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ABSTRACT: The intranasal administration of drugs allows an effective and
noninvasive therapeutic action on the respiratory tract. In an era of rapidly
increasing antimicrobial resistance, new approaches to the treatment of
communicable diseases, especially lung infections, are urgently needed. Metal
nanoparticles are recognized as a potential last-line defense, but limited data on
the biosafety and nano/biointeractions preclude their use. Here, we quantitatively
and qualitatively assess the fate and the potential risks associated with the
exposure to a silver nanomaterial model (i.e., silver ultrasmall-in-nano
architectures, AgNAs) after a single dose instillation. Our results highlight that
the biodistribution profile and the nano/biointeractions are critically influenced by
both the design of the nanomaterial and the chemical nature of the metal. Overall,
our data suggest that the instillation of rationally engineered nanomaterials might
be exploited to develop future treatments for (non)communicable diseases of the
respiratory tract.

KEYWORDS: silver, gold, antimicrobial resistance, lung infection management, biodistribution, communicable diseases, SARS-CoV-2,
argyria

n the final advice 1618/20 of the Scientific Committee on AgNPs can bind spike proteins on viral capsids, blocking their

Consumer Safety (SCCS) of the European Union, interactions with human cell receptor.” This mechanism may
inhalation exposure to nanoparticles is considered “of the also help to eradicate SARS-CoV-2 pulmonary infection in its
highest risk [with respect to other exposure pathways] because early phase, especially if nanoparticles are administered
particulate materials ?enerally tend to induce more harm to the intranasally.”
respiratory system”." In the same advice and with a pre- The administration of pharmaceuticals via inhalation allows
emptive approach, the SCCS raises concerns over consumers for a more efficient therapeutic action in the respiratory tract
safety from the use of products containing nanomaterials.! At when compared to intravenous injection.8 Consequently, a
present, no final conclusion on the safety of nanomaterials has lower amount of the therapeutic can be employed, hence
been drawn from the SCCS nor from the Scientific Committee reducing the risk of possible toxicity.” Inhalation may improve

on Emerging and Newly Identified Health Risks (SCENIHR) the patient’s compliance since it offers a noninvasive delivery
because of the lack of adequate biodistribution and safety

data.” In this scenario, it is of critical relevance to elucidate the
fate of nano-objects once they are inhaled.

Among metal nanoparticles, silver nanoparticles (AgNPs)
are the most employed for biomedical and commercial
purposes owing to their antimicrobial properties.” In clinical
research, silver nanoparticles represent one of the most
promising materials to overcome microbial drug resistance.”
Indeed, AgNPs exhibit multiple mechanisms of action,
associated with their dissolution resulting from silver oxidation
to Ag® that affect microbial walls, organelles, and biochemical
pathways.” Silver nanoparticles have only recently been
recognized as the last-line of defense to reduce both bacterial
burden and inflammatory response, even if already employed
more than 100 years ago to treat septicaemia.” Some silver
nanoparticles effectively inhibit multidrug resistant strains with
low tendency to generate further drug resistance.” Moreover,

method that can be self-administered, resulting in a positive
impact on the treatment efficacy.”

AgNPs can be found in commercial respirators, household
water filters, catheters, cardiovascular implant, food packages,
cosmetics, and textiles.'® Inhalation is deemed the main
exposure route in workplaces where AgNPs are produced.”"’
In 2016, Weldon et al. suggested an occupational exposure
limit (OEL) to AgNPs of 0.19 ug/m® on the basis of
investigations on subchronic inhalation in rats mimicking the
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Figure 1. (a) Scheme of the synthesis of AgNAs. Silver seeds aggregate in a controlled fashion because of PSS and PL presence. The aggregates are
the template for the silica shell formation. (b) Wide-area TEM image of AgNAs. Scale bar: 0.2 ym. The inset is a zoom on a single nanoarchitecture
(Scale bar: 20 nm). (c) Size distribution of silica shell thickness (upper) and AgNAs diameter (bottom) made on at least 100 nanoparticles
visualized with TEM. Nanoparticle diameter and shell size were analyzed using Image].

