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Nano-Biointeractions of Functional Nanomaterials: The
Emerging Role of Inter-Organelle Contact Sites, Targeting,

and Signaling
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1. Introduction

The study of nano-biointeractions, at the forefront of interdisciplinary

research, unveils intricate interplays between nanomaterials (NMs) and
intracellular organelles, which are pivotal hubs orchestrating diverse cellular
processes. Thanks also to the formation of dynamic contacts among their
membranes, organelles regulate lipid exchange, calcium signaling, and
metabolic pathways. Recently, the potential role of NMs in cellular
homeostasis through the regulation of organelle membrane contact sites
(MCSs) is emerging, and a complete overview of this issue is still lacking. This
perspective aims at elucidating the synergy between functional NMs and
organelle contact site research, underscoring the pivotal role of NMs in
advancing the comprehension of cell biology mechanisms and fostering
therapeutic breakthroughs. This subject represents a crucial aspect of
nano-biointeractions, as it can reveal new molecular targets for NMs and
potentially revolutionize therapeutic strategies. Nanotechnology may offer
unprecedented tools to decipher and manipulate dynamic organelle interfaces
with remarkable precision. Engineered nanomaterials may serve as versatile
probes and effectors, enabling targeted modulation of organelle contact sites
and unraveling the molecular intricacies governing organelle dynamics.
Furthermore, nano-biointeraction-driven insights hold promise for therapeutic
innovations, offering novel avenues in diseases linked to dysregulated

organelle contacts.
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In recent years, the growing interest in
nanomaterials (NMs) for nanomedicine has
led to a significant rise in promising uses.
These applications span from cancer ther-
apy and drug delivery to infection care
and bioimaging, highlighting the broad
range of NM utilization.[!l The reason for
the increasing success of NMs mainly re-
lies on their unique physicochemical prop-
erties which depend on factors such as
size, surface area, composition, shapes, sur-
face charge, and aggregation state. The
possibility of modulating these properties
gives NMs significant advantages over their
bulk counterpart.?] To fully harness the
potential of NMs in nanomedicine and
achieve safer and more effective perfor-
mance, a comprehensive understanding at
the molecular level of the intricate inter-
actions occurring at the interface between
nanomaterials and the biological microen-
vironment (nano-biointeractions) appears
essential.®*) These interactions define the
possible fate of nanomaterials by regulat-
ing the blood circulation time, the inter-
action with the reticuloendothelial system,
targeting specific sites, cellular internaliza-
tion, intracellular localization, and fate.]
In particular, increasing evidences suggest
that the interaction between NMs and biological fluids, influenc-
ing the native identity of the nanomaterial, through the formation
of the protein corona, is a key factor determining both biologi-
cal response and targeting efficiency.*®) Moreover, NMs are in-
ternalized within cells via various and diverse pathways depend-
ing on their native physical-chemical properties and their in-
teraction with the extracellular environment (e.g., biological flu-
ids) before reaching the cell membrane. Once taken up by the
cells, NMs interact with intracellular organelles by modulating
their functions. Recently, the influence of nanoparticles (NPs)
on organelle crosstalk and cell signaling through the formation
of inter-organelle membrane contact sites (MCSs) is raising in-
creasing interest. The mechanism of action of NMs on/through
MCSs is not yet clear, but it represents an important aspect of
nano-bio interactions, which could open new scenarios to de-
velop novel therapeutic strategies based on nanomedicine.

© 2024 Wiley-VCH GmbH
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To date, a comprehensive review analyzing the current un-
derstanding and areas for further investigation of NMs’ effects
on organelle functionality is lacking. From the literature, there
emerges an ongoing debate regarding the role of NMs in cellular
homeostasis through the regulation of contact sites.'%!*] How-
ever, this subject represents a crucial aspect of nano-bio inter-
actions, and elucidating the molecular signaling and pathways
regulated by MCSs could reveal new molecular targets for NMs,
potentially revolutionizing therapeutic strategies.

To advance this emerging domain, in this work we provide a
concise overview of the various cellular uptake mechanisms of
NMs and examine the influence of biomolecular corona forma-
tion on NM biological fate. We further touch upon the intracellu-
lar behavior of NMs, emphasizing NM intracellular localization
and organelle-targeting. Furthermore, we highlighted the emerg-
ing role of inter-organelle membrane contact sites in mediat-
ing cellular interactions with internalized NPs and, hence, cell
and/or organelle functions. Emphasis is placed on the signifi-
cance of comprehending molecular-level mechanisms underly-
ing NM-MCS interaction to pave the way for novel therapeutic
strategies and disease targeting based on functional nanomateri-
als.

2. Mechanisms of Uptake and Intracellular Fate of
Nanomaterials

2.1. Endocytosis

The cellular uptake mechanisms of NMs are influenced by the
physiological state, dispersion fluids, administration routes, and
encountered barriers, together with various physical and chemi-
cal properties of NMs and their adsorbed biomolecules.!'?] NMs
can enter the body through inhalation, oral ingestion, dermal and
ocular penetration, and injection.["¥] Once in contact with the cell
membrane, NMs are mostly internalized through endocytosis,
involving phagocytosis and pinocytosis for specific NM sizes and
surface modifications (Figure 1).114]

Phagocytosis primarily occurs in specialized mammalian cells
(such as monocytes, macrophages, and neutrophils) in which
large particles (>750 nm in diameter) are internalized follow-
ing the invagination of the cell membrane and the forma-
tion of a phagosome.**] Nevertheless, phagocytosis can also oc-
cur for nanometer-sized particles, as it was observed in previ-
ously differentiated THP-1 macrophages, which phagocytosed
5 nm diameter platinum nanoparticles (PtNPs) following their
administration.['] Likely, this event requires a certain degree of
NM aggregation when they are close to the cell membrane, as
well as the activation state of the phagocyte.

Pinocytosis occurs in most eukaryotic cells through various
mechanisms including clathrin-mediated endocytosis (CME),
caveolae-mediated endocytosis (CvME), lipid raft-mediated endo-
cytosis, and macropinocytosis (MP). CME is regulated by clathrin
and its adaptor proteins, and it is an important pathway for the in-
ternalization of endogenous substances, such as transferrin and
low-density lipoprotein. Studies have demonstrated that NPs up
to 200 nm diameter enter the cell primarily via CME.['-19 CvME
is coordinated by cup-shaped invaginations of the plasma mem-
brane, named caveolae. It is reported that several NMs are able
to enter the cells via CvME, for example, albumin-coated NPs,[2!
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Figure 1. Schematic representation of endocytosis and intracellular fate
of NPs. NPs are mainly uptaken via different internalization mecha-
nisms (phagocytosis, macropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis or lipid raft-mediated endocytosis) and
found in early endosomes (1), then into late endosomes (2). The late en-
dosomes may fuse with lysosomes into endolysosomes (3) to proceed to-
ward the degradative pathway. At all the different endosomal stages, NPs
could also follow the secretory pathway in which endosomes and/or the
endolysosome fuse with the plasma membrane releasing NPs outside the
cell (exocytosis) (4). On the contrary, appropriately functionalized NPs can
escape from the endosomal compartment (5) to exert their effects in the
cytosol.

magnetic NPs containing siRNA of green fluorescent protein, 2!

and silica NPs modified with antibodies targeting HER2.122] Al-
though the specific regulatory mechanisms remain unclear, it is
known that large-size NPs cannot be internalized via CvME as the
diameter of caveolin-coated vesicles is limited to 30-80 nm.[?*]

Lipid rafts are highly compact microregions rich in protein re-
ceptors and sphingolipids. Beyond representing a mechanism
for the internalization of viral particles,[?*! lipid rafts have been
shown to be a secondary pathway for the internalization of gold
nanorods.®!

MP is a mechanism of non-selective endocytosis of water-
soluble molecules. It depends on actin but is regulated by many
other proteins, such as phosphoinositide 3 kinase and Rab fam-
ily members, and it is sensitive to the pH of the cytoplasm.[?}]
MP mediates an endocytic pathway of NM uptake by the forma-
tion of large and irregular endocytic vesicles derived from the cell
membrane, called macropinosomes (0.2-5 pm).[12]

Other pathways of cell uptake involve the direct fusion of the
cell membrane mediated by different proteins, mainly SNAREs,
Rab proteins, and Sec1/Munc-18 related proteins.[® This mech-
anism is utilized by exosomes and membrane-penetrating
peptide-modified carriers.[?*]

It is noteworthy that, if not appropriately functionalized with
molecules that activate a specific endocytic pathway, NMs can use
multiple mechanisms of endocytosis!®?’] that contribute to com-
plicating the scenario of NM cellular uptake and final intracellu-
lar localization.

In addition to the main internalization routes discussed so far,
NMs can enter the cell by passive diffusion via van der Waals
forces or steric interactions and the formation of pores.'?] In-
deed, it was reported that cationic gold nanoparticles (AuNPs)
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were capable of diffusing into the plasma membrane through
the formation of hydrophilic pores, thanks to their high surface
charge density.[?8l However, passive diffusion of NMs through the
cell membrane is a significantly rarer event than endocytosis and
it is highly dependent on the size, surface charge, and aggrega-
tion state of NMs.[?]

2.2. The Relevance of Protein Corona in NM-Cell Interaction

In biological fluids, the NM surface is covered by several ad-
sorbed biomolecules regulating most of the NM interactions
with tissues and cells. This adsorption process is described as
“biomolecular corona” formation and depends on NM size, sur-
face charge, and composition of the biological milieu, as well as
its pH, temperature, and time length of NM-cell contact.?*! The
adsorbed biomolecules, mainly soluble proteins, create two dis-
tinct layers based on their affinity with the nanomaterial. The
proteins with higher affinity quickly decorate the particle form-
ing a stable “hard corona,” whereas other proteins can overlap
the latter building an outer “soft” layer that can be more eas-
ily removed from the NMs by sequential centrifugations.*!! In-
deed, multiple molecular layers can be formed over the parti-
cle, mainly depending on the bulk nanomaterial and the par-
ticle size.’2! General principles to predict the corona forma-
tion are difficult to define and the number of specific studies
is limited. Most information on biomolecular corona has been
obtained investigating AuNPs.l”! Beyond NM size, shape, and
charge, more physicochemical features like material concavi-
ties, biomolecule/NM size ratio, and transient or long-lasting
chemical interactions, seem to play important roles. The re-
cent use of advanced analytical methods and computational
tools will certainly lead to a deeper understanding of this
phenomenon.

