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ABSTRACT: As one of the major pollutants in the air, ambient fine
particles are gaining considerable attention in terms of public health
concerns. Significant progress has been achieved in recent years in
understanding the biological effects and mechanisms of ambient fine
particles. The airborne particles can enter the human body through
various pathways and translocate to a range of different organs and
further stay in these organs for extended periods. Current studies are
making substantial achievements, while many challenges remain. On one
hand, the whole picture of the concurrent exposure pathways and the
translocation of particles in the human body should be explored,
requiring technological advances and systematic biobanking of human
samples for analysis. On the other hand, the correlation between the
environmental exposure concentration of ambient particles and internal fate (i.e., dose, distribution patterns, and kinetics) of
invasive particles needs to be investigated. Moreover, the biotransformation of particles in vivo should be considered, and
more information is needed to differentiate exogenous particles from biological macromolecules and biogenically formed
particles. We recapitulate the current knowledge gaps in understanding the fate of exogenous ambient fine particles in extra-
pulmonary organs of the human body and the related biological effects and also propose future research directions to support
both fundamental studies and policy making.
KEYWORDS: air pollution, particulate matter, biodistribution, health risks, retention and clearance kinetics

Air pollution has been reported to be responsible for the
greatest number of premature deaths, causing 6.7
million deaths in 2019.1 Indeed, in a landmark legal

case in the UK, air pollution was cited as having “made a
material contribution” to the death in 2013 of a nine-year-old
girl who lived near the South Circular Road in Lewisham,
southeast London, and air pollution was listed as the cause of
death on her death certificate, following an inquest ruling in
2021.2 As one major component of air pollutants, ambient fine
particles (commonly known as fine particulate matter, PM2.5),
in particular, are gaining considerable attention in various
research fields, especially in public health.3 Of note, the
significant progress in the development and application of
nanotechnology and the increasing utilization of plastics also
increase the release of fine particles into the ambient
environment.4 In recent years, the global conditions of air
pollution have improved with continued efforts to reduce
emissions from industry and transportation (Figure 1).5 In
particular, the Chinese government has greatly increased
investment in air pollution control, and as a consequence, the
annual average concentration of PM2.5 in China dropped to 33
μg/m3 in 2020 (Figure 2).6 Compared to 43 μg/m3 in 2017,

the great decrease made by China through strengthening the
regulations on air pollution control shows exciting progress.7

Correspondingly, other pollutants that are critical precursors of
PM in the atmosphere, such as O3, SO2, and NO2, have
declined (Figure 2).8 Despite these efforts, it still needs to
engage in a protracted struggle with air pollution to reach the
2005 World Health Organization (WHO) Global Air Quality
Guidelines (i.e., 10 μg/m3) and especially to reach the revised
2021 WHO standard (reflecting the growing awareness that
there are no safe exposure limits for air pollutants) of 5 μg/m3

annual mean.9 Although great reductions have been achieved,
air pollution, especially ambient particle pollution, remains one
of the most urgent issues to solve in many countries, both
global north and south.
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Ambient fine particles (particles with aerodynamic diameter
less than 2.5 μm), especially ultrafine particles (particles with
aerodynamic diameter less than 0.1 μm), are thought to
especially threaten human health as a result of their escape
from the body’s protective mechanisms in the inhalation
system (e.g., mucociliary clearance) and their ability to further
penetrate biological barriers (some of the most restrictive
protections in the human body to prevent exotic invaders from
reaching sensitive organs, such as the brain, the testes, and
developing fetuses), leading to long-term health risks.
Strikingly, mounting evidence shows a positive relationship
between exposure to ambient fine particles and various
inflammatory diseases, as well as growing evidence of the
role of ambient particles as vectors for infectious diseases.10,11

Generally, inhaled particle-induced diseases are thought to be
caused by oxidative stress, including in the major target site
(namely, the lung), and systemically via the release of
cytokines.4 The mounting findings of the physical presence
of ambient fine particles in the human body (e.g., blood-
stream,12 knee joints,13 and brain tissue14,15) provide an
intriguing possibility that direct contact of tissues with the
ambient particles and resulting physical damage could be an
alternative mechanism of toxicity and is thus far poorly
understood. For example, it has been proved both in vitro and
in vivo that the exposure of carbon-based nanoparticles would

induce synovial inflammation, articular degeneration, and
osteoblast differentiation impairment. Importantly, whether
the exogenous particles could reach the bone tissue and
interact with the cartilage was addressed recently.13 Besides,
nanoparticles in vivo could cause indirect effects, namely,
changing the systemic immune microenvironment.16 Hence,
the existence and state of nanoparticles in vivo picture a
reasonable scenario for experimental research, especially
animal and cell experiments. In addition, the relatively large
surface-to-volume ratio of ambient fine particles means that
their surface can become loaded with other pollutants (e.g.,
heavy metals and polycyclic aromatic hydrocarbons (PAHs))3