occupational exposure.'” The OEL proposed by Weldon was
established on 90 days of inhalation toxicity studies of Sung et
al, and it was further confirmed by Hadrup et al. four years
later.”>™"> A “no observed adverse effect level” (NOAEL) of
100 pg/m® was previously reported, according to histopatho-
logical effects and silver redistribution to the organs.'’
However, by considering tissue dosimetry of the reviewed
studies, Weldon et al. noted that liver was more sensitive to
AgNPs than lungs, which supports the lower threshold
proposed in their work."

Nevertheless, a detailed assessment of the nano/biointer-
actions and of the metabolism of inhaled AgNPs has still, to
date, to be completed. The large adoption of AgNPs raises
concerns regarding the potential associated risks to their direct
and indirect exposure after inhalation.'”'” When AgNPs are in
contact with organic fluids, AgNPs release silver ions or bind to
biomolecules. AgNPs” ions release is called “Trojan Horse
effect”.'”'® For example, Wen et al. found the intranasal
instillation of silver ions to be more toxic than AgNPs
administration at the same silver concentration and with the
same exposure schedule.'” Nonetheless, it is still unclear
whether the main responsible of the observed toxicity is
nanoparticulate silver, released silver ions, or both.'”!! Indeed,
theoretical studies suggest that AgNPs can penetrate in the
respiratory tract and interact with lung macrophages, epithelial
cells, and pulmonary surfactants, causing inflammation and
even granulomatous lesions.”*’ Oxidative stress, DNA damage,
and inflammation can be observed in the site of primary
exposure, i.e. lungs, and in secondary organs as well."’ Effects
on both primary and secondary organs can be related to
particle size, route, and duration of exposure, dose, and end
points of the experiments. Remarkably, while silver amount in
all organs reduces over time, it shows a different trend in brain
and testes.'”'"”" This tendency was observed both after
AgNPs intranasal exposure by Wen et al, and oral
administration by van der Zande et al. and Lee et al.'”*"*

Even if based on oral administration of AgNPs, these works
provide interesting information that are complementary to
those of intranasal and inhalation exposure studies, considering
the inevitable ingestion of part of the intranasally administered
dose. Indeed, AgNPs deposited in the upper respiratory tract
are likely cleared by the mucociliary system into the
gastrointestinal tract (GIT).'” From the data reported by
SCENIHR, Weldon et al. suggested that <0.1—4% of the
inhaled dose is absorbed by GIT.">*® In this context,
biokinetic assessments allow for the evaluation of the
nanomaterial biosafety profile as well as the environmental
exposure risk, finally unlocking the potential of AgNPs in
oncology, communicable disease management, and other
nonclinical fields."***

In order to clarify the fate of nanomaterials after intranasal
instillation, we evaluate the in vivo absorption—distribution—
metabolism—elimination—toxicity (ADMET) of silver nano-
architectures (AgNAs). AgNAs are ultrasmall silver nano-
particles (<2 nm) embedded in biodegradable silica nano-
capsules.”” Because of this rational design, the silica shell
protects the inner functional core until it reaches the target,
allowing the release of the metal directly in the place of
action.”® Furthermore, thanks to their unique design and
versatility, the nanoarchitectures are a significant model to
evaluate and compare the bio/nanointeractions of noble
metals.”” For assessing the toxicity and the biokinetics of
AgNAs, we quantitatively evaluate the metal amount in the
organs of treated mice, and we analyze lung and brain tissues
by histological and electron microscopy investigations. AgNAs
display a good excretion profile and an almost negligible
accumulation in the main organs. By contextualizing our
findings in light of the existing literature on AgNPs,
intravenously injected AgNAs and intranasally instilled gold
nanoarchitectures (AuNAs),”’ "> we present here a critical
evaluation regarding the interactions of hybrid metal nano-
particles with living organisms and add relevant information
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Figure 2. (a) Overview of silver biodistribution (%ID) in the excretions and in the main organs grouped by systems . b) Silver biodistribution (%
ID) in the respiratory tract over 72 h . (c) Silver cumulative excretions (%ID) in feces and urine at different time points . (d) Silver biodistribution
(%ID) in the GIT organs and hepatobiliary system. Inset: silver biodistribution (%ID) in the urinary tract . (e) Silver biodistribution (%ID) in
blood and highly vascularized organs . Results are reported as mean + standard deviation of n = 3 biological samples for each time point.