From the biological point of view, the nature of the biomolec-
ular corona is crucial for the NM localization and the following
intracellular fate. Biomedical research must consider the deriva-
tion of surrounding molecules as a prerequisite for efficient ap-
plication of nanomaterials, in particular for in vitro experiments
and formulations for in vivo release. For example, diverse results
can be obtained by releasing the same NM in sera of different
species. The distinctive biomolecular coronas created by NM re-
suspension in fetal bovine serum (FBS), human serum (HS) or
human plasma (HP) conditioned medium affect their hydrody-
namic diameter, charge, aggregation state, and eventually cellular
targeting and uptake.

Corona-forming proteins may encounter cognate receptors ex-
pressed onto the cell surface promoting their uptake.**! On the
other hand, specific chemical groups could hamper or delay NM
contact with the cell.[3*] Hence, the proteins surrounding the NM
define its biological identity!®*! and this selective adsorption can
be used for specific cell targeting®! increasing the efficiency of
drug nanocarriers. An interesting example of the active role of
protein corona in cellular uptake is reported using lipoplexes pre-
viously incubated with HP.3”] The high affinity of DOTAP/DNA
lipoplexes for human vitronectin allowed enhanced cellular up-
take in vitronectin-avf3 receptor-positive MDA-MB-435S cells,
but not in receptor-negative HEK cells. Recently, different ma-
terials or coating polymers have been shown to actively adsorb
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certain classes of biomolecules allowing their application as de-
livery carriers for specific diseased tissues.[*®] However, the pres-
ence of adsorbed proteins is not always sufficient to facilitate
particle internalization, even in the presence of their receptors
on the cell surface. In fact, nano-sized material can lead to sig-
nificant structural modification of the adherent proteins due to
the above-mentioned physicochemical interactions between the
NM surface and the aminoacidic groups, resulting in confor-
mational changes of the corona’s biomolecules.*”! To have effi-
cient interaction between the NM-coating proteins and the cell
membrane, these proteins should be in the optimal folding to
face their potential receptors, namely, being free to rotate to
find the proper binding orientation. To overcome this problem
while designing novel nanocarriers, covalent or strong-avidity
chemical links can be applied between the NM chemical sur-
face and the protein of interest. For example, organic and inor-
ganic NMs were decorated with specific chemokines exploiting
covalent bonds between the protein C-terminus and the amino
groups on the particle surfacel*] or streptavidin-biotin using bi-
otinylated chemokines.[*1#?] In both experimental settings, spe-
cific localization and increased endocytosis were facilitated by
the presence of the desired chemokine receptors on the target
cells.

2.3. Intracellular Localization and Organelle-Targeting of
Nanomaterials

When an active molecule has passed the external cell membrane
by membrane fusion or passive diffusion, it is free in the cy-
tosol and subsequent distribution occurs by diffusion until it
encounters another membrane or the cellular target. On the
contrary, endocytosed nanoparticles are transported intracellu-
larly through active pathways involving endosomes, lysosomes,
the Golgi apparatus, and the endoplasmic reticulum (ER) due
to differences in their uptake pathways and characteristics.?!
The endolysosomal pathway is the most common mechanism,
with primary endocytic vesicles delivering contents to early en-
dosomes (EEs) which then mature into late endosomes (LEs) and
fuse with lysosomes, leading to the degradation of nanoparticles,
prevalently.[**] The Golgi apparatus acts as a transit station for
intracellular transport, generating new vesicles for transport to
endosomes, lysosomes, or the ER. The passage from endosomes
to the Golgi apparatus is regulated by various signals (i.e. acid
hydrolase receptors, transmembrane enzymes, and SNARE pro-
teins), and the Golgi-ER pathway is considered non-degradative,
helping nanoparticles to avoid lysosomal degradation.l*!] Since
endosomal/lysosomal confinement poses a challenge for NMs
in drug delivery, three primary categories of strategies to over-
come these barriers have been identified: a) promoting endo-
somal/lysosomal escape (the proton sponge effect of outstand-
ing pH buffering,!**! osmotic lysis resulting from pH-responsive
disassembly of nanoparticles,[*?] as well as the swelling effect
of pH-responsive nanoparticles,*’] and membrane destabiliza-
tion induced by pore formation,[*! membrane disruption,*!
membrane fusion,*® and photochemical internalization!®!l); b)
directly crossing the cell membrane without entering endo-
somes or lysosomes (virus fusion protein,>?! cell membrane-
coated nanoparticles,*3] cell-penetrating peptides®¥); c) utilizing
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different pathways to evade lysosomal degradation (a signal pep-
tide that activates the Golgi/ER retrograde pathway!>)).

However, it is noteworthy that many current nanocarriers
lack specific targeting capability, leading to compromised ther-
apeutic effectiveness due to poor tissue accumulation, ineffi-
cient cellular internalization, or inaccurate subcellular localiza-
tion. This issue has raised increasing attention to organelle-
targeted nanomedicines, which can deliver drugs to specific in-
tracellular sites, achieving greater therapeutic efficacy. The tar-
geting moiety toward specific organelles allows the nanodrugs
to avoid/escape from the endo/lysosomal system and to deliver
the drug to the nucleus, mitochondria, lysosomes, endoplasmic
reticulum, or Golgi apparatus, specifically. Several strategies for
nuclear targeting have been explored,*® including the use of
nuclear-targeting moieties (i.e., nuclear localization signals,®’!
trans-activating transcriptional activator protein,®! the nucle-
olin aptamer AS14115%) as well as nuclear pore complexes
dilators (i.e., Dexamethasonel®l) with the aim to functional-
ize the nanodrugs and facilitate their transport into the nu-
cleus. Mitochondrial delivery has been explored with the help
of mitochondrial targeting signals/sequences,[®!] mitochondria-
penetrating peptides,®?! and triphenylphosphonium.[®*! On the
other hand, lysosome targeting has been achieved by function-
alizing nanoparticles with lysosomal sorting peptides(®! or the
morpholine moiety.l®! Targeting the ER using specific retrieval
signals like KDEL peptides!® and other strategies/®’! demon-
strated the improvement of nanodrug delivery to this organelle.
Finally, chondroitin sulfatel®] and six-cysteine peptidel®! have
been applied as Golgi apparatus-targeting moieties.

Despite the numerous approaches proposed, further research
to optimize these strategies is necessary. For instance, the de-
velopment of a unique organelle targeting strategy that per-
forms well for different cellular contexts is not straightforward.
Achieving an accurate subcellular localization of nanomedicines
through organelle targeting requires a detailed understanding
of the multifaced physicochemical properties of each organelle,
as well as the mechanisms of cellular uptake and intracellu-
lar trafficking.l”%) Moreover, to get an efficient transport of NMs
to specific organelles, innovative strategies to overcome the
endo-lysosomal compartment to reach the cytoplasm are still
required.l’!!

2.4. NM Extracellular Release: Exocytosis and Transcytosis

Another important aspect of NMs engineered for detecting and
treating complex diseases is the understanding of their possible
exit from the cells. Since exocytosis plays a crucial role in remov-
ing nanoparticles with drugs and contrast agents from the body,
understanding this pathway is vital for the safe and effective ther-
apeutic application of nanoparticles. The retention of NMs in
target cells is directly related to their cytotoxicity and is critical
for the efficacy of NM-based drug carriers in nanomedicine.l”?]
As discussed above, after NMs enter cells, they may reside in,
and move to various vesicles and organelles. The recognized exo-
cytosis pathways of NMs mainly include diffusion,!”?] rapid re-
cycling pathway,”#l lysosomal pathway,””! ER/Golgi apparatus
pathway,[’®] and other pathways.””] The lysosomal pathway is
identified as the most important exocytosis mechanism of NMs,
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followed by the ER/Golgi pathway.”®] Microtubules are involved
in all exocytosis pathways of NMs, aiding in the movement of
NMs out of the cell.[”) The pathways chosen for NM excretion
are influenced by various factors, including the physicochemical
properties of NMs (size, shape, and surface groups), cell type, and
cell culture conditions.l”’! However, there is no widely recognized
conclusion about the parameters regulating intracellular NMs to
leave cells via specific pathways.!”8] It is worth noting that the for-
mation of a protein corona around NMs complicates the study
of exocytosis, as the corona significantly influences the cellular
behavior and fate of NMs.l881 Moreover, the stability of NMs
and the detachment of surface modification groups within cells
can impact exocytosis and cytotoxicity.®2! The exocytosis of NMs
was found to be influenced by cell type, with cancer cells display-
ing different exocytosis behaviors compared to normal cells.[8384]
The exocytosis process is also regulated by external factors, such
as serum and Ca’* in the culture medium, and the composi-
tion of the culture medium affecting the release of intracellular
molecules.[®>%] Overall, the exocytosis of NMs is a complex pro-
cess that can be modified by multiple interrelated factors, making
it challenging to determine consistent conclusions on the release
of previously internalized NMs from diverse types of cells.[”®]

When endocytosis and exocytosis are coupled and occur in po-
larized cell types, another transport mechanism called transcy-
tosis is identified. Transcytosis is the transport process of cargo
within membrane-bounded carriers, between two environments
having different compositions.[®’] It is involved in the transport
of macromolecules such as lipoproteins, antibodies, and albumin
in epithelial or endothelial tissues of microvasculature including
the blood-brain barrier (BBB)[®8 and intestinal barrier. Despite
the endothelial barriers represent one of the primary obstacles for
the drugs to reach target tissues,!®) various nano-formulations
took advantage of transcytosis to make nanomedicines actively
extravasate and infiltrate solid tumors.[**?!l Nanomedicines capa-
ble of efficient transcytosis must be able to meet some fundamen-
tal requirements such as the fast internalization by the endothe-
lial or tumor cells via receptor- or adsorption-mediated endocyto-
sis, proceed through intracellular trafficking via non-degradative
pathways (mainly via Golgi apparatus, whose role is to package
endogenous materials for exocytosis), should maintain the rapid
endocytosis/exocytosis capabilities (to achieve transcytosis across
multilayers of tumor cells away from the blood vessels) and the
drug release kinetics of the nanomedicine should balance the in-
tracellular drug release and excretion of the nanomedicines.°%

In this context, by avoiding or reducing the accumulation of
NPs into the endolysosomal compartment, through the gene gun
method or by the functionalization of NP surface with a membra-
notropic peptide, gH625, derived from the Herpes simplex virus
type 1, it is possible to enhance BBB crossing.”***l However,
many questions remain about the properties of nanomedicines
required to trigger transcytosis, the intracellular pathway, and the
selectivity of transcytosis. Future studies are necessary to deeply
understand transcytosis and to design effective nanomedicines
for such applications. A recent study, for instance, demon-
strated that cargos with high avidity to the low-density lipoprotein
receptor—related protein 1 (LRP1) bias toward internalization as-
sociated with fast degradation, while mid-avidity augments the
formation of syndapin-2 tubular carriers promoting a fast shut-
tling across the BBB.[%
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Table 1. Tethering complexes and hypothesized functional roles of specific
membrane contact sites.