and pathogens (e.g., viruses, even SARS-CoV-2),17,18 such that
the ambient fine particles also act as a “Trojan horse” carrying
these threats into the human body (Figure 3). Notably, the
high-risk components (i.e., various pollutants) attached to
ambient particles exhibit significant temporal−spatial varia-
tion.3 Both the particle generation sources and the environ-
mental conditions, such as meteorological conditions and
anthropogenic influences, shape the composition (namely, not
only metallic, organic, and inorganic constituents but also the
attached pollutants) of inhalable particles.19,20 Due to the
complex interplay of chemicals and the largely undefined
surface properties of ambient fine particles, the bioaccessibility
of such pollutants in vivo is difficult to evaluate (Figure 3). For
instance, it has been proposed that ambient fine particles
loaded with copollutants promote cellular uptake of these
contaminant compounds. A recent study found that the
attached copollutants could transform the surface of particles
and change their intracellular bioaccessibility.21 Meanwhile, the
loading capacity of pathogens onto particles, the viability of
pathogens on particles, and the transmission and invasive
ability of pathogens through hitchhiking on ambient fine
particles have been underestimated (Figure 3). For example,
whether the interplay between particles and pathogens would
increase (or decrease) the infection and replication of
pathogens is elusive and is likely dependent on a multitude
of factors including both the particle and pathogen properties.
Moreover, methods and models are needed to differentiate the
separate and combined detrimental effects after coexposure

Figure 1. Annual mean concentration of PM2.5 in different cities from 2017 to 2020. Although a significant decline is observed year on year,
many countries still face severe PM pollution, compared with the WHO guidelines for annual exposure limits to PM. Note that the WHO
guidelines were revised in 2021, and the updated guidelines state that annual average concentrations of PM2.5 should not exceed 5 μg/m3,9

while 24 h average exposures should not exceed 15 μg/m3 for more than 3−4 days per year. Note that the year 2020 included major periods
of reduced industrial and transport activities globally due to the COVID-19 pandemic, explaining at least in part the reduced emissions in
2020.

Figure 2. Annual average concentrations of PM2.5, SO2, O2, and O3
over the last 4 years in China (2017−2020), noting of course that
the year of 2020 included major periods of reduced industrial and
transport activities due to the COVID-19 pandemic.
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(i.e., acute and long-term exposure) to pathogen-laden
particles, helping understand the mechanisms of mixture
toxicity. It should be noted that the particles and the attached
copollutants are all responsible for the toxicity but typically act
via a range of different physical and biochemical mechanisms.
Therefore, regarding the adverse health outcomes, increasing
efforts have been directed toward teasing out the atlas of
accumulation sites for exogenous ambient fine particles in the
human body through diverse exposure routes. Here we will
discuss the importance of extra-pulmonary translocation of
exogenous ambient exogenous particles in the human body
and the current knowledge gaps and challenges in the
investigation of locations and biological effects of exogenous
particles in vivo.

DISCUSSION
Ubiquitous fine particles can enter the human body through
various pathways, including but not limited to the respiratory
tract. Normally, the inhaled particles would deposit in the
respiratory tract and then be cleared by mucociliary move-
ments. However, particles with extremely small sizes (e.g.,
nanoscale particles or ultrafine particles) might escape from the
body’s protection system and reach deep into the alveolus
regions of the lung and then penetrate the air−blood barrier.
The particles that translocate to the blood circulation could
distribute to other secondary organs, such as the heart, liver,
spleen, and kidneys.22 Other possible exposure pathways, e.g.,
oral exposure by swallowing, dermal exposure through hair
follicles, and even ocular exposure, have also been
proposed.14,23,24 Some exposure pathways still need further
scientific evidence to support them. For instance, based on
recent evidence pointing to a correlation between air pollution
and neurological disorders, the existence of exogenous particles
in the central nervous system (CNS) has gained increasing
attention (Figure 4).25,26 The entrance of particles into the
brain via the olfactory bulb from inhalation represents an
important pathway into the brain.27 Most recently, it has been

proposed the particles could enter the CNS from the
gastrointestinal tract after oral exposure through the vagus
nerve.14 This intriguing pathway is deduced by recognizing and
identifying exogenous particles in the neuroenteric system.
Moreover, the inhaled particles that enter the bloodstream may
translocate from the lungs to the brain.15 These exogenous
particles from the blood circulation either can be transported
across the blood−brain barrier (BBB) via transcytosis without
damaging the BBB or may induce physical damage to the BBB
structure and then enter the brainstem.15,28 These pathways for
exogenous particles entering the brain are uncertain, as the
whole translocation process could not be visualized in vivo due
to the limitations of both sampling and detecting techniques,
and these can only be realized in animal models but not in
human bodies. Although animal studies have provided plenty
of information for the translocation of exogenous particles in
vivo, the direct evidence taken from the human body means
much more than animal studies.29−31 Recent studies have only
caught snapshots of the translocation, through the identi-
fication of the presence of exogenous particles in both the
cerebrospinal fluid (CSF) and blood, hinting at a possible
pathway of particles from the bloodstream to the brain.15

