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Anti-inflammatory potential of platinum
nanozymes: mechanisms and perspectives

Giuseppe Bardi, ‘2 * Luca Boselli 2" * and Pier Paolo Pompa & *

Inflammation is a complex process of the body in response to pathogen infections or dysregulated
metabolism, involving the recruitment and activation of immune system components. Repeated danger-
ous stimuli or uncontrolled immune effector mechanisms can result in tissue injury. Reactive Oxygen
Species (ROS) play key roles in physiological cell signaling as well as in the destruction of internalized
pathogens. However, aberrant ROS production and release have deleterious effects on the surrounding
environment, making ROS regulation a priority to reduce inflammation. Most of the current anti-inflam-
matory therapies rely on drugs that impair the release of pro-inflammatory mediators. Nevertheless,
increasing the enzymatic activity to reduce ROS levels could be an alternative or complementary thera-
peutic approach to decrease inflammation. Nanozymes are nanomaterials with high catalytic activity that
mimic natural enzymes, allowing biochemical reactions to take place. Such functional particles typically
show different and regenerable oxidation states or catalytically reactive surfaces offering long-term
activity and stability. In this scenario, platinum-based nanozymes (PtNZs) exhibit broad and efficient cata-
lytic functionalities and can reduce inflammation mainly through ROS scavenging, e.g. by catalase and
superoxide dismutase reactions. Dose-dependent biocompatibility and immune compatibility of PtNZs
have been shown in different cells and tissues, both in vitro and in vivo. Size/shape/surface engineering of
the nanozymes could also potentiate their efficacy to act at different sites and/or steps of the inflam-
mation process, such as cytokine removal or specific targeting of activated leukocytes. In the present
review, we analyze key inflammation triggering processes and the effects of platinum nanozymes under
exemplificative inflammatory conditions. We further discuss potential platinum nanozyme design and
improvements to modulate and expand their anti-inflammatory action.

Inflammation is defined as the recruitment of leukocytes
and specific plasma proteins towards sites of infection or

The human body continually receives internal and external
dangerous stimuli potentially inducing pathological states.
External physical and chemical factors, such as UV rays or
smoke particulate, hit skin and mucosal cells, eventually cause
damage. In addition, microbes like viruses and bacteria pene-
trate and colonize different tissues inducing harmful effects.
Pathogens also dysregulate cellular signaling, eliciting the
aberrant production of reactive molecular mediators (Fig. 1).
Similarly, many abnormal biochemical pathways can be acti-
vated by erroneous transcriptional indications of mutated
genes, as shown in genetic disease outcomes. All these factors
often induce the overproduction of reactive oxygen species
(ROS) triggering inflammation, which in turn enhances them
in a feedforward mechanism.
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tissue damage, causing pathological alterations in the body
homeostasis." Inflammation involves diverse and fast respond-
ing mediators including specific leukocytes and molecules,
altogether described as the innate immune system (IIS)
(see Fig. 1 inset). The adjective “innate” is useful to distinguish
a non-specific native immune response driven by phagocytic
cells like neutrophils and macrophages from the fine-tuned
lymphocyte-mediated “adaptive” immunity.” However, the
cross-talk between innate and adaptive systems is fundamental
for a complete response towards pathogens. Major changes
from the physiological state characterize inflamed tissues.
Particularly, pH alterations of the extracellular fluid occur as a
result of infiltration and activation of effector cells in the
tissue (i.e. extracellular acidosis).” The extracellular concen-
tration of released molecules like antibodies, activated comp-
lement components and cytokines increases together with the
protein expression on the immune cell surfaces.

ROS are central signaling molecules primarily involved in
the regulation of physiological homeostasis® as well as in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustrating examples of several external and internal causes potentially able to trigger inflammation reactions in humans.
Abnormally high ROS levels can induce or can be induced by inflammation. (Inset) Scheme of the innate immune cellular and molecular immune
response and its main cross-talk mediators with the adaptive immune system during inflammation.

progression of inflammatory disorders.® Cell damage and
unbalanced metabolism are often due to an increased ROS
concentration, a process known as oxidative stress.” Indeed,

oxidative stress elicits immune system activation in many ways
as a consequence of damaged lipid or protein structures,
either inside cells or in the extracellular media. Therefore,
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antioxidant agents regulating ROS activity can be promising
anti-inflammatory candidates for novel therapies in addition
to steroidal and non-steroidal drugs. In particular, non-ster-
oidal anti-inflammatory drugs (NSAIDs) aim at impairing pro-
inflammatory mediator pathways by inhibiting enzymatic syn-
thesis of prostaglandins, which are commonly associated with
the side effects affecting the gastrointestinal, cardiovascular
and renal systems, despite the several billion doses consumed
annually worldwide.>’

Some nanomaterials (NMs) can exhibit superior antioxidant
properties. Among others (e.g., carbon dots,'® cerium oxide,"*
metal oxides,">"'® gold NMs'*), platinum nanoparticles (PtNPs)
are emerging due to their remarkable catalytic activity and ROS
scavenging ability in cells and tissues.'® Indeed, PtNPs can
mimic natural enzymes such as catalase (CAT), superoxide dis-
mutase (SOD), and peroxidases (POD); for this reason, they are
also called “nanoenzymes” or “nanozymes” (NZs).'”'® PtNZs
hold great potential and may represent valuable substitutes for
natural enzymes as a treatment for pathological conditions
characterized by ROS-mediated inflammation. Their efficiency
depends on different features, including size, shape, and
surface chemistry.'® The latter is extremely important for bio-
medical purposes and the tissue environment where PtNZs
should work. In the case of inflammatory disorders, PtNZ
immune compatibility and specific extracellular or intracellular
localization are crucial to catalyze ROS reduction and decrease
the immune reaction. Applications of PtNZs have been, so far,
mainly explored in vitro,'® although some experiments in vivo
confirmed ROS scavenging and anti-inflammatory activities.”**!

In the present review article, we analyze the main mecha-
nisms generating inflammation, ROS involvement, and the
anti-inflammatory actions of PtNZs at different levels of the
immune reactions. We evaluate possible strategies to amplify
PtNZ effects by modification of the NP features, which could
potentiate ROS modulation and increase their efficiency.