Contact sites Biological activities Tether proteins Refs.
suggested involved
ER-mitochondria Ca?* and lipid transfer, IP3R, GRP75, [105-108]
mitochondria VDAC, TG2,
dynamics, autophagy Mfn2, Mfn1,
Lam6
ER-endosome Organelle dynamics, VAP, protrudin, ~ [109-113]
lipid transport, Ca?* STARD3,
signaling ORPI1L, RAB7,
TPC2, PI3P
ER-lysosome Ca%t exchange, RAB7, ORPIL, [114]
organelle dynamics VAP
Mitochondria— Ca?* and lipid transfer, RAB7 [115]

lysosome organelle dynamics,

mitochondrial fission

3. Exploring the Nexus of Cellular Communication
with Internalized NMs: Inter-Organelle Membrane
Contact Sites

Eukaryotic cells possess a complex system of endomembranes
that enable them to confine specific cell functions in separated
compartments. The cellular organelles such as the endoplasmic
reticulum, the mitochondria, and the lysosomes belong to this
system and help the eukaryotic cells to maintain their home-
ostasis. However, the intracellular organelles are not individual
entities in the cytoplasm, but their functions are finely regu-
lated by the MCSs, an interplay mediated by diffusible signals
and direct contact among organelle membranes. In the intri-
cate world of cellular biology, MCSs stand as the bustling hubs
where organelles engage in intimate communication. These mi-
crodomains, characterized by close proximity between different
cellular compartments, have emerged as pivotal orchestrators
of various cellular processes, ranging from calcium signaling®®
and lipid metabolism!®’! to apoptosis,®®! autophagy,*’! and mi-
tochondria dynamics.'%! In the last few years, there has been
a growing interest in MCSs, and new tools to visualize and
study these interactions have revealed that they are ubiqui-
tous and that organelles can interact to serve various cellular
functions.['! Briefly, MCSs are areas of close proximity between
membranes of different organelles mediated by specific proteins
(called tethers) allowing the transfer of substances between them
(Table 1).1'2] Recent evidence supports the idea that MCSs allow
the exchange of key cellular components between different or-
ganelles, regulating the transport of cellular signals and mem-
brane dynamics.[103104]

At the heart of the contact sites, a complex interplay lies be-
tween organelles such as the endoplasmic reticulum (ER), mito-
chondria, lysosomes, and plasma membrane (Figure 2).

For instance, the ER-mitochondria contacts are involved in
organelle fission/fusion, facilitating lipid transfer and calcium
signaling, which is vital for mitochondrial function and cellu-
lar homeostasis.!"1%! Similarly, the ER-lysosome contacts are cru-
cial for lipid exchange, autophagy, Ca** dynamics, and organelle
motility.117]

Adv. Funct. Mater. 2024, 2408436

2408436 (5 of 13)

www.afm-journal.de

The dynamic behavior of inter-organelle contact sites is one of
the most fascinating and intriguing aspects to unveil and char-
acterize. Such proximity regions are strongly affected by cellu-
lar cues and environmental stimuli. Several tethering proteins,
lipid transfer proteins, and signaling molecules modulate the in-
tricate dynamic interplay among different organelles.!%?] Recent
experimental evidence suggests that the tethering distances span
a range of 10-80 nm.[""®) In some mammalian cells, such dis-
tances are found to be 19-22 nm,['!°) while they are larger in yeast
cells, i.e., 17-57 nm.[?% Such distances can reach over 300 nm as
observed for Num1, a protein able to anchor the mitochondrial
surface to the plasma membrane in yeast cells.['?!]

It is worth underlining that the contact time between dif-
ferent organelles is related to the cell type, its function, and
regulation.['’®] For some MCSs, it lasts less than 1s, while for
muscle cells they can persist for the entire cell life.[']

Nowadays, the MCSs represent a hot research topic, as dysreg-
ulation events are primarily involved with the development and
progression of various human diseases including neurodegen-
erative disorders, metabolic syndromes, inflammatory diseases,
and cancer.1%191122] Therefore, a detailed understanding of the
mechanisms at the molecular level underlying these interactions
opens up new therapeutic routes to target the diseases at their
core.

3.1. Lysosome-Mitochondria Contact Sites

Mitochondria and lysosomes are mainly involved in metabolic
and signaling events in cells. Both organelles can act as sensors
of the functional status of the cell through different modulation
processes. For instance, lysosomes can retain calcium, iron, and
cholesterol, whereas mitochondria can vary the calcium uptake
and release metabolites and reactive oxygen species (ROS).[123124]
The specific crosstalk between mitochondria and lysosomes
finely regulates the physiological cell function and some imbal-
ances are strictly related to neurodegenerative disorder.'*! In-
terestingly, recent experimental evidence demonstrates that mal-
functions in one type of organelle have effects on the other one,
highlighting the importance of the mutual interaction between
mitochondria and lysosomes.['26127] Therefore, understanding
the mechanisms underlying the coordination between mitochon-
dria and lysosomes is crucial to developing innovative therapeutic
strategies. This is particularly important given that, for many of
these syndromes, therapeutic intervention focuses primarily on
symptom management.[12]

Mitochondria-lysosome contacts allow bidirectional crosstalk
between them as well as the regulation of the organelle
network.['*] The dynamic formation of mitochondria-lysosome
MCSs is proposed to facilitate cholesterol exchange, Ca?* dynam-
ics, and iron metabolism.['?] The tethering is promoted by active
GTP-bound lysosomal Rab7, a small GTPase that plays a crucial
role in regulating the dynamics and function of mitochondria—
lysosome contacts. Itlocalizes onto lysosomal and late endosomal
membranes and acts as a master regulator of lysosomal dynam-
ics by binding to Rab7 effector proteins in its active GTP-bound
state. Current studies suggest that Rab7 GTP hydrolysis is a key
driver of untethering events at mitochondria-lysosome contact
and it may be further regulated by additional protein complexes.
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Figure 2. Schematic representation of the main MCSs in mammalian cells.

The transition of Rab7 from an active GTP-bound to an inac-
tive GDP-bound state is mediated by GTPase activating proteins
(GAPs). Among them, TBC1D15, interacting with an outer mi-
tochondrial membrane protein Fis1, governs and regulates Rab7
GTP hydrolysis.[13%

Actually, in TBC1D15 GAP-domain or Fisl mutants, the in-
hibition of Rab7 GTP hydrolysis leads to inefficient untether-
ing events by prolonging the mitochondria-lysosome contact. Ex-
perimental models of human genetic mutations show a correla-
tion between defective mitochondria-lysosome MCSs with neu-
rodegenerative diseases such as Charcot-Marie-Tooth disease,
Parkinson’s disease, and lysosomal storage disorders.!1?]

It has been also demonstrated that the activation or the impair-
ment of the transient receptor potential mucolipin 1 (TRPML1),
localized on the lysosome membrane, is strictly related to regu-
lating mitochondrial calcium levels. Therefore, TRPML1 results
to be mainly involved in the transport of calcium from lysosomes
to mitochondria at the mitochondria-lysosome contact sites. Fur-
thermore, the importance of this channel in the regulation dy-
namics of Ca** homeostasis is confirmed by the adverse effects
observed in lysosomal storage disorders. In this context, the loss
of TRPML1 function is associated with an altered dynamics of
contacts between mitochondria and lysosomes and a dysregula-
tion in mitochondrial calcium uptake.!13!]

Additionally, at the mitochondria-lysosome contact sites,
Transferrin receptor 2 (TfR2), a transmembrane glycoprotein re-
ceptor that plays a crucial role in iron homeostasis, is implicated
in the transfer of iron from lysosomes to mitochondria. Dys-
regulation of iron levels within mitochondria can lead to oxida-
tive stress, impaired energy production, decreased mitochondrial
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size, and heme content in erythroid progenitors contributing to
neurodegenerative diseases.['*?]

Finally, regarding mitochondria fission processes, recent find-
ings demonstrate the formation of three-way contacts between
ER-mitochondria-lysosomes.[!'*| These data suggest that the ER
forms contact with lysosomes at the division site through the in-
teraction of VAMP-associated proteins (VAPs) with the lysosomal
lipid transfer protein ORP1L to promote a three-way contact be-
tween the ER, lysosome, and the mitochondrion. Furthermore,
it was observed that phosphatidylinositol-4-phosphate (PI(4)P),
transported by ORP1L from lysosomes to mitochondria, is cru-
cial in the process of mitochondrial fission (Figure 3).

Further research is needed to elucidate the precise molecular
pathways involved in mitochondria-lysosome crosstalk. Under-
standing the role of MCSs in this context could provide insights
into the molecular basis of neurodegenerative diseases associated
with disrupted calcium/iron homeostasis and mitochondrial dys-
function.