about the fate of inhaled ultrasmall-in-nano metal nano-
particles. We ultimately observe that the nanomaterial design
and the dissolution of silver critically affect its biodistribution
and clearance profile.

B RESULTS AND DISCUSSION

Silver nanoarchitectures (AgNAs) are intrinsically sterile and
biodegradable nanoplatforms composed of 150 nm hollow
silica nanospheres embedding ultrasmall silver nanoparticles in
a functional polymeric matrix.’® The silica shell allows (i) the
protection of the inner materials, (ii) easy modification of the
surface properties, and (iii) enhancement of ultrasound
signals.”">* The inner materials can be modulated to better
fit the final application by changing the metal (gold, silver,
platinum, or copper) or including active molecules, among
which are drugs or dyes.””** AgNAs have actually demon-
strated interesting features as catalysts and antibacterial
agents.””" It is worth noting that the NAs" family has been
developed to avoid the issue of plasmon nanomaterial
persistence after the action with a special focus in
oncology.”**

AgNAs were synthesized following an optimized protocol.””
The final AgNAs size was 158.9 + 36.6 nm with a silica shell
thickness of 18 + 3 nm (Figure 1). The metal loading (3%)

was assessed by inductively coupled plasma-mass spectrometry
(ICP-MS).

The biokinetics and excretion profile of AgNAs after
intravenous (IV) tail-vein administration has been previously
reported by our group using healthy CD1-Foxnl™ mice, a
model usually employed for heterotopic or orthotopic tumor
xenograft.”” The same mouse model has consistently been
employed to investigate AgNAs biokinetics after intranasal
(IN) administration. The IN instillation is the most feasible
pulmonary administration route in rodents.”® Indeed, it is well
tolerated, may not require anesthesia, and can be easily
translated to the clinical setting.*® Each mouse (roughly 30 g)
was treated with 3 mg NAs/kg mouse, which was
approximately 3 ug of silver. Previous studies suggest that
this amount is within the acceptable dose range for particle
inhalation in rodents.”” Urine and feces were collected every
24 h and the mice were sacrificed at 24, 48, and 72 h to collect
the organs and quantify by ICP-MS the metal content (Figure
2).

The time points have been selected by considering both the
NAs biodegradation kinetics and the potential mouse distress
associated with single housing in metabolic cage.”® During the
experimental period, no behavioral nor pathological changes
on animals were observed upon daily inspection.

Twenty-four hours after the IN instillation, most of the
administered metal was recovered in feces, in the gastro-
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intestinal tract (GIT), and in the lungs (Figure 2a): 49% of
inhaled dose (%ID), 4.8%ID, and 6%ID, respectively.
Interestingly, only 0.03%ID of silver was recovered in the
trachea (Figure 2b), confirming that AgNAs were not
withheld. Mice are obliged nose breathers, and nasal
deposition can be a concern.”” Indeed, particle size can be
associated with significant nasal accumulation.”” Hence, our
results suggest that AgNAs hydrodynamic diameter is suitable
to avoid accumulation in the upper regions of the respiratory
tract, confirming the importance of the design of AgNAs. In
addition, AgNAs design avoids silver USNPs exhalation after
administration.*”