2. Mechanisms triggering cellular
inflammatory responses and ROS
overproduction

2.1. Intracellular ROS generation

Inflammation is linked to excessive intracellular ROS synthesis
overwhelming the capacity of the cell to remove ROS before
being damaged.”” ROS production occurs at different intra-
cellular locations depending on the cellular metabolic and
functional activity (Fig. 2A). The biological process by which
ROS are generated and released is also defined as “respiratory
burst” or oxidative stress. Some authors refer to “oxidative eus-
tress” when the production of signaling ROS does not over-
come physiological concentrations (i.e. 1-10 nM H,0,) and
“oxidative distress” when supraphysiological concentrations
occur (i.e. >100 nM H,0,).>* Different organelles act as the cel-
lular sites for ROS synthesis catalyzed by membrane-bound
enzymes, releasing ROS in their inner side or in the cytosol.
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NADPH oxidases (NOXs) are the main multi-subunit protein
complexes reducing molecular oxygen into ROS at cell mem-
branes and within phagosomes®® (Fig. 2A (1), (2)). ROS
perform several physiological functions including the regu-
lation of cellular signaling and immunity, besides playing a
key role in wiping out foreign pathogens.?* Metabolic dysregu-
lation of energy consumption mechanisms, like oxidation of
fatty acids in obese people, lead to boosted mitochondrial
activity and peroxisomal oxidase activation, both contributing
to inflammation by different mechanisms®® (Fig. 2A (1), (3)).
In the mitochondrial electron transport chain (ETC) enzymatic
cascade, from membrane-embedded four -carriers (from
complex I to complex IV), 1-2% of the electrons leak out and
react with O, producing ‘O,” in the cytosol?” that compromise
intracellular molecules if not properly buffered by
antioxidants.

In general, immune cell activation occurring during inflam-
matory reactions require increased gene transcription and
protein synthesis. The impairment of intracellular physiology
depends on many different mechanisms related to the com-
plexity of the cell machinery and diverse chemical reactions.
Since all the biochemical pathways need precise enzyme
assembly in defined intracellular locations, any modification
of the protein organization could dramatically alter cell
homeostasis. Together with the previously described ROS pro-
duction by cell membrane-localized NOX complexes, peroxi-
some oxidase and mitochondrial ETC, a fourth major mecha-
nism of oxygen reduction leading to inflammation occurs in
the endoplasmic reticulum (ER) (Fig. 2A (4)). The ER is
studded with ribosomes translating the mRNAs coming from
the nucleus and playing a central role in correct protein syn-
thesis.”® The post-translational polypeptide conformation is an
energy-consuming process that requires redox conditions to
allow the formation of intramolecular and intermolecular dis-
ulphide bridges for precise protein folding.”® Inside the ER,
the oxidation of cysteine-thiol groups is catalyzed by two
enzymes, protein-disulphide isomerase (PDI) and ER oxidore-
ductin 1 (ERO1)*® that use O, as the final recipient of the elec-
trons, ultimately producing ROS. Prolonged cellular stress or
fast proliferation and differentiation processes (i.e. leukocyte
immune activation) force the cell to synthesize more proteins,
resulting in ROS overproduction as a consequence. Moreover,
unbalanced antioxidant mechanisms can induce further oxi-
dative stress (Fig. 2A (5)), due to the depletion of reduced glu-
tathione in the ER that competes with the oxidation of protein
thiols.*™* The following accumulation of huge amounts of
proteins in the ER, many of which are misfolded because of an
improper disulphide-bond formation, stimulates the unfolded
protein response (UPR).>® The latter is a set of signaling path-
ways activating a specific transcriptional program to resolve
protein misfolding and eliminate cell injury, including NFxB-
mediated transcription of pro-inflammatory mediators.
Furthermore, ROS alter the degradation of proteins by causing
irreversible changes in the amino acids, such as the hydroxy-
lation of aromatic groups and aliphatic side chains, leading to
pro-inflammatory gene expression.**

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) Schematics of the main organelles involved in the regulation of the ROS level. ROS overproduction and inflammation states can be trig-
gered via organelle dysregulation caused by genetic and external factors. (B) Macroscopic representation of an inflammatory reaction involving

immune cells and the surrounding tissue.

2.2. ROS release and inflammation

Any type of tissue injury or genetic mutation-induced meta-
bolic dysregulation evokes the production of ROS and several

This journal is © The Royal Society of Chemistry 2023

pro-inflammatory mediators to recruit leukocytes, which
forward the increased ROS synthesis already in place in
the damaged tissue (Fig. 2B). Among ROS, H,0, can cross the
cell membrane damaging it with Fenton reaction-produced
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radicals,®® besides moving into the extracellular space (Fig. 2B
(1)). Endothelial cell-generated ROS released in the blood-
stream activate leukocytes, which in turn enhance the inflam-
matory process (Fig. 2B (2)). Immune cell migration and pro-
inflammatory mediators can amplify ROS overproduction
leading to systemic and often uncontrolled tissue inflam-
mation. IIS leukocytes can sense pathological modifications of
the tissues as damage-associated molecular patterns
(DAMPs).>® Nuclear proteins, secondary stress-induced pro-
teins or crystals (e.g. monosodium urate) are recognized by
DAMP receptors that initiate an immune response, as well as
pattern-recognition receptors (PRRs) binding to pathogen-
associated molecular patterns (PAMPs).

Several cells and biochemical mediators of the IIS are
diffusely distributed in different tissues. Phagocytes like neu-
trophils,”” macrophages®® and dendritic cells (DCs)** (DCs
link innate and adaptive immune response) intercept infective
microorganisms by recognizing specific molecular structures
(PAMPs) by means of PRRs. After entrapping the pathogens
within intracellular compartments called phago-lysosomes
(phagosomes), phagocytes demolish the microorganisms with
specific enzymatic reactions, including ROS production®
(Fig. 2B (3)). Notwithstanding the direct pathogen-immune
cell interaction, further amplification of inflaimmation could
be induced by externally damaged cellular structures sensed
by another type of IIS leukocyte, the natural killer (NK) cells.**
Although NKs recognize infected or stressed cells and Kkill
them by releasing granules containing enzymes that facilitate
signal leading to targeted cell apoptosis, NKs also release pro-
inflammatory cytokines that activate monocytes/macrophages
enhancing inflammation.*>

