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ABSTRACT: The wide application of nanotechnology has led to
the inevitable release and transport of metal-based nanoparticles
(MNPs) into the environment. However, very few studies have
examined the occurrence of MNPs in indoor dust. Here, we report
the occurrence of 10 distinct types of MNPs in indoor dust,
confirming its carrier role for MNPs. In particular, up to ∼4000 μg
of MNPs/g of dust, including Fe-based MNPs (∼200 nm,
equivalent spherical diameter), were found in indoor dust samples
collected from both residential and public areas. Though the
collected indoor dust exhibited a magnetic response, negligible
differences were observed in the composition of MNPs, particle
concentrations, and size distributions before and after magnetic
separation, which suggested that MNPs in indoor dust were
clusters containing multiple elements. Furthermore, indoor dust-associated MNPs easily aggregated when being exposed to lung
fluid (e.g., the size of Fe-based MNPs increased ∼2.8-fold). Indoor dust with multielement MNPs can induce oxidative stress by
generating more reactive oxygen species, and the estimated •OH concentration was increased by 1.5 times compared with the
control. Long-term exposure to MNPs in indoor habitats may induce health risks, highlighting the need to better characterize these
indoor contaminants.

KEYWORDS: metal-based nanoparticles, indoor environment, dust, exposure, stability and bioavailability, oxidative potential

■ INTRODUCTION

Growing public health concern has developed with respect to
the indoor environment, as people spend more than three-
quarters of their time indoors and are more likely to be
exposed to indoor contaminants in the long term.1 Ambient
indoor contaminants, for example, particulate matter (e.g.,
PM2.5), volatile organic compounds (VOCs), bioaerosols, and
metals,2−5 may pose considerable risks to humans.6 In
addition, indoor dust can serve as the carrier for hazardous
substances (endotoxins, pathogens, metals, etc.),7−9 leading to
increased daily exposure to sorbed contaminants, which are
detrimental to human health.10

Recent studies have addressed the potential risks of metal
ions (e.g., Cu2+, Pb2+, and Zn2+) in indoor dust.8,11,12 In
addition, metal-based nanoparticles (MNPs) have been widely
embedded in consumer products with extensive applications,13

which could be unintentionally released into different environ-
mental compartments14 (e.g., soil,15 air via vehicle exhaust,16

water via wastewater treatment plants,17 etc.). However, very
few studies have examined the occurrence of MNPs in indoor
dust. The indoor dust-associated MNPs could enter and
bioaccumulate in the human respiratory system (i.e., lung)18,19

via inhalation. Because of their unique physicochemical

properties (e.g., high reactivity20 and oxidative potential21),
MNPs can trigger extracellular and/or intracellular reactive
oxygen species (ROS) formation,14,22 which may damage the
cell membrane and induce oxidation of cellular components
(e.g., lipid peroxidation).23,24 Long-term exposure to MNPs
may cause cytotoxicity and even chronic alveolar inflammation
of lung cells.25,26 In addition, MNPs could be translocated to
other organs (e.g., lymphatic system and liver)27 in the human
body. For example, magnetic MNPs, rather than their
dissolved metal compounds, can bypass the blood−brain
barrier, which poses a significant threat to human health (e.g.,
causing neurodegenerative diseases).28 Thus, indoor dust can
play a critical role in the indoor fate of MNPs. However, their
occurrence, exposure, and risks have not been systematically
investigated.
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A major challenge for assessing their risk is the quantitative
analysis of low-abundance MNPs in indoor dust.29 Recently,
single-particle inductively coupled plasma mass spectrometry
(spICP-MS) emerged as a powerful technique for nanoparticle
quantification30 (e.g., MNPs in various environmental samples,
including wastewater and plant tissues),31−34 with a low
detection limit of particle mass concentration (down to 50 ng/
L).35 Furthermore, spICP-MS can provide fast identification
and quantification of multielement MNPs in environmental
samples,31 which is essential for the thorough evaluation of the
risks induced by MNPs. Thus, spICP-MS exhibits the
capability to quantitatively study the environmental occurrence
of MNPs in indoor dust.
In this study, the presence of MNPs in indoor dust was

determined with spICP-MS. In addition, the exposure and
bioavailability of MNPs in lung fluid as well as the oxidative
potential of indoor dust-associated MNPs were evaluated. As
emerging indoor contaminants require urgent and timely

investigation, our findings serve to assess the occurrence and
risks of MNPs in indoor dust.