3.2. Experimental Methods and Techniques to Characterize MCSs

The detailed characterization of dynamics and ultra-structure of
MCSs requires research tools with extremely high temporal and
spatial resolutions.l] Since the first experimental evidence of
the existence of physical contacts between ER and mitochondria
by electron microscopy in the 1950s,/133134] several steps forward
have been made in the development and design of novel tech-
niques and experimental protocols allowing in-depth study of
contact sites from a biochemical, morphological and functional
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Lysosome

Endoplasmic reticulum

Figure 3. A schematic representation of tripartite MCSs between ER-
mitochondrion-lysosome membranes. The inset (black circle) reports a
graphic of the molecules involved in the formation of membrane con-
tacts (tethers) and the lipids and Ca®* ions that move among the three
organelles.

point of view (Table 2). The techniques currently used for the
characterization of MCSs can be grouped into three main cat-
egories: i) biochemical approaches, ii) microscopy-related tech-
niques, iii) proximity-driven fluorescent probes. Each of these
techniques allows us to obtain specific information on a particu-
lar aspect of the contact sites, such as the proteins involved, the
intracellular localization over time, and the biological function.
To fully understand the complex intracellular process of MCSs,
the use of different complementary techniques is necessary.
Biochemical methods, i.e., cell fraction, mass spectrome-
try, proximity-based biotin identification (BioID), and ascorbate
peroxidase (APEX) to mention a few examples, are the most
employed techniques for the identification of binding com-
plexes and molecular players involved in a specific contact
site.[103:135140.141] Tpy 3ddition, some proximity-driven fluorescent
probes, such as proximity ligation assay (PLA), fluorescence res-
onance energy transfer (FRET), and bioluminescence resonance

Table 2. Methods applied in studying MCSs and main discoveries.

www.afm-journal.de

energy transfer (BRET), are also useful to this scope by com-
bining the use of fluorescence, antibodies and/or molecular bi-
ology techniques.[103107.139.141] Regarding the morphology of the
contact sites, microscopy-based techniques, such as electron mi-
croscopy, with a high spatial resolution—compared to standard
optical microscopy—are highly recommended. To study how
contact sites rearrange themselves within the cellular space, all
microscopy-related techniques could be useful i.e., transmission
electron microscopy (TEM), focused ion beam-scanning electron
microscopy (FIB-SEM), and confocal microscopy), but super-
resolution microscopy (SRM) methods and some proximity-
driven fluorescent probes are more suitable due to the possi-
bility of tracking living cells, making them ideal methods for
studying changes in contact sites over time.[103119:136.137.141] Acty.
ally, the variation dynamics of contact sites in the time domain
require appropriate experimental approaches that are still un-
der development.'*!l Currently, the techniques mentioned above
represent a valid tool for investigating the effects of NMs on the
dynamics and function of MCSs. From a future perspective, how-
ever, NMs themselves could improve the study of MCSs by acting
as intracellular probes capable of recognizing specific targets in-
volved in the formation of contact sites between organelles at a
molecular level.

4, MCSs and NMs

Some recent studies have highlighted that NMs, once internal-
ized, influence the subcellular compartments by acting on the
regulation of MCSs (Table 3). These promising results have
sparked an ever-increasing interest in the modeling and study
of complex regulatory and signaling mechanisms, which to date
are still poorly understood.1%11:142]

Different types of NMs, including crystalline silica nanopar-
ticles, multi-walled carbon nanotubes, silver nanoparticles (Ag-
NPs), and AuNPs, can cause adverse effects by affecting or-
ganelles, and their toxic effects are closely linked to their physic-
ochemical properties.[!) Internalized nanoparticles, such as
AuNPs and AgNPs, have been found to induce changes in lyso-
somes affecting their interactions with mitochondria. It has been
reported that internalized AuNPs located in lysosomes may lead

Methods Techniques

Application field Main breakthroughs

Biochemical approaches Cell fraction,
Co-immunoprecipitation, mass
spectrometry, affinity
chromatography, BiolD, APEX,
Split-APEX
TEM, SEM, FIB-SEM, ET, cryo-ET,
SRM, confocal microscopy,
TIRFM

Microscopy-related techniques

Proximity-driven fluorescent FRET, BiFC, PLA, ddFP, BRET

probes

Identification of tethers and Mapping of the proteome at

molecules involved mito-related MCS!13%]

Mitochondrial fission regulated by
ER-PM MCS,[13¢]
3D ultrastructure reconstruction of
ER-related MCS,[11]
Organelles interactomel 7]

Morphological characterization,
Dynamic imaging at super-resolution

Mapping of contact sites,!'3#]
Quantification of ER-mito MCS,[13°]
Identification of Mfn2 as ER-mito

MCS tetherl1%7]

Intracellular localization and

functional characterization
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Table 3. Suggested biological effects of NMs on specific MCSs.

Nanomaterials Contact sites Biological effects Refs.

AuNP Lysosome— Mitochondrial fission [142]
mitochondria

AgNP ER- Mitochondrial Ca?* alteration, [143]

mitochondria apoptosis, ER stress

PtNP Lysosome— Protection from oxidative [

mitochondria stress damage

CBNP Lysosome— Increased lysosomal [10]
membrane permeability and

rupture, mitochondrial

mitochondria

damage, autophagy
inhibition, ROS imbalance,
and decreased
mitochondrial membrane
potential.

to lysosomal swelling and altered motility. This is achieved by
increasing “kiss-and-run” events mediated by dynamin-related
protein 1 (DRP1), which enhances mitochondrial fission.['*?) On
the other hand, the interaction between silver nanoparticles, mi-
tochondria, lysosomes, and ER can lead to complex cellular re-
sponses. For instance, only endocytosed AgNPs appear to di-
rectly determine the cell fate leading to mitochondrial swelling
and vacuolation without direct interaction. Li et al. reported the
apoptotic effects of AgNPs on human neuroblastoma cells by
the induction of ER stress and perturbation of Ca?* homeosta-
sis. It has also been observed that the increase in MCSs and
the alteration of the inositol trisphosphate receptor (IP;R) func-
tion leads to an increase in calcium transfer from the ER to the
mitochondria, ultimately triggering the mitochondrial apoptotic
pathway.['3] Interestingly, the restoration/upturn of mitochon-
drial homeostasis and energy metabolism disrupted by AgNPs
can be achieved by reacidifying lysosomes through cyclic adeno-
sine monophosphate (cAMP) and rescuing the lysosomal au-
tophagy degradation process.['**] Furthermore, experimental ev-
idence indicates that nanoparticle exposure can cause lysosomal
damage and affect lysosome-mitochondria interactions, lead-
ing to disruptions in autophagy and mitochondrial homeostasis
through mitochondrial ROS.[**] In addition, several other stud-
ies report the effects of black carbon nanoparticles in mediating
the dysfunction of lysosome-mitochondria interactions through
membrane-associated proteins, inducing several organelle per-
turbations such as increased lysosomal membrane perme-
ability and rupture, mitochondrial damage, autophagy inhibi-
tion, ROS imbalance, and decreased mitochondrial membrane
potential.[0]

In recent work, the formation of MCSs as mediators of
the antioxidant mechanism of action of PtNPs has been
suggested." In particular, the protective effect of 5 nm Pt
NPs was studied on a human hepatic (HepG2) cell line exposed
to dichlorodiphenylethylene (DDE), an environmental pollutant,
known to cause oxidative stress and mitochondrial impairment.
Experimental data indicated that PtNPs decreased cell damage in-
duced by DDE in HepG2 cells very efficiently and to an extent de-
pending on the DDE dose, despite their confinement in the endo-
lysosomal compartment. In particular, PtNPs increased the ex-
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pression of the mitochondrial enzyme SOD2 which is involved in
oxidative stress recovery in the cells. PtNPs were also able to hin-
der the imbalance of mitochondrial dynamics induced by DDE.
More precisely, PtNPs maintained mitochondrial morphology
constant and regulated mitochondrial dynamics in the presence
of DDE. Remarkably, in HepG2 cells treated with PtNPs, alone
or in combination with DDE, mitochondria formed MCSs with
rough ER and endo-lysosomes containing nanoparticles. After in-
cubation with PtNPs, an increase in mitofusin 2 (Mfn2) protein
expression was observed. Mfn2 is a marker protein of mitochon-
dria fusion, and it is involved in the formation of inter-organelle
contact sites. TEM analysis revealed a direct interaction between
PtNPs containing endo-lysosomes and mitochondria suggest-
ing that the formation of inter-organelle contact sites could ac-
tively regulate the mechanisms of action of PtNPs within the
cell. These findings demonstrated that inter-organelle crosstalk
mediates the protective capability of PtNPs through their intrin-
sic antioxidant properties and the modulation of mitochondrial
functionality.

PtNPs are mainly located in the endo-lysosomal compartment,
and so the mechanism of action at the mitochondrial level is
not obvious. Inside the cell, the lysosomes are deputy to ensure
the optimal physicochemical environment for enzymatic activi-
ties along with the degradation and recycling of defective cellu-
lar material through autophagy and extracellular material reach-
ing lysosomes by endocytosis or phagocytosis.[**®] The stability
of the lysosomal membrane is strictly related to the cell survival-
death signaling, while the efficient lysosomal enzymatic activ-
ity depends on its composition.['*”1*8] The presence of ROS can
compromise the lysosomal integrity due to membrane lipid per-
oxidation and alkalinization events (i.e., proton leakage) increas-
ing the luminal pH, which leads to many pathologies such as
the TRPML1-mediated calcium dyshomeostasis and autophagy
defects.['*7151] Cellular homeostasis and the response to stress
conditions are subtly mediated by lysosomes—mitochondria con-
tact sites that act as critical communication hubs and their coor-
dination complexes. The mutual interaction engaged at proxim-
ity regions contributes to the organelles’ function and integrity
such as the regulation of mitophagy, lysosomal biogenesis, Ca’*
homeostasis, and mitochondrial division.[''>12152] [n this re-
gard, we hypothesize that in the presence of oxidative stress,
membrane integrity and pH of lysosomes are preserved by Pt-
NPs due to their intrinsic ROS scavenging activity. In addition to
the direct catalytic effects of PtNPs on ROS, secondary mecha-
nisms could contribute to a broad anti-inflammatory action.!’3
One intriguing possibility might involve Ca** release from the
lysosomes.!'3] In particular, Ca** is crucial for mitochondrial
destabilization leading to the activation of NLRP3 inflamma-
some and the activation of T-lymphocyte-mediated pathogenic
inflammation.["®*] In mitochondria-lysosome contact sites, the
close localization of calcium channels is important to allow a
fast and efficient Ca?*-dependent protein cascade.[*3!] By reduc-
ing the ROS stimulus, PtNPs could contribute to decreasing
Ca’* release adding further regulation to the respiratory burst
and to the signaling leading to calcium-dependent inflammatory
pathways, protecting mitochondria from oxidative stress injury
(Figure 4).