The well-known intracellular signaling pathway of toll-like
receptors (TLRs), a major class of PPRs, can help us in under-
standing the link between damage/infection and the role of
ROS.* Dimers of TLRs are differentially expressed on the exter-
nal and inner-endosomal leukocyte membranes. The ones on
the cell surface are able to recognize “non-self” external struc-
tures, such as the Gram-negative bacterial wall component
lipopolysaccharide (LPS), the lipoteichoic acid present on the
wall of Gram-positive bacteria or the fungal mannose-rich
oligosaccharides. On the other hand, TLRs expressed in the
endosomes can distinguish the diverse assembly of viral
nucleic acids. Upon ligand binding, TLRs start intracellular
pathways stimulating gene transcription®® and activating
several enzymes including the phagocyte NOXs.** TLRs acti-
vate NOXs upon ligand binding, likely through direct inter-
action between their subunits, as an essential step of their
signal transduction.*>™*”

Other important sensors of PAMPs and DAMPs are the cyto-
plasmic NOD-like receptors (NLRs), in particular the NLRP
subfamily, which forms inflammasomes, enzymatic complexes
that generate important pro-inflammatory cytokines, such as
IL-1p*® (see the following). Inflaimmasome complexes are
directly regulated by ROS mainly produced by the mitochon-
dria (Fig. 2A) during electron transfer.”” Key indications
regarding inflammasome activation by mitochondria-derived
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ROS have been shown by studies on the macrophage NLRP3
cytosolic receptor and its upstream NF-kB transcription factor
stimulation pathway.*® In particular, the inhibition of mito-
chondrial function impairs NLRP3 activation and the follow-
ing pro-inflammatory cytokine synthesis.

IIS stimulation triggered by PAMPs, DAMPs or aberrant
physiological reactions is regulated by mediators that amplify,
sustain and finally turn off the response (Fig. 2B (4)). Most of
them are soluble cytokines and chemokines released by the
same activated IIS phagocytes or by infected/damaged tissue
cells.’® Tumor necrosis factor-alpha (TNF-a), interleukin-1p
(IL-1p) and interleukin-6 (IL-6) are mostly responsible for gen-
erating acute inflammation with potential systemic pathologi-
cal consequences. TNF-a is strongly released by activated
mononuclear phagocytes in response to bacteria and other
microbes through PAMPs, cell damage through DAMPs or
genetic mutations.”® Upon TNF-receptors’ binding, down-
stream signal transduction pathways induce further pro-
inflammatory gene transcription in other IIS, endothelial and
epithelial cells overexpressing IL-1p, IL6 and different chemo-
kines to recruit blood neutrophils (i.e. CXCL1 and CXCL8) and
monocytes (i.e. CCL2 and CCL5).

Cytokine-activated endothelia of the postcapillary venules
express tissue-specific adhesion molecules stopping leukocytes
at the site of inflammation in a multistep process before their
extravasation into the underneath tissue.’> Low affinity
binding of leukocytes is mediated by selectins up-regulated
onto endothelial cells in response to TNF-a, IL-1p or other pro-
inflammatory cytokines.>® Whereas selectins bind carbo-
hydrate molecules on neutrophils and monocytes characteriz-
ing their “rolling-step”, stable leukocyte adhesion is achieved
through another class of heterodimeric proteins named integ-
rins.** The two non-covalently linked polypeptide chains of
integrins modify their conformation from a low-affinity bent
state to a chemokine-induced extended structure with high-
affinity for the cognate binding molecules on the specific
tissue cells. Ultimately, chemokine-mediated leukocyte polariz-
ation allows blood extravasation and localization into the
inflamed tissue.”> Significant evidence indicates that the leu-
kocyte extravasation process driven by selectins, integrins and
chemokines is regulated by ROS production.?® Upon receiving
inflammatory stimuli of infection and damage, the ROS pro-
duced in endothelial cells induce the expression of selectins
through transcription-independent mechanism followed by
transcription-dependent integrin up-regulation. The latter is
promoted by pro-inflammatory cytokines, such as IL-1f,
released by the same endothelial cells and reinforced with the
cytokines released by the rolling leukocytes. Actually, TNF-a,
IL-1f and IL6 released in the bloodstream act on different
organs and are responsible for systemic inflammatory dis-
eases.”” All these cytokines increase the synthesis of prosta-
glandins in the hypothalamus acting as endogenous pyrogens
to induce fever. In addition, very low concentrations of TNF-o
and IL-1p are sufficient to up-regulate the production of fibri-
nogen and pentraxins in hepatocytes.’®*® During severe sys-
temic inflammation, large and prolonged amounts of TNF-a

This journal is © The Royal Society of Chemistry 2023
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can additionally induce pathological anomalies, such as inhi-
bition of myocardial contractility and vascular muscle tone
causing blood pressure fall (i.e. shock) or overexpression of
activators of coagulation in endothelial cells inducing throm-
bosis. Abnormal systemic release of proinflammatory cyto-
kines, commonly defined as “cytokine storm”, is a well known
consequence of bacterial-induced septic shock® and it has
recently emphasized its dramatic costs during COVID-19 pan-
demics, as a distinctive sign of SarsCov2 infection.®

3. Platinum nanozymes

All the inflammatory mechanisms reported above are generally
treated with anti-inflammatory molecules with different
chemical structures and different targets. The catalytic pro-
perties of PtNZs can also be exploited to impair inflammatory
processes, especially the ROS mediated ones.

PtNPs already have industrial applications, and in some
countries, such as Japan, PtNPs are already employed in com-
mercially available food supplements, skin care creams, and
other cosmetic products. Therefore, PtNPs are already one of
the most accessible nanomaterials to humans; in Europe,
where regulations are more restrictive, there are still some con-
cerns about their safety, and consequently their application is
mainly limited to the health-unrelated industry (e.g,
automotive).