Damage to the BBB may be the mechanism of the entrance of
exogenous particles and has been supported mechanistically by
both in vitro and in vivo studies by capturing the location of
particles at the different locations along the pathway of travel,
including in the blood vessels close to the brain tissue and the
CNS in patient samples.15 However, as these samples were at
static time points, in samples collected from patients for other
purposes, mapping the exact trail of particles in the human
body in real-time to gather more direct proof is still warranted
in the future.
Ultimately, the ambient particles that have entered the body

via various exposure pathways could accumulate in different
organs and tissues. The systemic distribution of inhaled
particles was validated by both human and animal studies
(Figure 4). Of note, the presence of exogenous particles in the
human body was increasingly reported recently. The existence
of exogenous magnetic particles in the human frontal cortex
was reported in 2016.27 Since then, researchers have found
exogenous particles in different tissues of humans, including
lung, vascular tissue,32 heart,33 liver,34 spleen,34 placenta,35 in
the blood,12 in pleural effusion,12 brain stem,14 CSF,15 and
even in joint effusion.13 Surprisingly, exogenous particles have
been reported to have accumulated in tissues that are protected
by compact barriers. For example, exogenous nanoparticles
could translocate through the BBB, a protection shield of the
brain, and enter the brain in the form of both particles and
dissolved ions, causing cell membrane damage and blood
vessel deformation.15,28 Recently, exogenous fine particles (i.e.,
donpeacorite and hematite) have been observed in human
joint effusions.13 The joint cavity is protected by the synovium
structure that filters nutrients from the bloodstream. The
finding of particles in joint effusion points to the direct
intrusion of exogenous particles, that might enter the body
through inhalation exposure. In addition, the existence of
exogenous particles in other distant tissues, e.g., sweat glands,
lacrimal glands, breast milk, and hair, is completely unknown
currently and needs to be investigated to further complete the
atlas of particle accumulation. Although the presence of
particles in the different parts of the human body has been
reported, the most critical question is whether these particles
are exogenous and how they reach the specific site (i.e., the

Figure 3. Schematic diagram delineating the health risks of
ambient particles with their large and reactive surfaces as carriers
of ambient copollutants and pathogens to the respiratory system.
This vector mechanism has been termed as a “Trojan horse”
exposure route and can lead to much higher localized
concentrations of the copollutants or pathogens that would arise
without the particles acting as carriers.
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exposure pathways). Moreover, the retention times (e.g., the
clearance half-life of time taken to clear 50% of the particles) of
exogenous particles in various organs in the human body is
largely unknown, although recent findings with radioactive
isotope labeled particles showed the overall retention time in
animals.13,15 Nonetheless, since most samples of exogenous
particles in human tissues used tissue samples collected from
patients with specific diseases, it is hard to understand the
particle retention in the general population or specific disease
populations, and systematic epidemiological studies based on
large populations are warranted in the future.
The recent progress in this field largely relies on advances in

analytic technology. Unlike mounting techniques for detecting
the particles in the atmosphere environment, limited methods
have been applied to observe the particles in vivo. High-
resolution electron microscopy (HR-EM) coupled with
energy-dispersive X-ray spectroscopy (EDXS) can be applied
for particle characterization (i.e., identification techniques),
while inductively coupled plasma-mass spectrometry (ICP-
MS) and single particle inductively coupled plasma high-
resolution mass spectrometry (spICP-HRMS) are often used

for (destructive) high-throughput detection (i.e., quantification
techniques). For instance, through the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM), exogenous fine particles with different structural and
chemical fingerprints could be identified from complex human
body fluids.13,15 However, the major limitation is that the
images only offer a very limited view provided by the “zoom-
in” from electron microscopy, rather than showing the whole
picture. Thus, it is difficult to tell the amount or distribution of
the particles in the organs or tissues from representative EM
images. By contrast, the quantification techniques can provide
the concentration of particles in the whole or part of the
biological system, especially using stable isotopic fingerprints.12

But some information on the physicochemical properties of the
particles, such as the sizes, shapes, and compositions, is still
missing. In addition, it should be noted that these analytic
technologies are based on the samples extracted from the
human body, involving invasive techniques that are usually not
applied to healthy people. The analytical techniques are limited
insofar as well-defined exogenous particles, which would not
reflect what happens to all particles and would be of limited

Figure 4. Schematic diagram illustrating the current understanding and knowledge gaps on exogenous particle exposure, accumulation, and
retention in the human body. Left panel: Atlas of possible exposure routes of ambient exogenous particles into the human body and sites of
particle accumulation based on current available studies. Right panel: Distribution and redistribution of particles among different organs and
the transport forms (e.g., through blood circulation or via cells such as macrophages) should be explored. Meanwhile, the biotransformation
(e.g., formation of a biological corona, agglomeration, dissolution, and recrystallization) of particles in the human body may give rise to
complex coexisting states (forms of the particles) and distinct biological effects. Moreover, the qualitative and quantitative measurement
technologies for detection, quantification, and compositional analysis of particles in situ in the body should be further developed to
characterize the identity, internal dose, and clearance kinetics of exogenous particles in the human body.