■ MATERIALS AND METHODS

Indoor dust samples were collected from five representative
sites (Table S1) with physicochemical characteristics listed in
Table S2. MNPs in indoor dust were analyzed with spICP-MS
(8900 ICP-MS, Agilent Technologies), and the experimental
details are presented in Tables S3−S5 and eq S1. The stability
of MNPs exposed in lung interstitial fluids (Table S6) was
investigated,36 and the oxidative potential of MNPs was
evaluated with an ascorbic acid (AA) assay.37 Additional
details are supplied in section S1 (Materials and methods
details).

■ RESULTS AND DISCUSSION

Identification of MNPs in Indoor Dust. The spICP-MS
investigation provided evidence of the existence of multiele-

Figure 1. Particle size distribution and mass concentration of MNPs in indoor dust determined by spICP-MS. Panels a−e represent different
indoor dust samples (Table S1): (a) P1, (b) P2, (c) P3, (d) R1, and (e) R2. The violin plot and scatter point are shown in panel f. The violin plot
displays the median diameter (black dots) and upper and lower quartile (small rectangle) for the size distribution. The upper or lower quartile is
the top 25% of numbers in the data set or the 75th percentile. The dotted line represents the upper and lower adjacent value, and the cap of the
solid line represents the outlier value. The body of the violin shows different widths, which represent different diameter frequencies. The scatter
plot shows the average mass concentration (micrograms of MNPs per gram of dust) and its standard deviation. The corresponding data are listed in
Table S7.
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ment MNPs in indoor dust, as MNPs containing up to 10
distinct elements were detected in all indoor dust samples
(Figure 1 and Table S7), with the MNP size limit of detection
(LODsize) calculated with eq S2 and shown in Table S8.
According to the violin plots of the particle size distribution of
MNPs (Figure 1), Mg-, Al-, Si-, and Fe-based MNPs were
presented in larger particle sizes and wider size distributions
with median sizes ranging from 100 to 500 nm (equivalent
spherical diameter), while Ti-, Cr-, Cu-, Zn-, Ba-, and Pb-based
MNPs were smaller (10−100 nm). Scanning electron
microscopy (SEM) images of indoor dust (Figure 2a,b) also
evidenced that MNPs were mostly evenly distributed on the
dust surface, ranging from ∼60 to ∼990 nm.
As shown by the scatter plots in Figure 1, the mass

concentration of MNPs exhibited very large discrepancies
across different elements. The mass concentrations of Cr-, Cu-,
Zn-, Ba-, and Pb-based MNPs were around 2−30 μg of
MNPs/g of dust, while the mass concentrations of Al-, Fe-, and
Si-based MNPs ranged from 500 to ∼9000 μg of MNPs/g of
dust. Al, Fe, and Si are the major elements on Earth and
usually present abundantly in dust and soil samples, which may
lead to unsurprisingly high mass concentrations of MNPs in
the dust samples. However, Ti-based MNPs also showed
relatively high mass concentrations [up to 215 μg of MNPs/g
of dust (Figure 1b and Table S7)] in indoor dust samples,
which may be attributed to the extensive application of Ti-
based MNPs in industry and consumable products.38 While
Cu-based MNPs are used in paints and textiles,39 Zn-based
MNPs frequently applied in sunscreens would also be
introduced into the indoor environment and thus be
bioavailable and potentially toxic.39,40