3.1. Bio- and immune compatibility of PtNZs

Biocompatibility is a general concept that often leads to wrong
public conclusions. In general, a substance that does not
induce toxicity or cause permanent tissue damage within a
certain dose range can be considered biocompatible.®* Besides
the material dose and excluding contaminations related to syn-
thesis methods,* metal-NP toxicity depends on their size,
shape, dispersion, dissolution (i.e., release of ions), and
surface chemistry.®® In particular, NP toxicity to immune
cells and exacerbation of inflammatory processes (immune
compatibility) should be considered for immunological
applications.®

Our group assessed the potential toxicity of pure PtNZ sus-
pensions by observing their high intracellular uptake in the
endolysosomal compartments and proving their
cytocompatibility.*»*®%” Clean/pure PtNZ suspensions, not
containing reaction side-products, ions or endotoxins, can be
internalized and tolerated at high doses. Unlike other metal-
NPs (i.e. AgNPs), PtNPs are stable in the harsh lysosomal
environment, a necessary prerequisite for the intracellular
application of PtNZ catalytic activity. Further work from our
laboratory demonstrated the PtNZ compatibility with mono-
cyte/macrophage or neutrophilic promyelocytic cells,®®°°
which play crucial roles in early and late steps of inflam-
mation. In our observations, 5 or 20 nm citrate-coated PtNZs
did not decrease the viability of the tested cells up to high con-
centrations (100 ug mL™"). Interestingly, PtNZs internalized in
THP-1 monocytic cells exhibited catalytic activity and modu-
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lation of genes involved in bacterial LPS-induced signaling
without significantly affecting immune cell performances.®
Furthermore, the same PtNZ concentration did not impair the
monocyte-to-macrophage transition in an in vitro cell differen-
tiation model.®® We concluded that 5 and 20 nm citrate-coated
PtNZs can be safely used in vitro up to a concentration of 50 pg
mL™". Nevertheless, particle shape-dependent immune acti-
vation (as for other NMs) cannot be excluded a priori for
PtNPs,”° as certain particle structure have been shown to play
a critical role in eliciting an immune response (i.e., acting as
an adjuvant).”””* The biocompatibility of citrate-coated 50 nm
PtNPs was also proved in a brain ex vivo model of excitotoxi-
city.”? The particles did not severely impact the viability of
neurons and glia; however, PtNPs induced morphological
changes in microglia with the loss of ramification and
increased the expression of ionized calcium-binding adaptor
molecule-1 (IBA-1). The amoeboid shape and IBA-1 up-regu-
lation of these brain-resident immune cells are usually inter-
preted as a sign of inflammation. Nonetheless, the authors
concluded that PtNPs with a size of 50 nm could be tolerated
by the brain parenchyma cells, indicated by the absence of
astrogliosis and neuronal damage. They also demonstrated
that the particles did not exacerbate kainate-induced cyto-
toxicity. No indications of proinflammatory cytokine release
have been reported, which could discriminate whether the
morphological alteration of microglia was due to a pro-inflam-
matory activation or a membrane adaptation to PtNP contact
and internalization. Indeed, the administration of PtNPs can
reduce the adhesion of BV-2 murine microglial cell line and
increase phagocytosis, which is always accompanied by
remarkable cell shape changes.”*> Human primary neutrophils
and eosinophils have been investigated in a sex-based analysis
following exposure to sub-10 nm size PtNPs among different
particles.”® The results indicate that PtNPs did not trigger
apoptotic cell death up to 100 pg mL™'. Data collected from
experiments using primary human blood cells and granulo-
cytes reported in this work confirm the biocompatibility range
of NP-size and the maximal concentration to safely apply
PtNZs for anti-inflammatory purposes.

In vivo experimental data reported in the literature regard-
ing PtNZ administration refer to diverse administration proto-
cols, doses, routes, and suspensions, which make it difficult to
draw conclusions on particle immune compatibility for trans-
lational applications. Some pro-inflammatory effects have
been documented after a single 1 mg kg™ dose by intratra-
cheal instillation in mice,”> whereas other publications show
anti-inflammatory outcomes by intranasal administration for
three days®' or intragastric gavage for 8 days.’’° Anyway, no
PtNP-induced physiological nor immunological dramatic
impairments in vivo have been documented so far in the litera-
ture after the release of well characterized particles at reason-
able final concentration. Although many viability tests have
been performed, as summarized in systematic reviews consid-
ering several types of platinum nanomaterial applications in
biomedicine,"***7° the specific investigation of PtNZ immune-
toxicology in vivo remains limited. We deem it important to

Nanoscale, 2023, 15, 14284-14300 | 14289
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stress that, when involving therapeutic nanomaterials, a case-
by-case study is often required. Although further research will
be necessary to better understand in depth the potential
noxious effects on the immune system by specific PtNZ sizes,
shapes, and surface coatings, significant PtNZ anti-inflamma-
tory effects in specific tissue diseases have been described in
the literature (see the following).

3.2. PtNP CAT- and SOD-like activity

From the literature, we could basically distinguish two main
types of the so-called NZs. In one type, the NP mainly serves as
a carrier/support for the immobilization of small molecular
catalysts, often hosted in the ligand shell. In the second type,
the NZ (and in particular its surface atoms) are intrinsically
able to perform catalytic reactions. In both cases, evaluating
potential interference (i.e., interactions with salts or bio-
molecules) from the biological environment is of utmost
importance. In particular when the performance of the NZs
totally depends on the availability of the reactive surface
(intrinsic NZ property), these aspects must be considered
when designing a therapeutic strategy.

PtNPs can present different intrinsic oxidoreductase-like
activities (type 2 NZ), including oxidase (OX), peroxidase
(POD), CAT, and SOD. While OX-like activity can be considered
a pro-oxidative function for PtNPs, CAT and SOD can remove
the ROS or reduce their reactivity. While POD enzymes are
often considered to act as ROS scavengers since removing a
non-specific strong oxidant like H,O, from the environment
forming a milder and specific oxidant (activated enzyme), con-
cerning POD-like activity of NPs presenting radical reaction
intermediate there are controversial opinions.

Nevertheless, except for cancer cells presenting a particular
metabolism, commonly, in normal healthy cells there is no
evidence of PtNPs-induced oxidative damage. In contrast, as
previously mentioned, there is now significant in vitro evidence
that PtNPs can protect from oxidative stress.

Generated under the control of growth factors and cyto-
kines (by more than 40 enzymes), hydrogen peroxide (H,O,)
and superoxide anion radicals ("O,7), are the key redox signal-
ing agents.’ In the case of abnormally high ROS levels, H,O,
and ‘O, are most likely to be involved. H,O, in particular is
considered the main signaling unit,*® interacting with protein
targets, which engage in metabolic regulation and stress
responses. CAT activity catalyzes the decomposition reaction of
hydrogen peroxide into molecular oxygen and water, while
SOD activity catalyzes the conversion of ‘O, into oxygen and
H,0,.