ACS Nano www.acsnano.org Perspective

https://doi.org/10.1021/acsnano.2c09299
ACS Nano 2023, 17, 12−19

15

https://pubs.acs.org/doi/10.1021/acsnano.2c09299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09299?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09299?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


use. Therefore, the sampling methods and analytic technolo-
gies for combined information on various methodological
fingerprints of particles, including structural, chemical, and
even stable isotopic, will enable separations of exogenous
particles from the complicated biological environment and
retrieve the exposure sources.
The quantitative measurement of internal exposure (dose) is

still one of the biggest bottlenecks, due to the trace number of
particles in real exposure scenarios. The particles in human
samples are often present at extremely low concentrations,
even for occupational exposure (relatively high exposure dose
and long-term exposure) (Figure 3). This could be deduced via
animal studies that only a small portion of inhaled particles
could translocate into the bloodstream and other organs.29

This makes finding these small particles like finding a “needle
in the haystack”. Despite this, efforts have been made to
calculate the concentrations of exogenous particles in different
organs. For example, the concentration of magnetite-like
particles was estimated at 0.34 (median) μg/g tissue (about
4.26 × 109 particles/g tissue) in cerebellum samples from
young urbanites in Mexico City,14 while 36 (median) ng of
magnetite/g tissue (about 0.44 × 109 particles/g tissue) was
estimated in brain samples in elderly people from Manchester
(with and without Alzheimer’s disease).36 The content of
magnetite particles was examined by saturation remanent
magnetization, and the number concentration was also
estimated according to the standard particles with a diameter
of ∼31 nm. This method could only be applied to the
magnetite particles due to their ferromagnetic properties.
Likewise, the total number of various exogenous particles in
human CSF was estimated as more than ten thousand particles
through HR-TEM observation.15 For other metal-based
particles, ICP-MS-related technologies could be applied to
determine particle concentrations in tissue. For instance, the Ti
content in the human liver and spleen was determined as an
average of 0.04 (about 2 to 8 × 106 particles/g tissue) and 0.08
(about 4 to 13 × 106 particles/g tissue) mg/kg tissue in elderly
people from The Netherlands, respectively.34 These ap-
proaches only provide estimations of number concentration,
since some exogenous particles may exhibit a much larger size
than the standards used in the calculations. For comparison,
NTA was used to detect the exogenous particle concentrations
in human serum and pleural effusion, determined as 1.4 × 108
to 1.0 × 1010 per mL of serum and 4.2 × 108 to 4.0 × 1010
particles per mL of pleural effusion.12 The limitation of this
method is that the compositions and structures of particles
could not be characterized. It should be noted that, due to the
sampling and detection limits, the exact number of exogenous
particles in the human body is unavailable as yet. The number
concentration is obtained from small pieces of samples
collected from different organs and then the total concen-
tration in whole tissues is deduced or extrapolated. This
estimation cannot reflect the real exposure dose since the
particles may not distribute homogeneously, as massive
particles may be taken up (endocytosed and phagocytosed)
by the reticuloendothelial cells. Hence, there is a lack of
universality in understanding the content of exogenous
particles in a specific part of the body, warranting further
advances in technology and more systematic sampling through
for example epidemiological studies. Nevertheless, the
presence of exogenous particles in the human body uncovered
thus far suggests that exposure to exogenous particles is leading
to bioaccumulation and that particle numbers might be much

more than currently estimated. In a rough estimation, a healthy
man with 70 kg body weight will breathe about 20 m3 of air per
day, equaling to exposure of 100 μg of fine particles in total
(assuming air quality per 2021 WHO recommended limit of 5
μg/m3). The much lower average dose in the whole body
(0.0015 μg/g body weight) than the estimated concentration
in some specific organs (i.e., brain and liver) thus indicates the
accumulation of fine particles in these organs, but the
distribution patterns and biodistribution and potential
clearance kinetics are unknown. As discussed above, the
existence of exogenous particles in the human body could be
one of the direct toxicity mechanisms; however, it should be
noted that “the dose makes the poison”. The exposure dose is
often unclear and difficult to quantify with confidence. The
piece of the puzzle needs to be investigated to evaluate the
concrete (cyto)toxicity mechanisms of exogenous particles and
to understand their role in common adverse or disease
outcomes.
Another challenge in the identification of exogenous

particles in biological samples is the limited understanding of
the biotransformation of particles, including endogenic
bioparticles that might appear similar to exogenous fine
particles (Figure 4). The exogenous particles may have already
undergone biotransformation in vivo (such as dissolution,
redox reactions, and even recrystallization), deciding the
identities and sources of exogenous particles in the biological
medium extremely difficult.10,28,37 Additionally, particles enter-
ing the body would quickly interact with biological molecules
(e.g., proteins, lipids, and surfactants) forming the “biological
corona”, which determines the fate and transport of particles in
vivo.38 It is unclear as yet how such transformation processes
proceed in the body. For example, some metal oxides would
undergo dissolution in vivo, and the signals of metal detected
by ICP-MS need to be further confirmed by other methods to
determine whether they appear in ionic or particle states, and
the surface speciation. In addition, although imaging
techniques could provide pictures with high resolution that
can depict the appearances of particles (such as the precise
size, morphology, exposed facet, and crystalline structure),
more information is needed to differentiate the exogenous
particles from the biological macromolecules and even from
biogenic nanoparticles.37,39 For example, the size of magnetic
particles found in the human brain is much larger than
biogenic Fe nanoparticles in ferritin, indicating the exotic
identity of the particles. Some characteristics, such as more
complex compositions (from natural minerals), special
crystalline structures (from calcinated temperature), and stable
isotopic fingerprints, may help us know whether the identified
particles are exotic invaders. Additionally, since it is rare to
have details on the environmental particles to which individual
patients were exposed, it is difficult to understand if changes in
the speciation have occurred, as the initial particle
compositions were not known.