Silver content in lungs decreased by 50% and 70% over 48
and 72 h, corroborating the nonpersistence of the metal in the
respiratory system. This metal reduction was not observed
when AgNAs were administered intravenously as silver reached
the lungs in very low amount (0.06% of the injected dose).””
Even when compared to intranasal gold nanoarchitectures
(AuNAs) administration,”® inhaled silver NAs show less
persistence. The inertness of gold avoids its dissolution and
reduces the clearance efficiency in lungs. On the other hand,
AgNAs release silver ions which are instrumental in
accelerating lung clearance, thus reducing potential toxicity.
Because of the peculiar design, AgNAs can promote transitory
accumulation in the lungs while allowing for silver redis-
tribution once the shell is eroded and improving the clearance
profile of Ag USNPs (Figure S1). The reduction of silver
content observed in the pulmonary tract and the importance of
Ag dissolution agrees with several recent in vivo studies on
inhaled AgNPs.” Interestingly, Davidson et al. found a
correlation between the size of inhaled AgNPs (20 and 110
nm) and their dissolution.” In this regard, the clearance
profiles of AgNPs reported by Hadrup et al. differ from our
findings."> This confirms that the elimination of silver from
lungs is heavily affected by the design and the size of the silver
nanomaterial. Indeed, Ag USNPs, which are inside AgNAs, are
in the ultrasmall range. With a larger surface-to-volume ratio
with respect to bigger AgNPs, Ag USNPs dissolve faster, by
reducing the persistence time in the lungs. This behavior
supports silver elimination and reduces the overall potential
toxicity and the side-effects on lungs metabolic profile.*’

One day after IN administration, the amount of silver in the
urine (i.e., 0.19%ID) was much lower than in the feces (i.e.,
49%ID) (Figure 2c). The preferential elimination of silver
through feces and urines after inhalation or intratracheal
instillation is also shown by Rosario et al. and Andriamasinoro
et al.’”*! On the other hand, it is interesting to note that,
compared to IV administration of AgNAs,”” the fecal excretion
is still the main elimination pathway. Nevertheless, due to the
collateral AgNAs ingestion during IN application and to the
action of the mucociliary system* ™" the amount of metal
detected in the feces after 24 h was higher than the one found
at 24 h after IV administration. Ingestion likely leads to an
excretion burst at the first time point because a significant
amount of silver (Figure 2d) reaches the GIT (0.3, 2.6, and
1.9%ID for, respectively, stomach, gut, and rectum). The very
low amount of silver in urine and the almost undetectable
silver in the urinary tract (0.01%ID in the kidneys and 0.009%
ID in the bladder) confirm the fecal excretion route and
highlight the plausible low renal toxicity of AgNAs (Figure 2d
inset).

The %ID in the liver (2%) and in the spleen (0.1%) 24 h
after IN and the subsequent reduction trend corroborated the

main GIT involvement on fecal excretion and the secondary
role of hepatobiliary system (Figure 2d). Hepatic damage after
pulmonary exposure is influenced by the dose, the admin-
istration method, the exposure schedule, and the nanoparticle
size.'" The increase of exposure time can affect the liver as
described by Sung et al. (13 weeks of inhalation exposure to 18
nm AgNPs)."? Oxidative stress and acute toxicity can be also
observed after a single exposure to inhaled 10 nm AgNPs.’
Deterioration of the hepatic functionalities can be also
associated with prolonged oral administration of AgNPs.** In
general, previous works indicate that the smaller the nano-
particles the less liver damage.””*” Taken together, these data
support that the design of AgNAs is responsible for the
reduced risk of hepatic damages in our experiments. Indeed,
the USNP size may reduce the accumulation and the
redistribution to the liver. Silver showed a more pronounced
persistence in the lungs compared to liver."’ This behavior may
be related to the different morphology among the endothe-
lium. Lungs are characterized by a continuous endothelium,
whereas the blood vessels in the liver are rich in fenestrae
(100—200 nm size).***” Since AgNAs diameter is around 150
nm, silver may enter the blood circulation from lungs mostly
after the degradation of the silica shells (24—48 h).”” On the
contrary, the crossing process in liver can occur even if the
shell is not completely eroded due to the fenestrae. A similar
behavior was observed with IN administration of AuNAs: gold
clearance from the lung was slower compared to liver.”®
Moreover, since Au does not dissolve, the reduction in the
metal content is likely due to the direct escape of the USNPs
from the lungs.”®