In addition, another interesting mechanism of mitochondria
protection by PtNPs concerns their ability to act indirectly on
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Figure 4. Possible mechanism of action of PtNPs in regulating mitochondrion activity through mito—lyso MCSs. In oxidative stress conditions (left
panel), the increment of ROS alters the pH and membrane integrity of the lysosomes leading to an increase in Ca?t efflux from these organelles to
the mitochondria, favored by the proximity of the Ca?* channels mediated by mito-lyso MCSs. Calcium dyshomeostasis leads to the impairment of
mitochondrial functions. The presence of PtNPs in the lysosomes (right panel) reduces the production of ROS thus contributing to decrease Ca?*
release to the mitochondria and protecting them from oxidative stress damage.

ROS levels by stimulating the production of SOD2, an antiox-
idant enzyme that catalyzes the conversion of O, into H,O0,
helping to maintain the redox balance.'!! Indeed, defects in
SOD2 expression have been associated with liver damage, while
overexpression of SOD2 helps protecting mitochondria and the
cell from oxidative damage.!'>! It has been widely reported in
the literature that SOD2 activity is mediated by inflammatory
signals and the transcription factor NF-kB pathway plays a key
role in upregulating its expression.'>*"18] It might be that PtNPs
can regulate inflammatory signals that induce increased SOD2
expression (Figure 5). As a proof of concept, a recent study re-
ported the statistically significant alteration of 60 genes in THP-1
monocytes exposed to PtNPs through RNA microarray technol-
ogy, despite PtNPs demonstrated antioxidant activity by reduc-
ing ROS levels without significant effect on macrophage viability
and immune response.[>?] In particular, some of the downreg-
ulated genes, such as tlrl, birc3, vstm1, or upregulated such as
mtn2, have been correlated with the regulation of inflammatory
pathways and ROS by the transcription factor NF-kB signaling
pathway.160-164]

These findings suggest that PtNPs may act via a more complex
cascade mechanism and further studies on the regulation of gene
expression are needed to elucidate their intriguing properties.

Overall, the understanding of MCSs and their role in facilitat-
ing organelle interactions is crucial to disclose the mechanisms
of organelle impairment and interactions in the toxicological im-
pact of nanoparticles.

PtNPs
Activation

o.o =l =P 1| SOD2

5. Conclusion

Nanomaterials have emerged as versatile tools in the study and
manipulation of cellular processes. The key challenge for the de-
velopment of functional NMs with high therapeutic potential and
low adverse effects is the understanding of the biological mech-
anisms underlying the crosstalk between NMs and cellular or-
ganelles and their consequent exploitation to control/modulate
organelle functions, including the formation of organelle MCSs.
These interfaces, crucial for cellular function, govern various
physiological processes, such as lipid metabolism, calcium sig-
naling, and apoptosis. Moreover, it has been recently reported
that dysregulation of MCSs is correlated with several diseases.
Leveraging on nanotechnology tools, researchers may develop
innovative approaches to probe and modulate organelle contact
sites with unprecedented precision and specificity. Among the
inter-organelle MCSs, lysosome-mediated contacts are of partic-
ular interest to understand the fate of NMs. Indeed, cellular in-
ternalization of most NMs relies on endocytosis process, end-
ing in endo-lysosome vesicles. Lysosome-mitochondrion MCSs
may be one of the key regulatory mechanisms to be targeted
in order to exploit some NMs’ functional features. NMs like Pt-
NPs below 5 nm in diameter have demonstrated the capability
to act in a “positive way” on the formation of MCSs, allowing
the protection of cells by oxidative stress conditions/insults by
the synergic combination of intrinsic catalytic properties and the
modulation of mitochondria activities. NM stability is also very

J ROS
‘ Oxidative stress

Upregulation

Figure 5. Possible mechanism of action of PtNPs on upregulation of SOD2 enzyme involving the activation of NF-kB signaling pathway.
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important to perform studies or develop applications for in-
tracellular vesicles. AgNPs, for example, induce mitochondrial
swelling and vacuolation by releasing toxic Ag* ions impairing
precise investigation of NM interaction with the organelles. Any-
way, engineered nanomaterials, ranging from quantum dots to
lipid-based nanoparticles, offer unique advantages such as tun-
able size, surface chemistry, and multifunctionality enabling tar-
geted delivery of probes and effectors to specific organelles. Such
nanomaterial-based platforms may facilitate real-time imaging
and manipulation of organelle dynamics, shedding light on the
intricate molecular mechanisms underlying cellular functions.
In principle, different surface chemistries of NMs could al-
low precise localization in different vesicles, nevertheless, the
biomolecular hard corona acquired in the medium represents a
potential limitation for some applications.

Nanotechnology-enabled strategies hold promises for thera-
peutic interventions offering potential avenues for the treatment
of diseases associated with aberrant organelle contacts. However,
only a few studies are reported to date in this research field repre-
senting a limitation. In this direction, it is mandatory to increase
the knowledge about the crosstalk between NMs and MCSs. A
future challenge will be better clarifying how chemical-physical
and/or intrinsic catalytic properties of NMs modulate organelle
functions in a controlled manner. The outcomes will allow the
development of general conclusions about the behavior of sev-
eral NM types. A further challenge will be to identify the molec-
ular targets involved in MCS signaling pathways to engineer
functional NMs able to specifically influence these intracellular
events. Overall, the marriage of nanomaterials and organelle con-
tact site research presents exciting opportunities to deepen our
understanding of cellular biology and to develop novel therapeu-
tic strategies.

Acknowledgements

This research was funded by the University of Salerno (Fondo di Ateneo
Ricerca di Base) (grants 300389FRB21GUARN, 300389FRB22GUARN,
300389FRB23GUARN).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

functional nanomaterials, inter-organelle contact sites, nano-
biointeractions, nanomaterial-mediated cell signaling, organelle targeting

Received: May 16, 2024
Revised: June 21, 2024
Published online:

[11 M. Germain, F. Caputo, S. Metcalfe, G. Tosi, K. Spring, A. K. O.
Aslund, A. Pottier, R. Schiffelers, A. Ceccaldi, R. Schmid, J. Control.
Release 2020, 326, 164.

[2] M. A. Gatoo, S. Naseem, M. Y. Arfat, A. Mahmood Dar, K. Qasim,
S. Zubair, Biomed Res. Int. 2014, 2014, e498420.

Adv. Funct. Mater. 2024, 2408436

B3]

[4

13
6]
7]
8]

El

(1]

(1]

(12]

(13]

(14]

(1]
(6]

(17]
(8]
(19]
(20]

(21]
(22]

(23]

(24]
(25]

26]
(27]

28]
(29]

(3]
(31]
(32]

(33]

(34]

2408436 (10 of 13)

www.afm-journal.de

A. E. Nel, L. Midler, D. Velegol, T. Xia, E. M. V. Hoek, P.
Somasundaran, F. Klaessig, V. Castranova, M. Thompson, Nat.
Mater. 2009, 8, 543.

S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, . Audet, H. F. Dvorak, W.
C. W. Chan, Nat. Rev. Mater. 2016, 1, 16014.

Y. Wang, R. Cai, C. Chen, Acc. Chem. Res. 2019, 52, 1507.

N. Kamaly, O. C. Farokhzad, C. Corbo, Nanoscale 2022, 14, 1606.

L. Boselli, V. Castagnola, A. Armirotti, F. Benfenati, P. P. Pompa,
Small 2024, 20, 2306474.

D. Guarnieri, M. A. Malvindi, V. Belli, P. P. Pompa, P. Netti, J.
Nanopart. Res. 2014, 16, 2229.

G. Tarricone, V. Castagnola, V. Mastronardi, L. Cursi, D. Debellis, D.
Z. Ciobanu, A. Armirotti, F. Benfenati, L. Boselli, P. P. Pompa, Nano
Lett. 2023, 23, 4660.

L. Bao, Q. Liu, J. Wang, L. Shi, Y. Pang, Y. Niu, R. Zhang, Arch. Toxicol.
2024, 98, 1629.

V. Migliaccio, N. Blal, M. De Girolamo, V. Mastronardi, F. Catalano, I.
Di Gregorio, L. Lionetti, P. P. Pompa, D. Guarnieri, ACS Appl. Mater.
Interfaces 2023, 15, 3882.

M. S. de Almeida, E. Susnik, B. Drasler, P. Taladriz-Blanco,
A. Petri-Fink, B. Rothen-Rutishauser, Chem. Soc. Rev. 2021, 50,
5397.

J. Bourquin, A. Milosevic, D. Hauser, R. Lehner, F. Blank,
A. Petri-Fink, B. Rothen-Rutishauser, Adv. Mater. 2018, 30,
1704307.

F. Zhao, Y. Zhao, Y. Liu, X. Chang, C. Chen, Y. Zhao, Small 2011, 7,
1322.

S. Gordon, Immunity 2016, 44, 463.

F. Gatto, R. Cagliani, T. Catelani, D. Guarnieri, M. Moglianetti, P. P.
Pompa, G. Bardi, Nanomaterials 2017, 7, 332.

C. Greulich, ). Diendorf, T. Simon, G. Eggeler, M. Epple, M. Kéller,
Acta Biomater. 2011, 7, 347.

W. Jiang, B. Y. S. Kim, J. T. Rutka, W. C. W. Chan, Nat. Nanotechnol.
2008, 3, 145.

J.-M. Oh, S.-). Choi, G.-E. Lee, J.-E. Kim, J.-H. Choy, Chem. Asian J.
2009, 4, 67.

Z.Wang, C. Tiruppathi, R. D. Minshall, A. B. Malik, ACS Nano 2009,
3,4110.