Notably, indoor dust collected from public areas (P1, P2 and
P3) showed higher concentrations of MNPs, compared to
those of indoor dust collected from residential ones [R1 and
R2 (Figure 1 and Table S7)], which may be due to more
sources (e.g., urban construction and vehicular traffic),41

resuspension, and ventilation/air mixing in public areas. In
addition, a sample collected from a near-road site [P1 (Table
S7)] exhibited higher concentrations of MNPs (e.g., Fe- and
Cr-based MNPs) compared with another source farther from a
road (P2), suggesting that particle pollution that originated
from vehicles played a significant role,2,42 being transferred to
and accumulating in indoor dust.
The results presented above evidenced that indoor dust can

act as typical carriers and collectors of various MNPs (Figure
2a,b). Notably, compared to some minor MNPs [e.g., ∼10 μg
of MNPs/g of dust for Cu-based ones (Table S7)], a high
abundance of Fe-based MNPs (up to 2100 μg of MNPs/g of
dust) was detected in indoor dust. Fe-based MNPs can exhibit
magnetic characteristics that have raised exposure concerns
because magnetic MNPs can penetrate the blood−brain
barrier.28,43 Thus, magnetic separation was conducted to
investigate the characteristics of magnetic MNPs in indoor
dust.

Magnetic MNPs in Indoor Dust. The indoor dust
samples were separated with a magnetic field, and the treated
indoor dust exhibited a magnetic response (Figure S1) as well
as a flocculent and elongated shape (Figure S2c,d) due to
activation of magnetism,44 which was different from that of the
original indoor dust samples (Figure S2a,b). Interestingly,
spICP-MS results (Figure S3 and Table S9) indicated that the
magnetically recovered indoor dust contained multielement

Figure 2. (a and b) SEM images of MNPs on indoor dust. (c) Particle size distribution of MNPs in lung fluid and aqueous solution determined by
spICP-MS (for Fe-based MNPs in dust samples collected from the residential area). (d) Oxidative potential assessment of indoor dust. Detailed
information about peroxidase-like activity kinetic constants is presented in Table S13, and the amount of •OH formation was calculated with eq S4.
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MNPs, which had not been reported in previous studies.
Though the concentration of Fe-, Cu-, Zn-, and Pb-based
MNPs slightly increased after the magnetic separation,
indiscernible differences were shown for Mg-, Ti-, and Ba-
based MNPs (Figure 1 and Figure S3). We thus postulated
that these MNPs in indoor dust were aggregates and/or
clusters containing multiple elements rather than single-
element MNPs,45 as the magnetic separation process could
not isolate Fe-based MNPs. Similarly, the size distributions of
the MNPs in magnetic indoor dust showed little difference,
with Mg-, Al-, Si-, Ti-, and Fe-based MNPs exhibiting slightly
wider size distributions than the MNPs in the original dust
(Figure 1 and Figure S3). Notably, Fe-based MNPs exhibited
dual peaks in the particle size distribution (Figure S3a,d),
suggesting the formation of agglomerates under the magnetic
field.
In addition, according to the elemental mapping by energy

dispersive spectroscopy (EDS), Fe-based MNPs were dis-
tributed rather evenly in the indoor dust (Figure S4), further
confirming the carrier role of indoor dust for MNPs. The
proportions of different elements determined by EDS indicated
insignificant differences in indoor dust before and after
magnetic separation (Table S10), which were aligned with
the spICP-MS results (Table S9). Furthermore, the elemental
composition and chemical speciation of Fe-based MNPs were
quite similar before and after magnetic separation (Figure S5).
Magnetic multielement MNPs (Figure S3) clustered in

indoor dust may generate synergistic effects and induce higher
risks.14,45 Specifically, Fe-based MNPs [commonly as Fe(II)
and Fe(III) oxide MNPs] would act as an electron shuttle to
trigger Fenton-like reactions, and the generated ROS would
induce cellular oxidative stress, resulting in inflammation and
genotoxicity.46 Ti-based MNPs (up to 215 μg of MNPs/g of
dust) may cause cardiovascular disease,47 while Cu- and Zn-
based MNPs may result in pulmonary inflammation and metal
fume fever.48 The transition metal MNPs (e.g., Fe-, Ti-, Cu-,
and Zn-based MNPs) could easily enter the human respiratory
system (e.g., lung) and generate ROS to cause oxidative
stress.28,49 Consequently, it is essential to evaluate indoor dust-
associated MNPs’ exposure, stability, and oxidative potential in
the biological environment.
Stability and Bioavailability of MNPs in Lung Fluids.