PtNZs were shown to mimic both these enzymes without
the need for specially prepared surface functionalization,
which means that SOD and CAT can occur as a tandem reac-
tion directly onto the NP surface (see Fig. 2). A recently pub-
lished review article delineates some interesting hypotheses
behind CAT mechanism of different nanozymes.”” However,
there is still no clear univocal understanding of the mecha-
nism behind PtNZ CAT”” and SOD activity.
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In vitro results, apart from a few exceptions, showed an
energy-dependent uptake of the PtNZs, following an endolyso-
somal internalization pathway.”® Interestingly, the intracellular
ROS scavenging activity occurs in the lysosome, where the
PtNZs accumulate, acting similarly to an intracellular micro-
reactor. Furthermore, it has been shown that 5 nm PtNZ
activity could be switched off by biomolecular corona for-
mation (protein adsorption) in complex biofluids such as
serum. However, once the PtNZs get internalized in the cell,
they will end up in lysosomes, where the proteolytic enzymes
can digest the protein corona, making the surface atoms (the
nanozyme’s active sites) available, thus reactivating the
PtNZs.”® Notably, the PtNZ activity is higher at physiological
temperature (37 °C) compared to room temperature and is
boosted at lysosomal pH (4.5-5) compared to the extracellular
pH (7.4, ie., in the bloodstream). Recent results showed that
acting from the lysosome (and protecting it), PtNZs also
protect other organelles, such as the mitochondria, which are
an essential source of ROS production, keeping the intracellu-
lar ROS level under control and maintaining a healthy/effective
mitochondria-lysosome crosstalk.”® The ability of PtNZ to
modulate ROS levels can thus translate into the regulation of
inflammatory signaling and pathway, as described in the next
section.

3.3 Potential anti-inflammatory mechanisms/actions of
PtNZs

The in vitro anti-inflammatory effects of PtNZs have been over-
looked, and details regarding their mechanism of action
during inflammation are still mostly unknown. Nevertheless, a
study on the effect of PtNZs in lipopolysaccharide (LPS)-stimu-
lated macrophages (RAW 264.7 cells) investigated some of the
mechanistic aspects showing significantly reduced LPS-
induced production of inflammatory mediators other than
reduced intracellular levels of ROS.®® Furthermore, PtNPs
inhibited the phosphorylation of ERK1/2, Akt, as well as the
phosphorylation/degradation of IkB leading to transcriptional
activity impairment of nuclear factor kappa B (NFkB). These
indications suggest that PtNZs interfere with intracellular path-
ways converging on pro-inflammatory gene transcription.

In the following we examine the processes of inflammation
and the potential key sites of actions of PtNZs. As previously
mentioned PtNZs are usually internalized by the endocytosis/
micropinocytosis uptake mechanism, moving them to the
endolysosomal compartment. Such intracellular organelles
can represent the first target (Fig. 3A) for PtNZ anti-inflamma-
tory activity. By quenching the overproduction of ROS in the
endolysosome or lipid oxidation in the peroxisomes (Fig. 2A
(1)), PtNZs could reduce the possibility to spark inflammation
raised by high ROS concentration-induced damage. Pathogen-
stimulated endocytosis is mediated by PAMP receptors, which
trigger gene transcription through specific proteins (transcrip-
tion factors) stereotyped by the NF«xB family.?* NFkB-induced
gene expression generates the production of proinflammatory
proteins, such as cytokines,®* chemokines,®® and adhesion
molecules,® as well as a plethora of diverse co-stimulatory

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Schematic showing the intracellular PtNZ CAT-like and SOD-like activity. The PtNZ localized in the lysosome can act as ROS scavengers, pre-

venting ROS from reaching abnormally high levels.
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All these intercellular messengers cooperate to
recruit and activate leukocytes at the sites of infection/damage.
Furthermore, they modulate tissue physiology to increase the
efficacy of leukocyte recruitment by facilitating the enlarge-
ment of capillaries and the accumulation of liquids. In fact,
together with pain and redness, the swelling indicates the first
sign of local inflammation in basic medicine. PtNZs could also
interfere with the extracellular compartments decreasing pha-
gocyte activation by scavenging inside or outside the ROS pro-
ducing cells. PtNZs released in the bloodstream can hardly
cross the tight junctions of the endothelium; however, they
take advantage of inflammation-induced transient vascular
permeability®® and penetrate the tissue reaching the inflam-
mation site (Fig. 3B). PtNZ location at the core of the inflam-
matory process will increase their catalytic efficacy on extra-
cellular ROS. Exposure to prolonged microbial and/or down-
stream inflammatory stimuli (i.e., cytokines) may also result in
chronic pathological modification of the surrounding tissue.
Eventually, epigenetic adaptations of innate immune cells may
establish a certain degree of memory that decreases the
stimuli-triggered threshold of activation.®® These adapted IIS
cells display a faster and stronger response, which does not
stop once the infection is erased, leading to chronic responses
and uncontrolled production of ROS. The prolonged intracellu-
lar localization of PtNZs could beneficially regulate such aber-
rant ROS synthesis and maintain their levels below a toxic
threshold for a long time. It is also worth mentioning that the
interaction between phagocytes and extracellular microbes is
almost always mediated by the complement system, an ancient
enzymatic protein cascade aimed at pathogen opsonization
and Kkilling.>*°°"®?> Other important plasma acute-phase reac-
tants able to bind the surface molecules of bacteria and fungi

This journal is © The Royal Society of Chemistry 2023

are pentraxins, a family of multimeric pattern recognition pro-
teins playing several roles in the IIS response.’®>° To the best
of our knowledge, specific studies on the interaction between
these opsonizing molecules and PtNZs are today missing,
although it would be crucial to understand possible adsorp-
tion properties for in vivo applications.