J. Lim, M. A. Clements, ). Dobson, PLoS One 2012, 7, e51350.
W.-C. Huang, P.-A. Burnouf, Y.-C. Su, B.-M. Chen, K.-H. Chuang, C.-
W. Lee, P.-K. Wei, T.-L. Cheng, S. R. Roffler, ACS Nano 2016, 10, 648.
C. Qiu, F. Xia, J. Zhang, Q. Shi, Y. Meng, C. Wang, H. Pang, L. Gu,
C. Xu, Q. Guo, J. Wang, Research 2023, 6, 0148.

E. Teissier, E.-l. Pécheur, Eur. Biophys. J. 2007, 36, 887.

L. Wang, Y. Liu, W. Li, X. Jiang, Y. Ji, X. Wu, L. Xu, Y. Qiu, K. Zhao, T.
Wei, Y. Li, Y. Zhao, C. Chen, Nano Lett. 2011, 11, 772.

L. V. Chernomordik, M. M. Kozlov, Nat. Struct. Mol. Biol. 2008, 15,
675.

V. Belli, D. Guarnieri, M. Biondi, F. della Sala, P. A. Netti, Colloids
Surf- B Biointerfaces 2017, 149, 7.

J. Lin, H. Zhang, Z. Chen, Y. Zheng, ACS Nano 2010, 4, 5421.

D. Guarnieri, P. Melone, M. Moglianetti, R. Marotta, P. A. Netti, P.
Paolo Pompa, Nanoscale 2017, 9, 11288.

M. Hadjidemetriou, K. Kostarelos, Nat. Nanotechnol. 2017, 12, 288.
S. Milani, F. Baldelli Bombelli, A. S. Pitek, K. A. Dawson, ). Radler,
ACS Nano 2012, 6, 2532.

P.-L. Latreille, M. Le Goas, S. Salimi, J. Robert, G. De Crescenzo, D.
C. Boffito, V. A. Martinez, P. Hildgen, X. Banquy, ACS Nano 2022,
16, 1689.

S. Ritz, S. Schéttler, N. Kotman, G. Baier, A. Musyanovych, .
Kuharev, K. Landfester, H. Schild, O. Jahn, S. Tenzer, V. Mailinder,
Biomacromolecules 2015, 16, 1311.

S. Schéttler, G. Becker, S. Winzen, T. Steinbach, K. Mohr, K.
Landfester, V. Maildnder, F. R. Wurm, Nat. Nanotechnol. 2016, 11,
372.

© 2024 Wiley-VCH GmbH

85US017 SUOWILLIOD 3AIeR1D) 3|edldde 3y} Ag peusenob aJe s3o e VO ‘SN J0 S9N o ARig1T 8UIUO AB]IM UO (SUORIPLIOD-PUR-SWLBIALID A8 |IM ATe.q 1 RUIIUO//SANY) SUORIPUOD pUe SWIB | 3L} 89S *[202/90/0€] Uo Ariqiaulluo AB|IM ‘ouR[eS 1Q eISBAILN Aq 9EVB0K20Z LWHPe/Z00T OT/I0p/L0d A3 1M Are.q | putjuo//Sdny wioiy papeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

35]
36]
(371
(38]

(39]
40]

[41]

(42]

(43]
(44]

[45]

[46]

[47]

(48]

(4]

(5]

[51]
[52]
(53]
[54]
[55]
[56]
[57]
(58]
[59]
(60]
(61]
(62]
(63]
64]

[65]

Adv. Funct. Mater. 2024, 2408436

ADVANCED
UNCTIONAL
MATERIALS

T

M. P. Monopoli, C. Aberg, A. Salvati, K. A. Dawson, Nat. Nanotech-
nol. 2012, 7, 779.

R. Cagliani, F. Gatto, G. Bardi, Materials 2019, 12, 1991.

G. Caracciolo, F. Cardarelli, D. Pozzi, F. Salomone, G. Maccari, G.
Bardi, A. L. Capriotti, C. Cavaliere, M. Papi, A. Lagana, ACS Appl.
Mater. Interfaces 2013, 5, 13171.

Y. Peng, Y. Cong, Y. Lei, F. Sun, M. Xu, J. Zhang, L. Fang, H. Hong,
T. Cai, Adv. Healthcare Mater. 2022, 11, €2102270.

V. H. Nguyen, B.-J. Lee, Int. J. Nanomed. 2017, 12, 3137.

R. Cagliani, F. Gatto, G. Cibecchini, R. Marotta, F. Catalano, P.
Sanchez-Moreno, P. P. Pompa, G. Bardi, Cells 2020, 9, 56.

A. Pisani, R. Donno, A. Gennari, G. Cibecchini, F. Catalano, R.
Marotta, P. P. Pompa, N. Tirelli, G. Bardi, Nanomaterials 2020, 10,
2304.

A. Pisani, R. Donno, G. Valenti, P. P. Pompa, N. Tirelli, G. Bardi,
Nanomaterials 2022, 12, 3560.

C. C. Scott, F. Vacca, ). Gruenberg, Semin. Cell Dev. Biol. 2014, 37, 2.
Y. Tu, L. Zhao, D. D. Billadeau, D. Jia, Front. Cell Dev. Biol. 2020, 8,
00163.

R. K. Dhandapani, D. Gurusamy, S. R. Palli, ACS Appl. Bio Mater.
2021, 4, 4310.

C. Li, J. Zhou, Y. Wu, Y. Dong, L. Du, T. Yang, Y. Wang, S. Guo, M.
Zhang, A. Hussain, H. Xiao, Y. Weng, Y. Huang, X. Wang, Z. Liang,
H. Cao, Y. Zhao, X.-J. Liang, A. Dong, Y. Huang, Nano Lett. 2021, 21,
3680.

W.-H. Chiang, W.-C. Huang, M.-Y. Shen, C.-H. Wang, Y.F.
Huang, S.-C. Lin, C.-S. Chern, H.-C. Chiu, PLoS One 2014, 9,
€92268.

|. Plaza-GA, V. Manzaneda-Gonzélez, M. Kisovec, V. Almendro-
Vedia, M. Mufioz-Ubeda, G. Anderluh, A. Guerrero-Martinez, P.
Natale, I. Lépez Montero, J. Nanobiotechnol. 2019, 17, 108.

P. Wei, M. Sun, B. Yang, J. Xiao, . Du, J. Control. Release 2020, 322,
81.

Q. Feng, M.-Z. Yu, J.-C. Wang, W.-]. Hou, L.-Y. Gao, X.-F. Ma, X.-
W. Pei, Y.-J. Niu, X.-Y. Liu, C. Qiu, W.-H. Pang, L.-L. Du, Q. Zhang,
Biomaterials 2014, 35, 5028.

Y. Miyoshi, M. Kadono, S. Okazaki, A. Nishimura, M. Kitamatsu, K.
Watanabe, T. Ohtsuki, Bioconjug. Chem. 2020, 37, 916.

S. Liu, ). Yang, H. Jia, H. Zhou, J. Chen, T. Guo, ACS Appl. Mater.
Interfaces 2018, 10, 23630.

R. H. Fang, W. Gao, L. Zhang, Nat. Rev. Clin. Oncol. 2023, 20, 33.

I. Gessner, |. Neundorf, Int. J. Mol. Sci. 2020, 21, 2536.

C. Qiu, H.-H. Han, J. Sun, H.-T. Zhang, W. Wei, S.-H. Cui, X. Chen,
J.-C. Wang, Q. Zhang, Nat. Commun. 2019, 10, 2702.

D. Fan, Y. Cao, M. Cao, Y. Wang, Y. Cao, T. Gong, Signal Transduct.
Target. Ther. 2023, 8, 293.

C. Zelmer, L. P. Zweifel, L. E. Kapinos, I. Craciun, Z. P. Giiven, C. G.
Palivan, R. Y. H. Lim, Proc. Natl. Acad. Sci. 2020, 117, 2770.

L. Wang, T. Zhang, M. Huo, J. Guo, Y. Chen, H. Xu, Small 2019, 15,
1903254.

X.Zeng, S. Yan, P. Chen, W. Du, B.-F. Liu, Nano Res. 2020, 13, 1527.
F. Karandish, B. Mamnoon, L. Feng, M. K. Haldar, L. Xia, K. N.
Gange, S. You, Y. Choi, K. Sarkar, S. Mallik, Biomacromolecules 2018,
19, 4122.

R. Faria, E. Vivés, P. Boisguerin, A. Sousa, D. Costa, Polymers 2021,
13, 1836.

S. Mallick, L. T. Thuy, S. Lee, ).-I. Park, J. S. Choi, Colloids Surf- B
Biointerfaces 2018, 161, 356.

H. Wang, F. Zhang, H. Wen, W. Shi, Q. Huang, Y. Huang, |. Xie, P.
Li, ). Chen, L. Qin, Y. Zhou, J. Nanobiotechnol. 2020, 18, 8.

R.-L. Zhang, F. W. Pratiwi, B.-C. Chen, P. Chen, S.-H. Wu, C.-Y. Mou,
ACS Appl. Mater. Interfaces 2020, 12, 42472.

Y. Wang, R. Ding, Z. Zhang, C. Zhong, |. Wang, M. Wang, Int. |.
Pharm. 2021, 602, 120628.

(66]
(67]
(68]
(69]
(7]
(71
[72]

(73]

(74]
[75]
[76]
[77)
(78]
[79]
(80]

(81]
(82]

(83]

(84]
(85]

(86]
(87]
(88]
(89]
(9]
(51
[92]
(93]
[94]

[95]

[96]

[57]

2408436 (11 of 13)

www.afm-journal.de

L. Chen, X. Jiang, M. Lv, X. Wang, P. Zhao, M. Zhang, G. Lv, J. Wu,
Y. Liu, Y. Yang, . Chen, W. Bu, Chem 2022, 8, 866.

W. Li, J. Yang, L. Luo, M. Jiang, B. Qin, H. Yin, C. Zhu, X. Yuan, J.
Zhang, Z. Luo, Y. Du, Q. Li, Y. Lou, Y. Qiu, J. You, Nat. Commun.
2019, 10, 3349.

