation in the cortex and
hippocampus at normal levels, maintained the antioxidant
status (SOD, catalase activity, and GSH levels) of the brain, and
prevented OA-induced oxidative stress in brain structures.22,99

Due to the accumulation of Ab, the activity of critical enzymes in
the ETC is reduced, and abnormal mitochondrial dynamics lead
to dysfunction, resulting in increased ROS. Xu et al. extracted
Hibiscus syriacus L. callus (HCE) to synthesize HCE-AuNPs
and evaluated its anti-inflammatory effect in LPS-stimulated

Fig. 8 Experimental results of AuNPs to reduce oxidative stress in the brains of ad patients. (A) Effect of AuNPs on the antioxidant status in the brain
ventricles of an OA-induced ad rat model. (a) and (b) Superoxide dismutase activity in the hippocampus and cortex was decreased by OA compared with
other groups. (c) and (d) Catalase activity in the hippocampus and cortex was decreased by OA compared with the other groups. (e) and (f) glutathione
levels in the hippocampus and cortex were decreased by OA compared with other groups. Reprinted with permission from ref. 98. (B) HCE-AuNPs
strongly alleviated LPS-induced mitochondrial dysfunction in RAW264.7 cells. Representative images of mitochondrial morphology by mito-tracker (A)
and tem images, the white arrows indicated healthy mitochondria, and the yellow arrows demonstrated damaged mitochondria. (B) Immunoblot analysis
of tom 20, tim23, pink1, and parkin protein expression and all their bands were analyzed and standardized by b-actin. (C) Adapted with permission from
ref. 100. (c) DCFH oxidation (a) and oxidative damage in the lipids (b) and thiol groups (c) of the quadriceps muscles of mice submitted to muscle overuse
and Tau-AuNPs administration. Reprinted with permission from ref. 102.
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macrophages. It was found that using HCE-AuNPs restored the
damaged mitochondrial membrane potential and morphology
and effectively inhibited ROS production.100 In addition, the
combined application of AuNPs and n-acetylcysteine (NAC)
reduced the production of myeloperoxidase (MPO) and pro-
inflammatory cytokines, improved mitochondrial dysfunction,
and reduced brain dysfunction in a rat model of sepsis.101

Thirupathi et al. tried tau-AuNPs as ROS scavengers to eliminate
ROS produced by overused muscles and obtained positive
results. They hypothesized that AuNPs promote Tau entry into
mitochondria and modulate the mitochondrial complex to
transfer electrons from the ETC to oxygen molecules, thereby
reducing ROS production.102 The above studies suggest that
AuNPs maintain the brain’s antioxidant levels, repair damaged
mitochondria, promote Tau entry into mitochondria, and
increase mitochondrial scavenging of ROS, thereby reducing
oxidative stress in the brains of AD patients (Fig. 8).

On the other hand, the inflammatory response is also
involved in the production of ROS. AuNPs inhibit ROS by
inhibiting the activation of NF-kB and MAPK signaling pathways,
reducing the secretion of pro-inflammatory cytokines, and
decreasing the number of ROS.103 Under the influence of Ab,
microglia, and astrocytes activate to produce cytokines and ROS
that lead to neuronal damage. In inflammation models, AuNPs
exhibit reduced production of reactive oxygen and nitrogen
species, attenuate oxidative stress. and accelerate tissue
repair.90,104,105 Peptide CopA3 surface coupled and ginsenoside
compound K (CK) loaded AuNPs (GNP-CK-CopA3) interacted
with the cysteine (Cys-179) of kinase b (IKKb). It effectively

inhibits the activation of NF-kB and MAPK signaling pathways
and reduces pro-inflammatory cytokines, thereby regulating ROS
formation at physiological concentrations.23 In summary, AuNPs
inhibit oxidative stress in tissues in terms of both ROS produc-
tion and promotion of ROS clearance, maintaining redox in
brain tissues at normal levels and achieving therapeutic effects
for AD (Fig. 9).

4. Clinical applications

Currently, there are few drugs with remarkable curative effect
for treating AD.106,107 The drugs approved by the FDA2 for AD
treatment are memantine, tacrine, galantamine, donepezil, and
rivastigmine, which can only relieve the symptoms but cannot
eliminate the root cause of the disease and have side effects
with long-term use and high drug costs. Therefore, new treat-
ment options need to be explored.108

AuNPs can induce good anti-inflammatory and antioxidant
functions, and long-term use of anti-inflammatory drugs can
reduce the risk of AD, so AuNPs may be a new way to treat AD.109

However, using AuNPs to treat AD also requires consideration of
the BBB limitations and biosafety. AuNPs can cross the BBB,
and their penetration ability is size-dependent.110,111 15 nm
AuNPs have a 500-fold stronger penetration ability into the
CNS than 100 nm AuNPs. In addition, among AuNPs from
1.4 nm to 200 nm, AuNPs of 18 nm accumulated the most in
the brain, and negatively charged nanoparticles penetrated
more than positively charged nanoparticles.112 As for biological