In general, most of the ROS produced by mitochondria
remain in these intracellular compartments,®® not clearly cor-
relating with the high efficiency results obtained with PtNZs
previously described. However, the described physical contact
between mitochondria and PtNZ-loaded endolysosomes,
shows that the intracellular proximity of ROS and NZs could
help to unravel the possible mechanism.”® PtNZs could also
directly act within or close to the ER (Fig. 2A (4) and 2A (5)), as
a cross-talk between PtNZ-loaded endolysosomes and ER has
been reported by the same authors. Further leaking of ROS
into the cytosol or the nucleus occurs following the required
increased physiological respiration by mitochondria,’* as pre-
viously described. In our view, this step of the inflammatory
process could be weakened upstream by PtNZs ROS scavenging
within endothelial or epithelial cells, the IIS cells preventing
their activation (Fig. 2B (1)), and in the extracellular space
(Fig. 2B (4)) by reducing the ROS-mediated membrane or
protein damage. This crucial endothelium-immune system
feed-forward inflammatory step represents the major target for
PtNZ-based therapies inhibiting the extravasation process
before it occurs. Indeed, the major anti-inflammatory contri-
bution of PtNZ-mediated ROS scavenging could derive from
the contemporaneous effect in the extracellular space, where
PtNZs are usually delivered, into the endothelium and the IIS
cells, where the particles are quickly internalized. Blocking the
local self-feeding and uncontrolled inflammation impedes
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further amplification to systemic reactions. Interpreting the
described results, we may also hypothesize that systemically
released PtNZs may quench cytokine storms in different dis-
eases contributing to therapeutic reduction of these noxious
inflammatory states.

3.4. Anti-inflammatory outcomes of PtNZs in vivo

The evaluation of the anti-inflammatory outcomes has been
performed in different tissues after in vivo administration of
PtNZs. Hints of significant ROS scavenging and reduction of
inflammation have been observed in the skin, lungs, gut and
brain following PtNZ administration through different routes,
as discussed in detail in the following paragraphs.

3.4.1. Skin. The sites of inflammation can be reached by
different administration routes. The outermost body organ
that can be inflamed is the skin. Infected or damaged kerati-
nocytes start and regulate skin inflammation by direct inter-
action with immune cells and cytokine production.’® Poly-
acrylate-PtNPs (PAA-PtNPs) dispersed in gel formulation
demonstrated significant protection against ultraviolet B
(UVB) and UVC-light exposed skin inflammation by decreas-
ing ROS production and keratinocyte apoptosis in mice.”®
Although decreased metabolism and activation of caspase 3,
7, and 9 have been documented using 6 nm but not 60 nm
PVP-PtNPs on primary keratinocytes,”” no cell death was
observed, nor cell migration performances were affected by
both particles. It is also worth mentioning the results
obtained with PAPLAL, a mixture of Pd and Pt nanoparticles
that has been used in Japan since decades to treat chronic
diseases.”® Aging-related skin-thinning associated with lipid
peroxidation was suppressed in vitro and, in particular,
in vivo by transdermal PAPLAL treatment in Sod1l knockout
(KO) mice. PtNPs exhibited marked SOD and CAT activity,
whereas the presence of PANPs in the mixture seemed impor-
tant to prevent the oxidative deterioration of PtNPs in air.
The release of pro-inflammatory cytokines was also observed
in the skin of Sodl —/— mice. Downregulation of inflam-
mation was confirmed later in human keratinocytes treated
with the same mixture to inhibit stress-induced oxidative
disease pathways by activating antioxidant machinery related
to Sod1 expression.”®

3.4.2. Lungs. Beneficial roles of ROS-decreasing PtNZs are
emerging for medical treatments in cancer therapy.'® Direct
involvement of ROS-mediated regulation of the aggressive inva-
sion by cancer cells has been demonstrated in human lung
carcinoma H460 cells.’® In particular, hydroxyl radical up-
regulated the caveolin 1 (Cav-1) expression promoting cell
migration. This is a clear example of PtNZ-mediated impair-
ment of tissue invasion and cell migration involving ROS-
mediated cell adhesion  molecules’  dysregulation.
Furthermore, PtNZs inhibit the secondary effects due to
inflammation-promoted production of ROS that leads to
chronic diseases including pulmonary fibrosis and lung
cancer.'%'% Actually, the line fluid covering the respiratory
epithelium contains several natural antioxidants to protect the
wide tissue surface area from the inhaled pathogens, smoke
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and microparticle-induced insults. Remarkably, intranasal
administration of very small (2 nm) PAA-PtNP inhibited pul-
monary inflammation in mice exposed to cigarette smoke.>!
The administration of PtNZs alone did not affect cell viability
nor elicited pulmonary inflammation. Instead, PtNZ treatment
impaired smoke-induce neutrophil activation and NFkB-
mediated transcription in primed lungs of mice, demonstrat-
ing the contemporaneous action in the IIS and the different
involved tissues.

3.4.3. Gut. Albeit platinum anti-inflammatory effects have
been described for decades in Japan, and colloidal-Pt is com-
monly used in anti-bacterial and anti-inflammatory commer-
cial drinkable suspensions, a few studies have been performed
to deeply understand the effects of suspensions of sole PtNPs
on the gut.>®”>'%* We already mentioned the pro-inflamma-
tory results obtained in vivo by intrathecal release of PtNPs.”®
In contrast, more recent experiments>® showed anti-inflamma-
tory outcomes of citrate-PtNPs in a dextran sodium sulfate
(DSS)-induced colitis model in mice. Protective mechanisms of
5, 30 and 70 nm size PtNPs against DSS-induced intestinal epi-
thelial barrier leakage were observed in a size dependent
manner. PtNPs stimulated expressions of colonic tight junc-
tion proteins and the heat-shock-protein 25 (Hsp25) enhan-
cing the gut-barrier function. The chaperone role of heat-
shock proteins is worth mentioning to maintain a suitable
conformation in ROS-mediated protein-unfolding, which we
previously described as an important event triggering inflam-
mation. Although the anti-inflammatory effect in the inflamed
gut was mainly due to the PtNZ internalization into the epi-
thelium, the contribution of the PtNZs to quench the immune
response amplification may also be important. In fact, Zhu
and colleagues proved the impairment of colitis-induced high
TNF-a and IL-6 levels in the colon as well as in serum, report-
ing the reduction of inflammation in the gut tissue and sys-
temically. Besides, the authors observed significant attenu-
ation of TLR4-mediated NFkB activation and of the following
ROS-induced pro-inflammatory cytokine release, in murine
monocyte/macrophage RAW264.7 cells stimulated with LPS.
They confirmed the impairment of inflammatory pathways by
internalized PtNPs in immune cells playing a central role in
systemic inflammation (see the following). Tuncer et al. abro-
gated H,0,-induced oxidative stress related cytotoxicity in
human Caco-2 colorectal adenocarcinoma cells using colloidal
7-8 nm PtNPs.’® The therapeutic effects of PVP-PtNPs below
5 nm size integrated within biocompatible metal-organic frame-
works (MOFs) with an Mn-porphyrin [5,10,15,20-tetrakis(4-car-
boxyphenyl)-porphyrinato]-Mn(u) chloride (TCPP-Mn, mimick-
ing the active site of Mn SOD), named Pt@PCN222-Mn'% have
been proved in two different murine models of bowel inflamma-
tory diseases in vivo. ‘O,” dismutation into H,0, by SOD and
the CAT-mediated catalysis in H,O and O, are naturally occur-
ring in different intracellular compartments, namely, dismuta-
tion in the cytosol and mitochondria and catalysis in the peroxi-
some/lysosome. The authors have designed a nano-complex
named Pt@PCN222-Mn to allow for SOD and CAT cascade reac-
tions to occur in the same compartment, so increasing "O,~
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scavenging efficiency. It is interesting to note that PtNZs alone
were more efficient in SOD and CAT activity in vitro, as reported
in the results as positive controls suggesting a beneficial CAT-
like role of PtNZs in gut cell damage and inflammation.