J. Luo, T. Gong, L. Ma, Carbohydr. Polym. 2020, 249, 116887.

R. S. Li, J. Liu, H. Shi, P. P. Hu, Y. Wang, P. F. Gao, J. Wang, M. Jia, H.
Li, Y. F. Li, C. Mao, N. Li, C. Z. Huang, Nano Lett. 2021, 21, 8455.
A. Saminathan, M. Zajac, P. Anees, Y. Krishnan, Nat. Rev. Mater.
2022, 7, 355.

K. 1. Cupic, J. J. Rennick, A. P. Johnston, G. K. Such, Nanomed 2019,
14, 215.

W.-S. Xi, J.-B. Li, X.-R. Tang, S.-Y. Tan, A. Cao, Y. Liu, H. Wang, Environ.
Sci. Nano 2022, 9, 4524.

R. E. Serda, A. Mack, A. L. van de Ven, S. Ferrati, K. Dunner Jr., B.
Godin, C. Chiappini, M. Landry, L. Brousseau, X. Liu, A. J. Bean, M.
Ferrari, Small 2010, 6, 2691.

S. Malik, W. M. Saltzman, R. Bahal, Mol. Ther. Nucleic Acids 2021,
25, 302.

R. E. Yanes, D. Tarn, A. A. Hwang, D. P. Ferris, S. Sherman, C. R.
Thomas, |. Lu, A. D. Pyle, J. I. Zink, F. Tamanoi, Small 2013, 9, 697.
J. Reinholz, C. Diesler, S. Schéttler, M. Kokkinopoulou, S. Ritz, K.
Landfester, V. Mailidnder, Acta Biomater. 2018, 71, 432.

Y. Cui, X. Song, S. Li, B. He, L. Yuan, W. Dai, H. Zhang, X. Wang, B.
Yang, Q. Zhang, Oncotarget 2017, 8, 38618.

J. Liu, Y.-Y. Liu, C.-S. Li, A. Cao, H. Wang, Nanomaterials 2023, 13,
2215.

Y. M. Bae, Y. I. Park, S. H. Nam, J. H. Kim, K. Lee, H. M. Kim, B. Yoo,
J. S. Choi, K. T. Lee, T. Hyeon, Y. D. Suh, Biomaterials 2012, 33, 9080.
L. Li, W.-S. Xi, Q. Su, Y. Li, G.-H. Yan, Y. Liu, H. Wang, A. Cao, Small
2019, 15, 1901687.

X. Wang, W.-X. Wang, Environ. Sci. Technol. 2022, 56, 12404.

L. Chen, C. Liu, Y. Xiang, J. Lyu, Z. Zhou, T. Gong, H. Gao, L. Li, Y.
Huang, Nano Today 2022, 42, 101356.

Y.-Y. Liu, Z.-X. Sun, J. Liu, Q. Zhang, Y. Liu, A. Cao, Y.-P. Sun, H. Wang,
ACS Appl. Bio Mater. 2022, 5, 4378.

S. Corvaglia, D. Guarnieri, P. P. Pompa, Nanoscale 2017, 9, 3757.
A. Sipos, K.-J. Kim, R. H. Chow, P. Flodby, Z. Borok, E. D. Crandall,
Am. J. Physiol.-Lung Cell. Mol. Physiol. 2018, 315, L286.

T. D. K. Nguyen, L. Mellander, A. Lork, A. Thomen, M. Philipsen, M.
E. Kurczy, N. T. N. Phan, A. G. Ewing, ACS Nano 2022, 16, 4831.

P. L. Tuma, A. L. Hubbard, Physiol. Rev. 2003, 83, 871.

B. J. Andreone, B. W. Chow, A. Tata, B. Lacoste, A. Ben-Zvi, K.
Bullock, A. A. Deik, D. D. Ginty, C. B. Clish, C. Gu, Neuron 2017,
94, 581.

J. M. Rabanel, V. Aoun, I. Elkin, M. Mokhtar, P. Hildgen, Curr. Med.
Chem. 2012, 19, 3070.

H. L. Jang, S. Sengupta, Nat. Nanotechnol. 2019, 14, 731.

Q. Zhou, S. Shao, ). Wang, C. Xu, J. Xiang, Y. Piao, Z. Zhou, Q. Yu, J.
Tang, X. Liu, Z. Gan, R. Mo, Z. Gu, Y. Shen, Nat. Nanotechnol. 2019,
14, 799.

Q. Zhou, C. Dong, W. Fan, H. Jiang, J. Xiang, N. Qiu, Y. Piao, T. Xie,
Y. Luo, Z. Li, F. Liu, Y. Shen, Biomaterials 2020, 240, 119902.

O. Muscetti, N. Blal, V. Mollo, P. A. Netti, D. Guarnieri, Nanomate-
rials 2023, 13, 1999.

D. Guarnieri, A. Falanga, O. Muscetti, R. Tarallo, S. Fusco, M.
Galdiero, S. Galdiero, P. A. Netti, Small 2013, 9, 853.

X. Tian, D. M. Leite, E. Scarpa, S. Nyberg, G. Fullstone, J. Forth,
D. Matias, A. Apriceno, A. Poma, A. Duro-Castano, M. Vuyyuru, L.
Harker-Kirschneck, A. Sari¢, Z. Zhang, P. Xiang, B. Fang, Y. Tian, L.
Luo, L. Rizzello, G. Battaglia, Sci. Adv. 2020, 6, eabc4397.

G. Csordas, P. Vérnai, T. Golendr, S. Roy, G. Purkins, T. G. Schneider,
T. Balla, G. Hajndczky, Mol. Cell 2010, 39, 121.

Y. ). Kim, M. L. Guzman-Hernandez, T. Balla, Dev. Cell 2011, 21, 813.

© 2024 Wiley-VCH GmbH

85U017 SUOWWOD AR 3(gedl|dde ay) Aq peusenob afe 9 e YO 8Sn Jo se|ni o} Akeid18uljuQ 43I UO (SUONIPUOD-PUR-SULIBYOY™AS | IM A eI 1jeulUO//SANY) SUONIPUOD pue SWie 1 8y} 885 *[Z02/90/0€] U ARigiTauliuo A8]im ‘oulles IaeIseAln AQ 9Ev80yZ0Z WiPe/Z00T OT/I0P/W00" A8 | Afe.d 1 pul|uoy/:sdny Wolj pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(98]
[99]

[100]
[107]
[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]
[117]

[112]

[113]

[114]
[115]

[116]

[117]
[118]

[119]
[120]
[121]

[122]
[123]

[124]

[125]
[126]

[127]

Adv. Funct. Mater. 2024, 2408436

ADVANCED
FUNCTIONAL
MATERIALS

T. Gutiérrez, T. Simmen, Cell Calcium 2018, 70, 64.

N. T. Ktistakis, Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2020,
1865, 158433.

F. Korobova, V. Ramabhadran, H. N. Higgs, Science 2013, 339, 464.
W. A. Prinz, A. Toulmay, T. Balla, Nat. Rev. Mol. Cell Biol. 2020, 21, 7.
M. Eisenberg-Bord, N. Shai, M. Schuldiner, M. Bohnert, Dev. Cell
2016, 39, 395.

X.Huang, C. Jiang, L. Yu, A. Yang, Front. Cell Dev. Biol. 2020, 8,00195.
C. ). Stefan, W. S. Trimble, S. Grinstein, G. Drin, K. Reinisch, P. De
Camilli, S. Cohen, A. M. Valm, |. Lippincott-Schwartz, T. P. Levine,
D. B. laea, F. R. Maxfield, C. E. Futter, E. R. Eden, D. Judith, A. R.
van Vliet, P. Agostinis, S. A. Tooze, A. Sugiura, H. M. McBride, BMC
Biol. 2017, 15, 102.

M. D’Eletto, F. Rossin, L. Occhigrossi, M. G. Farrace, D. Faccenda, R.
Desai, S. Marchi, G. Refolo, L. Falasca, M. Antonioli, F. Ciccosanti,
G. M. Fimia, P. Pinton, M. Campanella, M. Piacentini, Cell Rep. 2018,
25, 3573.

G. Szabadkai, K. Bianchi, P. V4rnai, D. De Stefani, M. R. Wieckowski,
D. Cavagna, A. |. Nagy, T. Balla, R. Rizzuto, J. Cell Biol. 2006, 175,901.
D. Naon, M. Zaninello, M. Giacomello, T. Varanita, F. Grespi, S.
Lakshminaranayan, A. Serafini, M. Semenzato, S. Herkenne, M.
|. Herndndez-Alvarez, A. Zorzano, D. De Stefani, G. W. Dorn, L.
Scorrano, Proc. Natl. Acad. Sci. 2016, 113, 11249.

Y. Elbaz-Alon, M. Eisenberg-Bord, V. Shinder, S. B. Stiller, E.
Shimoni, N. Wiedemann, T. Geiger, M. Schuldiner, Cell Rep. 2015,
12,7.

F. Alpy, A. Rousseau, Y. Schwab, F. Legueux, . Stoll, C. Wendling,
C. Spiegelhalter, P. Kessler, C. Mathelin, M.-C. Rio, T. P. Levine, C.
Tomasetto, J. Cell Sci. 2013, 126, 5500.

E. R. Eden, Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2016,
1861, 874.

P. Atakpa, N. B. Thillaiappan, S. Mataragka, D. L. Prole, C. W. Taylor,
Cell Rep. 2018, 25, 3180.

C. Raiborg, E. M. Wenzel, N. M. Pedersen, H. Olsvik, K. O. Schink,
S. W. Schultz, M. Vietri, V. Nisi, C. Bucci, A. Brech, T. Johansen, H.
Stenmark, Nature 2015, 520, 234.

Z. Hong, N. M. Pedersen, L. Wang, M. L. Torgersen, H. Stenmark,
C. Raiborg, J. Cell Biol. 2017, 216, 4217.

M. Boutry, P. K. Kim, Nat. Commun. 2021, 12, 5354.

Y. C. Wong, S. Kim, W. Peng, D. Krainc, Trends Cell Biol. 2019, 29,
500.

M. Krols, G. van Isterdael, B. Asselbergh, A. Kremer, S. Lippens, V.
Timmerman, S. Janssens, Acta Neuropathol. 2016, 131, 505.