The almost negligible silver amount in the blood and heart
after 24 h (0.09%ID and 0.08%ID, respectively) suggests a low
cardiotoxicity of the nanoarchitectures (Figure 2e). Moreover,
after 72 h the silver content in the blood and heart decreased
by 75% and 90%, respectively. It is worth to notice that also
the intravenous injection of AgNAs did not induce significant
silver content neither in the blood (0.13%ID at 48 h, 0.02%ID
after 21 da;rs) nor in the heart (0.02%ID at 48 h, 0.01%ID after
21 days).”” Other works in literature outline dose-dependent
cardiovascular effects and exacerbation of cardiac ischemic-
reperfusion associated with intratracheal instillation of 10—20
nm AgNPs.””*" The different size and the ultrasmall-in-nano
design of AgNAs can explain the different accumulation and
persistence in the organs, hence the different toxicity.

Unexpectedly, the brain was a site of negligible silver
accumulation after AgNAs IN administration: 0.01%ID after
24 h, and 0.004%ID after 72h (Figure 2e). Differently, the gold
content in the brain after IN exposure to AuNAs was 2.5%ID
at 24 h (despite the similarities of the external structure
between AgNAs and AuNAs).*® Thus, AgNAs are not able to
transiently accumulate in the brain through the olfactory nerve
by passing the cribriform plate after IN administration as
AuNAs.*® This finding is of particular interest as other studies
report neurotoxicity mediated by reactive oxygen species
associated with silver accumulation in the brain.”””?

Skin samples were collected at the different time points to
investigate the potential silver accumulation in such an organ
(Figure 2e). Indeed, chronic silver intake (approximately 2—4
g/day of silver) can lead to a pathological condition called
argyria, which is characterized by a skin decolouration after
metallic silver accumulation.”® This condition is associated
with the affinity between Ag* and cysteine-rich proteins, such
as keratin and the N-terminal region of type VII collagen, and
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Figure 3. (a) TEM micrographs showing the presence of AgNAs in lungs 24 h after administration. Scale bars: 2, 0.5, and 0.2 ym. The black arrow
highlights the presence of a lamellar body. (b) Histological analysis of lung tissues of control (left), and IN AgNAs (right) treated mice. Scale bar

100 pm.

by the precipitation of Ag,S after UV light exposure.”>*° In our
setup, no changes in skin color were observed and no signs of
argyria were found. The silver collected in the skin was 0.02%
ID/cm? after 24 h, and it further decreased at 48 and 72 h.
Remarkably, silver biodistribution may be gender related.”’
This is relevant when considering gender-specific toxicity,
treatment performances, and effects on the reproductive
system.”® The content of silver found in the testes 24 h from
IN administration was 0.007%ID with a decreasing trend over
time (Figure 2e). Hence, the possibility of reproductive
toxicity after AgNAs IN exposure may be negligible. Other
groups reported a significant accumulation of AgNPs in testes
after intraperitoneal administration with subsequent influence
on sperm quality.”” This highlights the importance of the
administration pathway as well as the design of the
nanomaterial on their biodistribution and potential toxicity.
The comparison between the current findings and our
previous works on AuNAs biokinetics evaluation after IN
administration allows us to understand the impact of chemical
nature on metal biodistribution after IN' exposure.”® First, the
main excretory pathway is fecal with both nanoarchitectures,
highlighting the importance of the administration route in the
elimination profile. Indeed, AuNAs are mainly excreted
through urines when injected intravenously.”” Furthermore,
the chemical nature of the NAs core influences the excretion
efficacy. Since gold oxidation does not occur, it is almost
completely excreted (80%ID after 10 days). The cumulative
silver collected in the organs and in the excretions 72 h after
IN was instead 2.7%ID and 42%ID, respectively. This is
associated with silver susceptibility to oxidation and con-
jugation to thiol-bearing proteins after NAs degradation. Silver