3.4.4. Brain. Significant improvement of the damaged
brain after ischemic stroke was firstly demonstrated by admin-
istrating 2-3 nm PtNPs in C57/Bl6 mice following transient
middle cerebral artery occlusion (tMCAQ).'® Two aspects of
this work highlight PtNZ therapeutic potential, namely their
localization into the brain by release in the bloodstream and
the inhibition of matrix metalloproteinase 9 (MMP-9). MMP-9
is regulated by ROS and considered a marker of acute inflam-
mation and a key mediator of the blood-brain barrier (BBB)
disruption.’®” 4.0 pmol kg~ PtNPs resuspended in physiologi-
cal saline solution were injected into the tail vein of mice and
reached the infarcted brain cortex facilitated by local damage
of the BBB. This in vivo route of delivery proves the remarkable
capacity of the particles to be considered for future therapies.
The authors reasonably presumed that PtNZ-mediated scaven-
ging of superoxide anions led to the reduction of MMP-9 and
collagen IV degradation in the cerebral cortex, correlating with
the significant recovery of the motor function of tMCAO-
treated mice in behavioral tests. Amelioration of the motor
cortex inflammation and function was confirmed by the same
authors in subsequent experiments using thrombolytic agent
tissue plasminogen activator (tPA) to worsen cerebral infarct-
dependent motor functions.'®® These data together with the
above-cited results of rat organotypic hippocampal cultures
under physiological or excitotoxic conditions’® indicate PtNZs
efficacy for neuro-inflammatory diseases. Indeed, anti-inflam-
matory effects on microglia have been observed using PtNZs
combined with other metals in neuroinflammatory models."*®
Although acidosis is a hallmark of inflammation and IIS pha-
gocyte activation,” prolonged and repeated exposure to some
inflammatory stimuli may restore neutral pH, as IIS cells
become tolerant to those stimuli, downregulating pro-inflam-
matory cytokine production. Clear evidence of this phenom-
enon has been described for microglia in Alzheimer’s disease’s
plaques, and LPS repeated stimulation.''®''* This condition
leading to chronic inflammation and ROS production would
require SOD and CAT activity at neutral pH. Efficient trimetal-
lic NZs (triM-NZs) composed of Pt, Pd, and molybdenum (Mo)
were synthesized to restore ROS, as well as reactive nitrogen
species (RNS) in the LPS-induced brain inflammation
model.'” Both ROS and RNS are present in inflammation-
induced brain injury. PtPdMo-NZ demonstrated high catalytic
selectivity and activity at neutral pH overcoming the enzymatic
performances of the single-noble metal NZs. Mo doping of
PtPd catalytic particles in a Pt:Pd: Mo ratio of approximately
6:9:1 induces lattice deformation and exposure of more
active sites that increase the efficiency of trim-NZs. The hollow
cubic shape of roughly 13 nm with uneven internal reactive
surfaces highly increases the number of active sites. Like other
PtNZs, PVP conjugation of the trim-NZ surfaces improves
stability in the biological environment allowing ROS scaven-
ging in the described in vitro brain inflammation model. All
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these pieces of evidence show the possible translational appli-
cations of PtNZs to different neuroinflammatory pathologies.

4. Toward PtNZ anti-inflammatory
therapeutics: hypothesis and
perspectives

Concerning the geometrical features, as per other nano-
materials that should be exploited for their enzyme-like activity
in the biological environment, PtNPs presenting small and
ultrasmall sizes (i.e., core size of about 2-10 nm) or assembly
of those opening up''? in the biological target might be a
better option since a high surface/volume ratio allows maxi-
mizing the catalytic performances per material weight concen-
tration while keeping energy-dependent cell internalization
processes (necessary for the precision medicine approach).
PtNPs with a certain shape, such as porous or spiky ones,
exhibit a higher surface/volume ratio than the corresponding
compact spherical NPs, and combined with potential shape-
dependent PtNP uptake might present unique properties that
should be explored in this field.”"**>*'* If aiming for future
clinical translation, it is essential to produce highly controlled
PtNP shapes and objectively categorize them in order to
analyze and link their geometrical features (especially for
complex shapes) with their catalytic and biological pro-
perties.'” Shape metrology methods have been recently
reported, and it has been shown that even little differences in
the nanostructure could elicit significantly different biological
identity and immune responses. Certainly, the colloidal stabi-
lity of PtNZs in the biological media of interest should be con-
sidered as a critical aspect since it affects size/shape, surface
atom availability, cellular uptake, and intracellular nanozyme
efficacy.”*

The biomolecular corona, spontaneously forms once the
nanomaterials come in contact with biological fluids, this
should be avoided or exploited depending on the target within
the inflamed tissue. An artificial protein corona (controlled
biological identity) containing targeting moieties such as
specific antibodies or other biomolecules recognizable by the
cells target involved in the inflammation process could be an
asset, providing enhanced PtNZ internalization and conse-
quent corona degradation and catalytic boost.