R. E. Lawrence, R. Zoncu, Nat. Cell Biol. 2019, 21, 133.

L. Scorrano, M. A. De Matteis, S. Emr, F. Giordano, G. Hajnéczky,
B. Kornmann, L. L. Lackner, T. P. Levine, L. Pellegrini, K. Reinisch,
R. Rizzuto, T. Simmen, H. Stenmark, C. Ungermann, M. Schuldiner,
Nat. Commun. 2019, 10, 1287.

R. Ferndndez-Busnadiego, Y. Saheki, P. De Camilli, Proc. Natl. Acad.
Sci. USA 2015, 112, E2004.

M. West, N. Zurek, A. Hoenger, G. K. Voeltz, J. Cell Biol. 2011, 193,
333,

T. Klecker, D. Scholz, ). Fértsch, B. Westermann, J. Cell Sci. 2013,
126, 2924.

S. Kim, R. Coukos, F. Gao, D. Krainc, Neuron 2022, 110, 2386.

M. W. Pellegrino, A. M. Nargund, C. M. Haynes, Biochim. Biophys.
Acta BBA Mol. Cell Res. 2013, 1833, 410.

R. M. Perera, R. Zoncu, Annu. Rev. Cell Dev. Biol. 2016, 32, 223.

A. V. Pshezhetsky, Autophagy 2016, 12, 1059.

J. Demers-Lamarche, G. Guillebaud, M. Tlili, K. Todkar, N. Bélanger,
M. Grondin, A. P. Nguyen, J. Michel, M. Germain, J. Biol. Chem.
2016, 2917, 10263.

K. F. Yambire, L. Fernandez-Mosquera, R. Steinfeld, C. Miihle, E.
Ikonen, I. Milosevic, N. Raimundo, eLife 2019, 8, €39598.

[128]
[129]

[130]
[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]
[140]

[141]
[142]

[143]
[144]
[145]
[146]
[147]

[148]
[149]

[150]
[151]
[152]

[153]
[154]

[155]
[156]

[157]
[158]

[159]

2408436 (12 of 13)

www.afm-journal.de

C. M. Deus, K. F. Yambire, P. J. Oliveira, N. Raimundo, Trends Mol.
Med. 2020, 26, 71.

J. Cisneros, T. B. Belton, G. C. Shum, C. G. Molakal, Y. C. Wong,
Trends Neurosci. 2022, 45, 312.

Y. C. Wong, D. Ysselstein, D. Krainc, Nature 2018, 554, 382.

W. Peng, Y. C. Wong, D. Krainc, Proc. Natl. Acad. Sci. 2020, 117,
19266.

S. Khalil, M. Holy, S. Grado, R. Fleming, R. Kurita, Y. Nakamura, A.
Goldfarb, Blood Adv. 2017, 1, 1181.

W. Bernhard, C. Rouiller, J. Biophys. Biochem. Cytol. 1956, 2, 73.

D. E. Copeland, A. ). Dalton, J. Biophys. Biochem. Cytol. 1959, 5,
393,

I.-T. Cho, G. Adelmant, Y. Lim, J. A. Marto, G. Cho, |. A. Golden, .
Biol. Chem. 2017, 292, 16382.

Y. Guo, D. Li, S. Zhang, Y. Yang, ].-J. Liu, X. Wang, C. Liu, D. E. Milkie,
R. P. Moore, U. S. Tulu, D. P. Kiehart, J. Hu, J. Lippincott-Schwartz,
E. Betzig, D. Li, Cell 2018, 175, 1430.

D. Dong, X. Huang, L. Li, H. Mao, Y. Mo, G. Zhang, Z. Zhang, |.
Shen, W. Liu, Z. Wu, G. Liu, Y. Liu, H. Yang, Q. Gong, K. Shi, L. Chen,
Light Sci. Appl. 2020, 9, 11.

N. Shai, E. Yifrach, C. W. T. van Roermund, N. Cohen, C. Bibi, L.
IJIst, L. Cavellini, J. Meurisse, R. Schuster, L. Zada, M. C. Mari, F.
M. Reggiori, A. L. Hughes, M. Escobar-Henriques, M. M. Cohen,
H. R. Waterham, R. ). A. Wanders, M. Schuldiner, E. Zalckvar, Nat.
Commun. 2018, 9, 1761.

E. Tubbs, ). Rieusset, J. Vis. Exp. 2016, 118, 54899.

R. Hua, D. Cheng, E. Coyaud, S. Freeman, E. Di Pietro, Y. Wang,
A. Vissa, C. M. Yip, G. D. Fairn, N. Braverman, |. H. Brumell,
W. S. Trimble, B. Raught, P. K. Kim, J. Cell Biol. 2017, 216,
367.

E. Poggio, M. Brini, T. Cali, Contact 2022, 5, 25152564221135748.
Y. Wang, Y.-F. Wang, X. Li, Y. Wang, Q. Huang, X. Ma, X.-J. Liang,
ACS Nano 2022, 16, 12553.

L. Li, J. Cui, Z. Liu, X. Zhou, Z. Li, Y. Yu, Y. Jia, D. Zuo, Y. Wu, Toxicol.
Lett. 2018, 285, 156.

J. Liu, Z. Huang, S. Yin, X. Zhou, Y. Jiang, L. Shao, Sci. Total Environ.
2023, 889, 164078.

J. Zhang, X. Li, W. Cheng, Y. Li, T. Shi, Y. Jiang, T. Wang, H. Wang, D.
Ren, R. Zhang, Y. Zheng, |. Tang, Environ. Pollut. 2022, 305, 119293.
R. Pascua-Maestro, S. Diez-Hermano, C. Lillo, M. D. Ganfornina, D.
Sanchez, PLoS Genet. 2017, 13, e1006603.

A.-C. Johansson, H. Appelqvist, C. Nilsson, K. Kagedal, K. Roberg,
K. Ollinger, Apoptosis 2010, 15, 527.

M. Schwake, B. Schréder, P. Saftig, Traffic 2013, 14, 739.

V. N. Pivtoraiko, S. L. Stone, K. A. Roth, |. |. Shacka, Antioxid. Redox
Signal. 2009, 11, 481.

B. Venugopal, N. T. Mesires, ). C. Kennedy, C. Curcio-Morelli, J. M.
LaPlante, ). F. Dice, S. A. Slaugenhaupt, J. Cell. Physiol. 2009, 219,
344,

C. Giorgi, S. Marchi, P. Pinton, Nat. Rev. Mol. Cell Biol. 2018, 19, 713.
C. V. Diogo, K. F. Yambire, L. Ferndndez Mosquera, T. Branco F, N.
Raimundo, Biochem. Biophys. Res. Commun. 2018, 500, 87.

G. Bardi, L. Boselli, P. Paolo Pompa, Nanoscale 2023, 15, 14284.

U. Kaufmann, S. Kahlfuss, J. Yang, E. Ivanova, S. B. Koralov, S. Feske,
Cell Metab. 2019, 29, 1104.

I. N. Zelko, T. J. Mariani, R. . Folz, Free Radical Biol. Med. 2002, 33,
337.

L. Yi, H. Shen, M. Zhao, P. Shao, C. Liu, J. Cui, ). Wang, C. Wang, N.
Guo, L. Kang, P. Lv, L. Xing, X. Zhang, Sci. Rep. 2017, 7, 7953.

Y. Yoon, T.-J. Kim, J.-M. Lee, D.-Y. Kim, Oral Dis. 2018, 24, 1572.

Y. Ishihara, T. Takemoto, K. Itoh, A. Ishida, T. Yamazaki, J. Biol. Chem.
2015, 290, 22805.

F. Gatto, M. Moglianetti, P. P. Pompa, G. Bardi, Nanomaterials 2018,
8, 392.

© 2024 Wiley-VCH GmbH

85U017 SUOWWOD AR 3(gedl|dde ay) Aq peusenob afe 9 e YO 8Sn Jo se|ni o} Akeid18uljuQ 43I UO (SUONIPUOD-PUR-SULIBYOY™AS | IM A eI 1jeulUO//SANY) SUONIPUOD pue SWie 1 8y} 885 *[Z02/90/0€] U ARigiTauliuo A8]im ‘oulles IaeIseAln AQ 9Ev80yZ0Z WiPe/Z00T OT/I0P/W00" A8 | Afe.d 1 pul|uoy/:sdny Wolj pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

T

ADVANCED
UNCTIONAL
MATERIALS

www.advancedsciencenews.com

[160] T. Kawai, S. Akira, Trends Mol. Med. 2007, 13, 460.

www.afm-journal.de

[163] S. Lin, X. Wang, Y. Pan, R. Tian, B. Lin, G. Jiang, K. Chen, Y. He,

[161] D. Asslaber, N. Wacht, M. Leisch, Y. Qi, N. Maeding, C. Hufnagl, B. L. Zhang, W. Zhai, P. Jin, L. Yang, G. Li, Y. Wu, J. Hu, W. Gong, Z.
Jansko, N. Zaborsky, A. Villunger, T. N. Hartmann, R. Greil, A. Egle, Chang, J. Sheng, Y. Lu, J. M. Wang, J. Huang, Clin. Cancer Res. 2019,
Clin. Cancer Res. 2019, 25, 1901. 25, 1050.

[162] X.-F. Wang, En-Zhou, D.-J. Li, C.-Y. Mao, Q. He, J.-F. Zhang, Y.-Q. [164] K. Inoue, H. Takano, A. Shimada, E. Wada, R. Yanagisawa, M.

Fan, C.-Q. Wang, Open Med. 2021, 16, 1513.

Adv. Funct. Mater. 2024, 2408436 2408436 (13 of 13)

Sakurai, M. Satoh, T. Yoshikawa, FASEB J. 2006, 20, 533.

© 2024 Wiley-VCH GmbH

85U017 SUOWWOD AR 3(gedl|dde ay) Aq peusenob afe 9 e YO 8Sn Jo se|ni o} Akeid18uljuQ 43I UO (SUONIPUOD-PUR-SULIBYOY™AS | IM A eI 1jeulUO//SANY) SUONIPUOD pue SWie 1 8y} 885 *[Z02/90/0€] U ARigiTauliuo A8]im ‘oulles IaeIseAln AQ 9Ev80yZ0Z WiPe/Z00T OT/I0P/W00" A8 | Afe.d 1 pul|uoy/:sdny Wolj pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