CONCLUSIONS
Despite the considerable progress, the knowledge gaps
highlighted here should be filled in via future studies (Figure
4). Our recommendations thus include the following.
(i) Since the compositions of exogenous particles in the real

environment are complicated and varied according to
generations, environmental factors (e.g., weather and temper-
ature) and even human activities, when tracking the existence
of exogenous particles in vivo, epidemiological studies based
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on large populations should be combined with environmental
sampling. This combination strategy could provide information
and reference for further risk evaluation and prediction. In
addition, based on synthesized particles with controlled
physicochemical properties, basic research could provide a
large amount of data, and then deduce the correlations
between different physicochemical properties and biological
effects. The database would help anticipate the effects of
different types and proportions of particles, that is, what we call
for more studies and attention. Therefore, the snapshots
caught in the human body could be correlated with the real
exposure environment, especially concerning the scale in space
and time (namely, the time points and locations when exposed
and sampled). The recent studies lack correlations and are
limited by the sampling methods and detection techniques.
Safer and less invasive sampling methods are needed, especially
in healthy people. In addition, advanced analytical method-
ologies should be developed and used in combination, as
proposed above, to characterize and confirm the identities of
the exogenous particles, as well as the characterization of the
ambient particles in situ.
(ii) The full set of exposure scenarios and the distribution

atlas of sites of particle accumulation in the human body need
to be mapped out, providing evidence for studying both direct
and indirect toxicity to secondary organs. In addition,
considering the clearance of particles in different organs, the
retention times (e.g., particokinetics), and redistribution of
particles, especially within organs protected by biological
barriers, e.g., brain, eye, and testis, should be explored to
evaluate the long-term effects and pollutant accessibility. The
transport forms and routes also need to be investigated, for
example, via blood circulation and coating with the protein
corona, or endocytosis by reticuloendothelial cells and
translocation by hitchhiking with macrophage cells.
(iii) The precise concentrations of exogenous particles,

including elemental compositions and numbers, in various
organs and tissues, should be determined. It should be noted
that this is not a simple argument on the presence or absence
of fine particles in the human body, as “dose matters”.
Quantitative concentration information is needed to determine
the dose-dependent (cyto)toxicity of particles and the related
toxicity mechanisms. In addition, the internal exposure dose in
the human body has significant importance for the design of
animal experiments and in vitro studies (namely, the applied
experimental conditions for exposure) to assess the impacts of
other materials in the future and to feed into the design of safer
materials.
(iv) The identities of exogenous particles exhibit large

variations due to different regions/cities (especially in terms of
the attached copollutants) and emission sources that correlate
to the subsequent harm or adverse effects. Thus, the
mechanisms of particle-containing mixtures toxicity based on
both in vitro and in vivo models and the detrimental effects of
particle mixture on human health should be explored and
included in the future framework for health protection.
Notably, the interactions between particles and biomolecules
(e.g., surfactants, enzymes, and lipids) via the formation of the
biological corona would consequently alter the fate, trans-
location, and retention profiles of particles in the human body,
as well as potentially displacing copollutants from the particle
surfaces, leading to complex coexisting states and (cyto)-
toxicity effects. There have been numerous studies on the
corona formation of diverse particles in vitro, ex vivo, and in