The exposure, stability, and bioavailability assessments of
MNPs in the respiratory system were conducted in lung
interstitial fluids (detailed composition in Table S6). MNPs
exhibited larger particles after exposure to lung interstitial
fluids (Table S11), compared to that in the aqueous solution
(Table S9). For example, Fe-based MNPs showed a 2.8-fold
increase in size from ∼250 to ∼700 nm (Figure 2c), and
similar tendencies were observed for Ti-, Cu-, and Cr-based
MNPs (Tables S9 and S11). The high ionic strength of lung
interstitial fluids (Table S6) promoted the aggregation of
MNPs,50 which decreased the stability of MNPs. In addition,
on average the MNPs exhibited almost electric neutrality, with
a ζ-potential ranging from −2.5 to 0 mV in the lung interstitial
fluids (Table S12), which also decreased their stability. The
agglomeration of MNPs resulted in lower mobility (e.g.,
deposition) in lung interstitial fluids, supported by the
downward trend in mass concentrations (Tables S9 and
S11). Larger MNPs (∼500 nm) that are less stable and less
mobile would easily deposit in the bronchioles and alveolar
region.14 Meanwhile, the smaller MNPs [down to ∼100 nm
(Table S11)] reported in this study would be more mobile and

bioavailable, potentially penetrating through epithelium cells
and translocating via the blood circulation to secondary
organs.27

On the contrary, multielement MNPs in indoor dust can
release metal ions when exposed to lung fluid. In particular,
dissolved Fe concentrations reached 1900 μg of Fe/g of dust,
dissolved Zn concentrations increased from 190 to 240 μg of
Zn/g of dust, and dissolved Ti concentrations reached 52 μg of
Ti/g of dust (Table S11). The dissolved Fe ions may form
complexes [e.g., ferric EDTA and monoiron(III) dicitrate],
which may bind to the cell surfaces,51 to induce intracellular
iron accumulation and further ferroptosis and cytotoxicity.52

Released Zn ions have been reported to exert growth
reduction, exhibiting cytoderm damage and intracellular
degradation.53 Furthermore, as indoor dust could be exposed
and retained within the respiratory system, the associated
multielement MNPs and their dissolved ions (e.g., Fe, Ti, Zn,
etc.) can form ROS (e.g., •OH),14 which may cause cellular
oxidative stress,54 lung injuries, and other health risks.14,55

Therefore, assessing the oxidative potential of indoor dust is
urgent.

Oxidative Potential Assessment of Indoor Dust. The
oxidative potential of MNPs carried by indoor dust was
evaluated considering their peroxidase-like activity. The
depletion of AA was measured as an important biomarker of
oxidative stress,56 and the formation of ROS was calculated. As
shown in Figure 2d and Figure S6, the presence of indoor dust
significantly accelerated the depletion of AA. The peroxidase-
like activity kinetic constants [k (1/h) (Table S13)] were
calculated using eq S3, increasing from 1.64 (control) to 2.67
(R1′) and 3.94 (P1′) (Figure 2d). These results revealed that
exposure to MNPs in indoor dust can generate ROS, which in
turn can induce oxidative stress. On the basis of eq S4, the
concentration of generated ROS (•OH equivalent) is shown in
Figure 2d, increasing from 1.73 mM (control) to 2.31 mM
(R1′) and 2.60 mM (P1′), which is up to 1.5 times greater
than that of the control group, though the subcellular effect of
indoor dust-associated MNPs generated needs to be
investigated further in vivo.
Forming ROS can adversely generate respiratory health

problems (e.g., inflammation) due to the high reactivity with
tissues and cell components,57 oxidizing extracellular and/or
intercellular biomacromolecules58 (e.g., lipid peroxidation and
DNA damage).59 Some chronic pathologies (e.g., asthma)
caused by respirable fine particles may result in transient
electron exchange reactions between MNPs and cells.46