It must be stressed that, while in the context of this
study the concepts of nanoparticle’s biological identity and
biological recognition have been concisely discussed for
practical reasons, they involve quite sophisticated nano-bio
interplay mechanisms, with strict requirements and many
complex characterization methodologies to be properly inves-
tigated and understood, as recently summarized else-
where.''® For example, other than one protein in the bio-
molecular corona mediating the receptor-mediated uptake, it
is essential that key epitopes are exposed and available for
the interaction (recognition), which translates into the fact
that the orientation of the protein and thus a certain
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control over the biomolecular corona organization rather
than bare composition would be needed. All this is challen-
ging but would unlock the expected unique biological
control of nanomaterials.

Nevertheless, in some cases, avoiding biomolecular corona
and lysosomal accumulation might be useful to target other
organelles potentially responsible for pathological ROS con-
centration production due to genetic/metabolic disorders such
as mitochondria and ER (see Fig. 2A). Ultrasmall PtNPs might
be a better option in this case. If properly functionalized, these
NPs can nearly eliminate the formation of a long-term bio-
molecular corona and improve off-cell targeting.'®”'®
However, enzyme-like activity of ultrasmall PtNPs in complex
media, such as blood or other biomolecule-rich interstitial
fluids, still needs to be investigated. It must be considered that
covalently bound molecular targeting ligands could hamper
the PtNPs activity by surface atoms sequestration.

It is currently hard to predict whether there is a generally
preferable cell targeting strategy for PtNZ anti-inflammatory
applications; this aspect will probably depend on the biologi-
cal tissue we aim to protect or the triggering factors behind
chronic inflammation. In some cases, it might be convenient
to target epithelial cells known to be exposed to certain risk
factors (i.e., light irradiation), limiting immune cell recruit-
ment, while in others it might be more effective to target the
innate immune cells directly to keep a para-inflammation state
(low activation level).

Neurodegenerative diseases, for instance, are often charac-
terized by aberrant ROS concentration and chronic inflam-
mation. Activated microglia (innate immune cells in the brain)
are considered an important therapeutic target, since they play
a key role in maintaining homeostasis between oxidative and
antioxidant species.'’” Microglia are sensitive to variations in
ROS concentrations and activate the secretion of a large
amount of pro-inflammatory factors, which can strongly inten-
sify the inflammation state leading to neuronal death.
Targeting microglia PtNZ could be employed as an anti-inflam-
matory agent for the treatment of a broad spectrum of neuro-
degenerative diseases (Parkinson’s, Alzheimer’s, etc....). This
aspect has been recently investigated employing other metallic
NZs, and the potential of PtNZs should be definitely studied in
this context.''® For example, linking selected immune
mediators to PtNZ, such as chemokines could allow their
specific delivery and the recognition by leukocyte subsets, as
monocytes/macrophages.''*"?! Nevertheless, extra care must
be taken when targeting immune cells since stimulation and
suppression of the immune reaction are related to fine regu-
lation of the signaling units. Avoiding uncontrolled endotoxins
contaminations (lipopolysaccharide can strongly adsorb onto
the NP surface) will be of primary importance.'**'?> The
choice of the cellular target for anti-inflammatory therapy will
depend on the specific inflammatory conditions (disease,
infection, and exposure to environmental factors) and the
underlying mechanisms involved. Adaptive immune system
cells such as T cells, which are critical mediators of the
immune response, including inflammation, should also be
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considered a potential target. For example, in chronic auto-
immune inflammatory diseases, such as rheumatoid arthri-
tis,'** mutated short-lived tissue-invasive T-lymphocytes play a
key role in maintaining inflammation and their action could
be quenched by PtNZs.

Despite some differences, analogous strategies can be
adopted in the case of chronic inflammation induced by
pathogen infections. As we reported, the main defense mecha-
nism to counteract bacterial infections relies on the endocyto-
sis of opsonized microorganisms and their ROS-mediated
destruction in the lysosomes. Paradoxically, some pathogenic
bacteria lack catalase and produce high levels of ROS inhibit-
ing the host pro-inflammatory triggering process, and then
facilitating tissue colonization by bacteria.'** In particular,
strains like Streptococcus pneumoniae or Streptococcus oralis
produce hydrogen peroxide (H,O,) through pyruvate oxidase
(SpxB)-mediated oxidation of pyruvate to form acetyl phos-
phate, CO, and H,0,."*> A high concentration of H,0, within
phagocytes inhibits inflammasome assembly, an enzymatic
complex that allows the formation of IL1 cytokine family
through caspase-1 mediated proteolysis of IL1 precursors,'>®
reducing the pro-inflammatory mechanisms necessary to kill
the bacteria. From this perspective, PtNZ-mediated scavenging
could reduce the production of peroxide radicals restoring an
efficient immune response acting as an inflammatory regula-
tor. Tailored opsonization of the particle could facilitate PtNZ
lysosomal colocalization with the bacteria. For instance, PtNZs
could be previously incubated with a calibrated concentration of
the same glycoproteins exposed to the bacterial wall and
released in the infection site. PtNZ-adsorbed bacterial molecules
will enhance the recognition by TLRs expressed on the phago-
cytes and their endocytosis. As mentioned above, the formation
of a corona is a well-known event following NP dispersion in a
biological fluid."”” The adsorbed biomolecules can dictate
tissue localization and cellular uptake of the particles through
receptor-mediated internalization."*® Covering the surface with
proteins can be considered as a general method to functionalize
NPs for receptor recognition.'®® In particular, PtNZ adsorption
of selected immune mediators, such as chemokines,"*® could
allow their specific delivery and recognition by leukocyte
subsets, as monocytes/macrophages in the case of bacterial
infection.

Several strategies can be planned to implement PtNZ modu-
lation of inflammatory responses. Albeit many studies have
shown their ROS scavenging activity in diverse tissues, the
administration routes, NP dose, shape and surface functionali-
zation could improve their efficiency to act at the different
stages of local and systemic inflammation. These improve-
ments will allow the therapeutic use of PtNZs to reduce inflam-
mation in several infections and autoimmune diseases.
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