vivo. However, recent progresses have been made on the
biological corona of well-designed particles, while the complex
compositions of real ambient particles bring more challenges.
Thus, studies on the health risks of air pollution should involve
diverse disciplines, such as molecular biology, toxicology,
environmental chemistry and epidemiology. Additionally,
versatile in vivo, ex vivo, and animal models should be
established to evaluate the exact exposure threshold and health
risk of ambient particles, in combination with big-data analysis
through epidemiological studies and high-throughput detec-
tion to correlate internal and tissue-level dose and effects.
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J.; Rockström, J.; Salinas, C.; Samson, L. D.; Sandilya, K.; Sly, P. D.;
Smith, K. R.; Steiner, A.; Stewart, R. B.; Suk, W. A.; van Schayck, O.
C. P.; Yadama, G. N.; Yumkella, K.; Zhong, M. The Lancet
Commission on pollution and health. Lancet 2018, 391, 462−512.
(12) Lu, D.; Luo, Q.; Chen, R.; Zhuansun, Y.; Jiang, J.; Wang, W.;
Yang, X.; Zhang, L.; Liu, X.; Li, F.; Liu, Q.; Jiang, G. Chemical multi-
fingerprinting of exogenous ultrafine particles in human serum and
pleural effusion. Nat. Commun. 2020, 11, 2567.
(13) Qi, Y.; Wei, S.; Chen, Y.; Pu, Y.; Liu, S.; Liu, Y. Intrusion of
inhaled exotic ultrafine particles into the knee joint in humans and
animals: a risk to the joint and surrounding tissues. Nano Today 2022,
43, 101426.
(14) Calderon-Garciduenas, L.; Gonzalez-Maciel, A.; Reynoso-
Robles, R.; Hammond, J.; Kulesza, R.; Lachmann, I.; Torres-Jardon,
R.; Mukherjee, P. S.; Maher, B. A. Quadruple abnormal protein
aggregates in brainstem pathology and exogenous, metal-rich and
magnetic nanoparticles (and engineered Ti-rich nanorods). The
substantia nigrae is a very early target in young urbanites and the
gastrointestinal tract likely a key brainstem portal. Environ. Res. 2020,
191, 110139.
(15) Qi, Y.; Wei, S.; Xin, T.; Huang, C.; Pu, Y.; Ma, J.; Zhang, C.;
Liu, Y.; Lynch, I.; Liu, S. Passage of exogeneous fine particles from the
lung into the brain in humans and animals. Proc. Natl. Acad. Sci. U. S.
A. 2022, 119, No. e2117083119.
(16) Yan, X.; Chen, Y.; Ma, L.; Liu, Y.; Qi, Y.; Liu, S. Ageing
significantly alters the physicochemical properties and associated

cytotoxicity profiles of ultrafine particulate matters towards macro-
phages. Antioxidants (Basel) 2022, 11, 754.
(17) World Health Organization. https://www.who.int/ (accessed
June 26, 2022).
(18) Setti, L.; Passarini, F.; De Gennaro, G.; Barbieri, P.; Perrone, M.
G.; Borelli, M.; Palmisani, J.; Di Gilio, A.; Torboli, V.; Fontana, F.;
Clemente, L.; Pallavicini, A.; Ruscio, M.; Piscitelli, P.; Miani, A.
SARS-Cov-2RNA found on particulate matter of Bergamo in
Northern Italy: first evidence. Environ. Res. 2020, 188, 109754.
(19) Park, E. H.; Heo, J.; Kim, H.; Yi, S. M. The major chemical
constituents of PM2.5 and airborne bacterial community phyla in
Beijing, Seoul, and Nagasaki. Chemosphere 2020, 254, 126870.
(20) Lin, Y. C.; Li, Y. C.; Amesho, K. T. T.; Shangdiar, S.; Chou, F.
C.; Cheng, P. C. Chemical characterization of PM2.5 emissions and
atmospheric metallic element concentrations in PM2.5 emitted from
mobile source gasoline-fueled vehicles. Sci. Total Environ. 2020, 739,
139942.
(21) Ma, J.; Liu, X.; Yang, Y.; Qiu, J.; Dong, Z.; Ren, Q.; Zuo, Y. Y.;
Xia, T.; Chen, W.; Liu, S. Binding of benzo[a]pyrene alters the
bioreactivity of fine biochar particles toward macrophages leading to
deregulated macrophagic defense and autophagy. ACS Nano 2021, 15,
9717−9731.
(22) Nemmar, A.; Hoet, P. H. M.; Vanquickenborne, B.; Dinsdale,
D.; Thomeer, M.; Hoylaerts, M. F.; Vanbilloen, H.; Mortelmans, L.;
Nemery, B. Passage of inhaled particles into the blood circulation.
Circulation 2002, 105, 411−414.
(23) Wang, W.; Lin, Y.; Yang, H.; Ling, W.; Liu, L.; Zhang, W.; Lu,
D.; Liu, Q.; Jiang, G. Internal exposure and distribution of airborne
fine particles in the human body: methodology, current under-
standings, and research needs. Environ. Sci. Technol. 2022, 56, 6857−
6869.
(24) Lademann, J.; Weigmann, H. J.; Rickmeyer, C.; Barthelmes, H.;
Schaefer, H.; Mueller, G.; Sterry, W. P. Penetration of titanium
dioxide microparticles in a sunscreen formulation into the horny layer
and the follicular orifice. Appl. Skin Physiol. 1999, 12, 247−256.
(25) Underwood, E. The polluted brain. Science 2017, 355, 342−
345.
(26) Peeples, L. News Feature: How air pollution threatens brain
health. Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 13856−13860.
(27) Maher, B. A.; Ahmed, I. A.; Karloukovski, V.; MacLaren, D. A.;
Foulds, P. G.; Allsop, D.; Mann, D. M.; Torres-Jardon, R.; Calderon-
Garciduenas, L. Magnetite pollution nanoparticles in the human
brain. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 10797−10801.
(28) Guo, Z.; Zhang, P.; Chakraborty, S.; Chetwynd, A. J.;
Abdolahpur Monikh, F.; Stark, C.; Ali-Boucetta, H.; Wilson, S.;
Lynch, I.; Valsami-Jones, E. Biotransformation modulates the
penetration of metallic nanomaterials across an artificial blood-brain
barrier model. Proc. Natl. Acad. Sci. U. S. A. 2021, 118, e2105245118.
(29) Kreyling, W. G.; Semmler-Behnke, M.; Seitz, J.; Scymczak, W.;
Wenk, A.; Mayer, P.; Takenaka, S.; Oberdorster, G. Size dependence
of the translocation of inhaled iridium and carbon nanoparticle
aggregates from the lung of rats to the blood and secondary target
organs. Inhal. Toxicol. 2009, 21, 55−60.
(30) Guttenberg, M.; Bezerra, L.; Neu-Baker, N. M.; Del Pilar Sosa
Idelchik, M.; Elder, A.; Oberdorster, G.; Brenner, S. A. Biodistribution
of inhaled metal oxide nanoparticles mimicking occupational
exposure: a preliminary investigation using enhanced darkfield
microscopy. J. Biophotonics. 2016, 9, 987−993.
(31) Li, D.; Li, Y.; Li, G.; Zhang, Y.; Li, J.; Chen, H. Fluorescent
reconstitution on deposition of PM2.5 in lung and extrapulmonary
organs. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 2488−2493.
(32) Miller, M. R.; Raftis, J. B.; Langrish, J. P.; McLean, S. G.;
Samutrtai, P.; Connell, S. P.; Wilson, S.; Vesey, A. T.; Fokkens, P. H.
B.; Boere, A. J. F.; Krystek, P.; Campbell, C. J.; Hadoke, P. W. F.;
Donaldson, K.; Cassee, F. R.; Newby, D. E.; Duffin, R.; Mills, N. L.
Inhaled nanoparticles accumulate at sites of vascular disease. ACS
Nano 2017, 11, 4542−4552.
(33) Calderon-Garciduenas, L.; Gonzalez-Maciel, A.; Mukherjee, P.
S.; Reynoso-Robles, R.; Perez-Guille, B.; Gayosso-Chavez, C.; Torres-