Furthermore, Fe-based MNPs were reported to translocate
through human organs (e.g., lung) and blood circulation60 and
bypass the blood−brain barrier,28 which would induce
oxidative stress to the human brain and may be associated
with neuropathologic diseases.57 Furthermore, the co-occur-
rence of multielement MNPs (e.g., Fe and Cu) in indoor dust
can generate a greater abundance of ROS via the synergistically
peroxidase-like activity.56 The indoor dust-associated transition
MNPs (e.g., Fe-, Cu-, and Zn-based MNPs) may also interact
with amyloid proteins to form ROS, leading to neuro-
degenerative disease.61

Environmental Implications. The indoor environment is
the habitat where people spend most of their time, and indoor
dust may act as an unsuspected carrier of emerging MNP
pollutants. Several studies have reported the presence of
airborne fine particles (e.g., MNPs) inside the human
body,62−64 but the exposure route and fate, as well as the
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health impact, still require clear identification.60 This study for
the first time comprehensively investigates the occurrence of
MNPs in indoor dust collected from representative public and
residential indoor areas. Compelling evidence that indoor dust
is a carrier for multielement MNPs (e.g., Fe-, Ti-, Cu-, and Zn-
based MNPs) was investigated via spICP-MS, while previous
studies merely assessed the total metal content and metal
ions.8,11,12 Though sources in the outdoor environment (e.g.,
factories and vehicles)65,66 have been considered to be
responsible for relatively high-concentration MNP releases,67

significant amounts of MNPs (up to 4400 μg of MNPs/g of
dust for Fe-based ones), which accumulate and gather in
indoor dust (considered as receptors) through outdoor/indoor
penetration, may pose potential risks to human health after
exposure to the respiratory system. In lung interstitial fluids,
dust-borne MNPs exhibited instability and aggregation (e.g.,
∼2.8-fold increase in the size of Fe-based MNPs), which may
lead to MNPs being deposited in bronchioles and posing
potential pulmonary health risks. Smaller bioavailable MNPs
(down to 100 nm) reported in this study can be considered as
the missing puzzle in the indoor environment assessment as
previous studies mostly focused on dissolved metals.68,69

Additionally, the oxidative assessment further revealed the
peroxidase-like activity of MNPs in indoor dust, generating 1.5
times more ROS than the control, which correlates with some
nasal and respiratory diseases, as well as neuropsychiatric
outcomes.70 Our comprehensive assessment raises the flag on
the presence of multielement MNPs in indoor dust and their
potential health risks, particularly because people stay in
indoor habitats for a long period (even longer during the
COVID-19 epidemic71) without intentional protection.
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(70) Calderón-Garcidueñas, L.; Ayala, A. Air Pollution, Ultrafine
Particles, and Your Brain: Are Combustion Nanoparticle Emissions
and Engineered Nanoparticles Causing Preventable Fatal Neuro-
degenerative Diseases and Common Neuropsychiatric Outcomes?
Environ. Sci. Technol. 2022, DOI: 10.1021/acs.est.1c04706.
(71) Jiang, G.; Wang, C.; Song, L.; Wang, X.; Zhou, Y.; Fei, C.; Liu,
H. Aerosol Transmission, an Indispensable Route of COVID-19
Spread: Case Study of a Department-Store Cluster. Front. Environ. Sci.
Eng. 2021, 15 (3), 46.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00192
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

H

https://doi.org/10.1021/acs.estlett.1c00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.1c00164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es304676x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es304676x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2017.08.074
https://doi.org/10.1016/j.scitotenv.2017.08.074
https://doi.org/10.1016/j.scitotenv.2017.08.074
https://doi.org/10.1016/j.scitotenv.2017.08.074
https://doi.org/10.1016/j.envint.2020.105788
https://doi.org/10.1016/j.envint.2020.105788
https://doi.org/10.1016/j.envint.2020.105788
https://doi.org/10.1016/j.envint.2020.105788
https://doi.org/10.1021/acs.est.1c04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11783-021-1386-6
https://doi.org/10.1007/s11783-021-1386-6
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