Fig. 9 Mechanism of AuNPs to reduce oxidative stress. AuNPs enter brain tissue through the blood–brain barrier, control Tau phosphorylation in the
cortex and hippocampus at normal levels, maintain sod, catalase activity, and GSH levels in brain tissue, and inhibit oxidative stress. AuNPs inhibit NF-kB
and MAPK signaling pathways, reduce the levels of pro-inflammatory cytokines, and regulate ROS formation at physiological concentrations. AuNPs
reduce MPO levels, promote Tau entry into mitochondria, modulate mitochondrial complexes, ameliorate mitochondrial dysfunction, and transfer
electrons from the electron transport chain to oxygen molecules, thereby reducing ROS production.
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safety, there is no conclusive evidence yet. Au is a precious metal
that is relatively inert under physiological conditions and has no
significant ion release.113 Some scholars believe that AuNPs
gold nuclei are not toxic per se, and its capped ligands usually
exert toxicity.114

Some scholars have also suggested that AuNPs have potential
toxic reactions regarding size, absorption, and metabolism.115

The size of the nanomaterial affects its cellular uptake, distribu-
tion in organs and tissues, excretion, and other aspects of
biological toxicity. In vitro experiments have found that AuNPs
with a 1–2 nm diameter lead to rapid cellular necrosis.116 Khalid
et al. investigated the effects of 5 nm, 20 nm, and 50 nm diameter
AuNPs on structural and biochemical changes in mouse liver,
kidney, and spleen.117 The results showed that 5 nm AuNPs
produced significant pathological changes in the liver, followed
by a gradual decrease.118 20 nm and 50 nm AuNPs preferentially
targeted the spleen, causing significant pathological changes in
the spleen structure that persisted. Regardless of the size of the
AuNPs, they did not affect the kidney.119 It has also been reported
that ultra-small size AuNPs (o2 nm) have a broader biodistribu-
tion and longer circulation time in vivo than larger AuNPs.120 In
addition, intravenous AuNPs are metabolized primarily by the
liver rather than the kidneys because of their larger size. This
leads to a higher accumulation of AuNPs in the liver, producing
potential hepatotoxicity.119,121 Exploring the appropriate size of
AuNPs that can cross the BBB to exert anti-neuroinflammatory
effects while avoiding causing cytotoxicity is a worthwhile direc-
tion to explore (Table 2).122–124

At present, the therapeutic application of AuNPs in AD is still
in the primary research stage, and no clinical trials have been
conducted. However, some scholars have coupled AuNPs with
other compounds to make new nanomaterials, which will provide
a direction for future research. Feng prepared peptide chondroi-
tin sulfate-gold nanoparticles (TAT-CS@Au). In SH-SY5Y cells,
TAT-CS@Au reduced the expression of inflammatory cytokines by
inhibiting Ab1-40-induced activation of NF-kB, MAPK pathway,
and TAT-CS@Au significantly reduced the Ab1-40-induced
increase in expression levels of TNF-a, IL-1b, IL-6. In addition,
TAT-CS@Au reduced malondialdehyde and ROS expression in
SH-SY5Y cells, suggesting that TAT-CS@Au can effectively reduce
neuroinflammation and oxidative damage.125 Combining AuNPs
with other compounds is a potential method for treating AD and
is worth exploring.

5. Conclusion and outlook

Neuroinflammation is involved in the pathogenesis of AD. We
hypothesize that AuNPs may reduce neuroinflammation and
delay AD progression by inducing microglia to polarize toward
the M2 phenotype, reducing the expression of pro-inflammatory
cytokines such as NO, PGE, TNF-a, IL-1b, IL-6, COX-2, iNOS, and
blocking leukocyte adhesion and decreasing oxidative stress.
However, this hypothesis requires more in-depth experimental
verification. There are fewer studies on the inhibition of NF-KB
and MAPK pathways by AuNPs in AD models. However, someT
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scientists have found that in other models, AuNPs have the
function of inhibiting NF-kB, MAPK pathways, and downstream
inflammatory cytokines. Thaı́s Gomes et al. established a rat
liver injury model with ethanol and METH-injected AuNPs in
rats. They found that AuNPs mainly migrated to Kupffer cells in
the liver, and 724.96 mg kg�1 AuNPs were able to inhibit the NF-
kB pathway and AKT/PI3K pathway in Kuppfer cells, and hepatic
stellate cells, MAPK pathway, thereby reducing IL-1b, TNF-a,
FGF, SOD-1, and GPx-1 levels, and decreasing Kupffer cell
activity in the liver while upregulating IL-10 expression and
exerting anti-stress and antioxidant functions.126 Xu et al.
prepared EJ-AuNPs from Lycium barbarum to establish a skin
inflammation model of HaCaT cells. They reported that
EJ-AuNPs might reduce inflammatory mediators such as IL-6,
IL-8, TARC, RANTES, and ROS by inhibiting the NF-kB and
MAPK pathways, CTACK, ROS production, and release.127 Con-
clusions in other inflammatory diseases may provide some clues
about the role of AuNPs in AD. Further studies are needed on
the pathways of AuNPs to inhibit inflammation in AD models.
AuNPs can be used not only as a vehicle for drug delivery but
also as a drug. However, its biosafety is an issue of concern, and
further studies are needed to find the right size as no definite
conclusion has been made yet. The use of AuNPs for treating AD
is a topic worth exploring in the future, not only to help solve a
global public health problem but also to provide a reference for
treating other neuroinflammatory diseases. The specific effects
of AuNPs on AD and the cellular and molecular mechanisms
need to be further explored in the future.
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M. A. Iatı̀, J. Condens. Matter Phys., 2017, 29, 203002.