ions could redistribute in the body in uncollected tissues
among which are connective and adipose tissues. The
oxidation can take place in the gastric and intestinal fluids, as
well as in the mucoid secretions.”®®° The ionic species and the
formed soluble complexes can exploit Na* and Cu® trans-
porters to reach the blood. In this form, silver can bind thiol-
bearing proteins, glutathione, and albumin with high affinity,
enabling its redistribution to the body. It is worth noticing that
the complex with glutathione also allows silver transport from
hepatocytes to bile, which may also contribute to silver
excretion.**"

The presence of AgNAs in lungs was directly observed with
electron microscopy, confirming both AgNAs distribution in
this organ and their degradation to the building blocks (Figure
3a and S1). We found that AgNAs were mainly localized in
type II pneumocytes, that together with the type I are the cells
that line the alveoli and comprise most of the inner surface of
the lungs. No evident signs of damage were observed by TEM
examination, particularly in the subcellular compartments:
lamellar bodies, mitochondria and large vesicular nuclei were
regular both in dimension and distribution. From the
histological analysis of the lungs, no relevant damage was
noticed at any time-point (Figure 3b). The lack of damages in
the alveolar structure is associated with the intrinsic low
toxicity of AgNAs as well as to the clearance of the building
blocks. The lack of lung inflammation may appear in contrast
with some previous findings reported in the literature.”** For
example, Smulders et al. observed a significant uptake of 25 nm
AgNPs by alveolar macrophages, followed by silver recomplex-
ation with thiol-bearing molecules (metallothioneins).”” On
the other hand, Braakhuis et al. observed that pulmonary
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inflammation is a consequence associated with both size-
related lung deposition and dissolution rate of AgNPs (size,
15—410 nm).®> Thus, both the size and the chemical nature of
the nanoparticles affect the interactions with the macrophages,
leading to a different fate and toxicity. AgNAs are 150 nm silica
nanocapsules when administered, limiting the alveolar
deposition and the direct contact of the tissues and alveolar
macrophages with the metal. Moreover, Ag USNPs reduce the
persistence time in the lungs due to the high surface-to-volume
ratio. These behaviors support silver elimination and reduce
the overall potential toxicity. Besides histopathology of the
lungs, bronchoalveolar lavage, oxidative stress markers, and cell
proliferation should be further evaluated to better assess the
pulmonary end points together with long-term analysis.* On
the other hand, our findings are further corroborated by TEM
and histological analysis on AuNAs after IN (Figure S2) in
which no signs of inflammation were recorded. These data
further confirm that the design of nanomaterials strongly
affects the distribution of the metals to lungs as well as their
toxicity.

B CONCLUSIONS

The fate and the effects of a silver nanomaterial model, i.e.
AgNAs, after a single dose instillation have been investigated to
evaluate the potential exposure-associated risks. We observe
silver accumulation in lungs 24 h after inhalation without signs
of inflammation or tissue damages. AgNAs show a good
excretion profile, and an almost negligible accumulation in the
main organs. Interestingly, AgNAs demonstrate a lower
persistence as well as a different biodistribution with respect
to AuNAs. These differences can be ascribed to the chemical
nature of the metals. Indeed, the inertness of gold avoids its
dissolution and redistribution as ions while silver can be
dissolved by oxidation to Ag'. Nevertheless, additional
investigations on chronic exposure are needed as well as
further pulmonary end points. Our findings highlight that the
design of nanomaterials is pivotal to modulate the nano/
biointeractions. Overall, our data suggest that rationally
designed hybrid silver nanomaterials might be exploited to
develop future intranasal treatments for communicable and
noncommunicable diseases of the bottom respiratory tract,
ultimately favoring patient compliance.
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