ACS Nano www.acsnano.org Perspective

https://doi.org/10.1021/acsnano.2c09299
ACS Nano 2023, 17, 12−19

18

https://doi.org/10.1016/S2542-5196(22)00090-0
https://www.bbc.co.uk/news/uk-england-london-56801794
https://www.bbc.co.uk/news/uk-england-london-56801794
https://doi.org/10.1038/d41586-017-05906-9
https://doi.org/10.1038/d41586-017-05906-9
https://doi.org/10.1093/nsr/nww064
https://doi.org/10.1093/nsr/nww064
https://doi.org/10.1093/nsr/nww064
https://doi.org/10.1016/j.taap.2016.02.004
https://doi.org/10.1016/j.taap.2016.02.004
https://doi.org/10.1016/j.taap.2016.02.004
https://doi.org/10.1016/j.taap.2016.02.004
https://doi.org/10.1038/s41893-020-0581-y
https://doi.org/10.1038/s41893-020-0581-y
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1038/srep04172
https://doi.org/10.1038/srep04172
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://doi.org/10.1016/j.envres.2020.109949
https://doi.org/10.1016/j.envres.2020.109949
https://doi.org/10.1016/j.envres.2020.109949
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1038/s41467-020-16427-x
https://doi.org/10.1038/s41467-020-16427-x
https://doi.org/10.1038/s41467-020-16427-x
https://doi.org/10.1016/j.nantod.2022.101426
https://doi.org/10.1016/j.nantod.2022.101426
https://doi.org/10.1016/j.nantod.2022.101426
https://doi.org/10.1016/j.envres.2020.110139
https://doi.org/10.1016/j.envres.2020.110139
https://doi.org/10.1016/j.envres.2020.110139
https://doi.org/10.1016/j.envres.2020.110139
https://doi.org/10.1016/j.envres.2020.110139
https://doi.org/10.1073/pnas.2117083119
https://doi.org/10.1073/pnas.2117083119
https://doi.org/10.3390/antiox11040754
https://doi.org/10.3390/antiox11040754
https://doi.org/10.3390/antiox11040754
https://doi.org/10.3390/antiox11040754
https://www.who.int/
https://doi.org/10.1016/j.envres.2020.109754
https://doi.org/10.1016/j.envres.2020.109754
https://doi.org/10.1016/j.chemosphere.2020.126870
https://doi.org/10.1016/j.chemosphere.2020.126870
https://doi.org/10.1016/j.chemosphere.2020.126870
https://doi.org/10.1016/j.scitotenv.2020.139942
https://doi.org/10.1016/j.scitotenv.2020.139942
https://doi.org/10.1016/j.scitotenv.2020.139942
https://doi.org/10.1021/acsnano.1c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1161/hc0402.104118
https://doi.org/10.1021/acs.est.1c07051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c07051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c07051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1159/000066249
https://doi.org/10.1159/000066249
https://doi.org/10.1159/000066249
https://doi.org/10.1126/science.355.6323.342
https://doi.org/10.1073/pnas.2008940117
https://doi.org/10.1073/pnas.2008940117
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1073/pnas.2105245118
https://doi.org/10.1073/pnas.2105245118
https://doi.org/10.1073/pnas.2105245118
https://doi.org/10.1080/08958370902942517
https://doi.org/10.1080/08958370902942517
https://doi.org/10.1080/08958370902942517
https://doi.org/10.1080/08958370902942517
https://doi.org/10.1002/jbio.201600125
https://doi.org/10.1002/jbio.201600125
https://doi.org/10.1002/jbio.201600125
https://doi.org/10.1002/jbio.201600125
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1021/acsnano.6b08551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Jardon, R.; Cross, J. V.; Ahmed, I. A. M.; Karloukovski, V. V.; Maher,
B. A. Combustion- and friction-derived magnetic air pollution
nanoparticles in human hearts. Environ. Res. 2019, 176, 108567.
(34) Heringa, M. B.; Peters, R. J. B.; Bleys, R.; van der Lee, M. K.;
Tromp, P. C.; van Kesteren, P. C. E.; van Eijkeren, J. C. H.; Undas, A.
K.; Oomen, A. G.; Bouwmeester, H. Detection of titanium particles in
human liver and spleen and possible health implications. Part. Fibre.
Toxicol. 2018, 15, 15.
(35) Bove, H.; Bongaerts, E.; Slenders, E.; Bijnens, E. M.; Saenen, N.
D.; Gyselaers, W.; Van Eyken, P.; Plusquin, M.; Roeffaers, M. B. J.;
Ameloot, M.; Nawrot, T. S. Ambient black carbon particles reach the
fetal side of human placenta. Nat. Commun. 2019, 10, 3866.
(36) Hammond, J.; Maher, B. A.; Ahmed, I. A. M.; Allsop, D.
Variation in the concentration and regional distribution of magnetic
nanoparticles in human brains, with and without Alzheimer’s disease,
from the UK. Sci. Rep 2021, 11, 9363.
(37) Avrahami, E. M.; Houben, L.; Aram, L.; Gal, A. Complex
morphologies of biogenic crystals emerge from anisotropic growth of
symmetry-related facets. Science 2022, 376, 312−316.
(38) Lynch, I.; Ahluwalia, A.; Boraschi, D.; Byrne, H. J.; Fadeel, B.;
Gehr, P.; Gutleb, A. C.; Kendall, M.; Papadopoulos, M. G. The bio-
nano-interface in predicting nanoparticle fate and behaviour in living
organisms: towards grouping and categorising nanomaterials and
ensuring nanosafety by design. BioNanoMaterials 2013, 14, 195−216.
(39) Prywer, J. The fascinating world of biogenic crystals. Science
2022, 376, 240−241.