31 P. K. Ngumbi, S. W. Mugo and J. M. Ngaruiya, IOSR J. Appl.
Chem., 2018, 11, 25–29.

32 D. M. Kim, J. S. Park, S.-W. Jung, J. Yeom and S. M. Yoo,
Sensors, 2021, 21, 3191.

33 A. Agrawal, S. H. Cho, O. Zandi, S. Ghosh, R. W. Johns and
D. J. Milliron, Chem. Rev., 2018, 118, 3121–3207.

34 A. Timoszyk and R. Grochowalska, Pharmaceutics, 2022,
14, 2599.

35 N. Sarfraz and I. Khan, Chem. - Asian J., 2021, 16, 720–742.
36 W. Yang, H. Liang, S. Ma, D. Wang and J. Huang, Sustain-

able Mater. Technol., 2019, 22, e00109.
37 K. Nejati, M. Dadashpour, T. Gharibi, H. Mellatyar and

A. Akbarzadeh, J. Cluster Sci., 2021, 1–16.
38 M. J. Ndolomingo, N. Bingwa and R. Meijboom, J. Mater.

Sci., 2020, 55, 6195–6241.
39 M. Falahati, F. Attar, M. Sharifi, A. A. Saboury, A. Salihi,

F. M. Aziz, I. Kostova, C. Burda, P. Priecel and J. A. Lopez-
Sanchez, Biochim. Biophys. Acta, Gen. Subj., 2020, 1864, 129435.

40 J. H. Cherng, C. J. Lin, C. C. Liu, J. Z. Yeh, G. Y. Fan,
H. D. Tsai, C. F. Chung and S. D. Hsu, J. Pers. Med., 2022,
12, 1089.

41 S. M. Shahen, M. R. Mohamed, M. R. K. Ali, R. M. Samaka,
G. M. Hamdy and R. M. Talaat, Clin. Exp. Pharmacol.
Physiol., 2021, 48, 1346–1357.

42 P. Kesharwani, B. Gorain, S. Y. Low, S. A. Tan, E. C. S. Ling,
Y. K. Lim, C. M. Chin, P. Y. Lee, C. M. Lee, C. H. Ooi,
H. Choudhury and M. Pandey, Diabetes Res. Clin. Pract.,
2018, 136, 52–77.

43 M. A. Khan and M. J. Khan, Artif. Cells, Nanomed., Biotech-
nol., 2018, 46, 1149–1158.

44 J. Chen, M. Yuan, C. A. Madison, S. Eitan and Y. Wang,
J. Controlled Release, 2022, 345, 557–571.

45 H. Yang, S. Lu, S. Wang, L. Liu, B. Zhu, S. Yu, S. Yang and
J. Chang, Int. J. Biol. Macromol., 2021, 191, 192–200.

46 L. Xiao, F. Wei, Y. Zhou, G. J. Anderson, D. M. Frazer,
Y. C. Lim, T. Liu and Y. Xiao, Nano Lett., 2020, 20, 478–495.

47 S. Zhang, F. Xie, K. Li, H. Zhang, Y. Yin, Y. Yu, G. Lu,
S. Zhang, Y. Wei, K. Xu, Y. Wu, H. Jin, L. Xiao, L. Bao,
C. Xu, Y. Li, Y. Lu and J. Gao, Acta Pharm. Sin. B, 2022, 12,
3124–3138.

48 S. Yang, Y. Zhang, S. Lu, L. Yang, S. Yu and H. Yang, ACS
Appl. Bio Mater., 2021, 4, 3214–3223.

49 A. K. Dey, A. Gonon, E. I. Pécheur, M. Pezet, C. Villiers and
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