ACS Nano www.acsnano.org Perspective

https://doi.org/10.1021/acsnano.2c09299
ACS Nano 2023, 17, 12−19

19

 Recommended by ACS

Prospective Life Cycle Assessment for the Electrochemical
Oxidation Wastewater Treatment Process: From Laboratory
to Industrial Scale
Ye Sun, Shijie You, et al.
JANUARY 06, 2023
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Microplastic Fiber Release by Laundry: A Comparative
Study of Hand-Washing and Machine-Washing
Chunhui Wang, Baoshan Xing, et al.
JANUARY 04, 2023
ACS ES&T WATER READ 

Investigating the Effects of Temperature, Relative Humidity,
Leaf Collection Date, and Foliar Penetration on Leaf–Air
Partitioning of Chlorpyrifos
Ashlie D. Kinross, Calvin Luu, et al.
SEPTEMBER 06, 2022
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Machine Learning-Assisted Identification and Quantification
of Hydroxylated Metabolites of Polychlorinated Biphenyls in
Animal Samples
Chun-Yun Zhang, Hans-Joachim Lehmler, et al.
SEPTEMBER 01, 2022
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Get More Suggestions >

https://doi.org/10.1016/j.envres.2019.108567
https://doi.org/10.1016/j.envres.2019.108567
https://doi.org/10.1186/s12989-018-0251-7
https://doi.org/10.1186/s12989-018-0251-7
https://doi.org/10.1038/s41467-019-11654-3
https://doi.org/10.1038/s41467-019-11654-3
https://doi.org/10.1038/s41598-021-88725-3
https://doi.org/10.1038/s41598-021-88725-3
https://doi.org/10.1038/s41598-021-88725-3
https://doi.org/10.1126/science.abm1748
https://doi.org/10.1126/science.abm1748
https://doi.org/10.1126/science.abm1748
https://doi.org/10.1515/bnm-2013-0011
https://doi.org/10.1515/bnm-2013-0011
https://doi.org/10.1515/bnm-2013-0011
https://doi.org/10.1515/bnm-2013-0011
https://doi.org/10.1126/science.abo2781
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c04185?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acsestwater.2c00462?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02892?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
http://pubs.acs.org/doi/10.1021/acs.est.2c02027?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1673453105&referrer_DOI=10.1021%2Facsnano.2c09299
https://preferences.acs.org/ai_alert?follow=1

