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HIGHLIGHTS

e Mobile Aerosol Lung Deposition Appa-
ratus (MALDA) serves as a useful tool to
study outdoor ultrafine particle (UFP)
exposure.

e By obtaining respiratory deposition and
chemical composition of UFPs, health
risks posed by urban UFPs can be well
assessed.

o No significant transition metal-induced
non-cancer and cancer health risks
were found via exposure to UFPs in
Houston.
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ABSTRACT

Ultrafine particles (UFPs) in urban air environments have been an essential public health concern. The inhalation
of UFPs can introduce transition metals contained in the UFP into the human airways, leading to adverse health
effects. Therefore, it is crucial to investigate urban air UFP exposure and health risks induced by transition
metals. This research carried out a series of field measurements to study urban air UFP exposure in the Greater
Houston Area. Three sampling sites in the Greater Houston Area representing varying levels of UFP exposures
were selected. The newly developed Mobile Aerosol Lung Deposition Apparatus (MALDA) which consists of a
complete set of human airway replicas and a pair of UFP particle sizers was deployed in the sampling sites during
three sampling timeframes (morning rush hours, noon, and afternoon rush hours) to obtain on-site UFP respi-
ratory deposition data. UFP samples were collected at the sampling sites for metal composition analysis. The
acquired UFP respiratory deposition data and UFP composition data were then used to calculate the respiratory
deposited mass of transition metals and estimate the associated health risks for individuals living near sampling
sites. Our results showed that transition metal-induced non-cancer risks caused by exposure to urban UFPs were
within acceptable limits. The estimated lifetime excess cancer risks were generally <107, indicating an overall
acceptable level of transition metal-induced cancer risk.

* Corresponding author at: University of Texas Health Science Center at Houston, 1200 Pressler St., Houston, TX 77030, USA.
E-mail address: Wei-Chung.Su@uth.tmc.edu (W.-C. Su).

https://doi.org/10.1016/j.scitotenv.2023.169067

Received 22 September 2023; Received in revised form 6 November 2023; Accepted 1 December 2023

Available online 2 December 2023

0048-9697/© 2023 Elsevier B.V. All rights reserved.


mailto:Wei-Chung.Su@uth.tmc.edu
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.169067
https://doi.org/10.1016/j.scitotenv.2023.169067
https://doi.org/10.1016/j.scitotenv.2023.169067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.169067&domain=pdf

W.-C. Su et al.
1. Introduction

Ultrafine particles (UFPs) are airborne particulate matter with di-
ameters <100 nm. UFPs in urban ambient environments have been, and
continue to be an important community health concern. Many thermal
processes, such as diesel engine combustion, coal/biomass burning, and
photochemical reactions, are known to generate high concentrations of
UFPs in urban ambient environments (Moreno-Rios et al., 2022). UFPs
can drift in the air longer than submicron- and micron-size particles due
to their nanoscale size. Thus, UFPs are inevitable to be inhaled by people
living in urban communities when having outdoor activities. After being
inhaled into the human airways, UFPs can easily follow the airstream to
penetrate the upper airways, reach the alveolar region in the lower
airways, and deposit within it mainly due to the diffusion deposition
mechanism. The inhalation and consequent deposition of UFPs in the
human airways can lead to detrimental biological responses. For
example, exposure to diesel exhaust particles emitted by truck engines
can cause lung cancer and cardiovascular dysfunction (Bhatia et al.,
1998; Langrish et al., 2013). Inhalation of ultrafine fly ash generated
from coal burning processes could cause chronic pulmonary diseases
(Chen et al., 1990; Ibald-Mulli et al., 2002). Houston is the fourth largest
city in the U.S., with considerable UFPs released from heavy traffic, oil
refineries, heavy industries, and the ship channel (Bahreini et al., 2009).
Therefore, the communities around the Greater Houston Area are ideal
for studying urban UFP exposure and the associated health risks.

Due to the source of generation, UFPs often contain toxic substances
such as black carbon (BC), polycyclic aromatic hydrocarbons (PAHs),
and metals (Micic et al., 2003; Chen et al., 2005; Wierzbicka et al., 2014;
Utsunomiya et al., 2004; Moreno-Rios et al., 2022). When UFPs are
inhaled and deposited in the human pulmonary region, UFPs themselves
and the toxic substances carried by UFPs can be translocated into the
human circulatory system. The toxic substances can infiltrate cellular-
level biological defenses, triggering cascading inflammation processes
that lead to detrimental health consequences like pulmonary and sys-
temic inflammation (Moreno-Rios et al., 2022; Ohlwein et al., 2019).
UFPs also have been shown to translocate to the brain via the olfactory
nerve after the deposition on the olfactory epithelium located at the roof
of the nasal cavity (Oberdorster et al., 2004; Shang et al., 2021).

Among the toxic substance present in UFPs, it is known that transi-
tion metals such as cadmium (Cd) and manganese (Mn) can induce
reactive oxidative stress (ROS) and systemic inflammation, which can
cause cardiorespiratory effects in the human body through a series of
physiological mechanisms (Sgrensen et al., 2005; Wei et al., 2009;
Wittkopp et al., 2013). A positive correlation was reported between the
metal concentration in the blood and the metal level in the ambient
particulate matter (Gangwar et al., 2019). Transition metals are known

Table 1
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to induce other adverse health effects such as lung, brain, liver damage,
and even lung cancer (Carter et al., 1997; Donaldson et al., 2000;
Donaldson et al., 2001; Schraufnagel, 2020). Table 1 lists the health
effects induced by transition metals through the inhalation route. Values
of reference dose (RfD), cancer slop factors (CSF), and carcinogen
classification of a specific transition metal are also listed in the table.
Among these selected transition metals, hexavalent chromium (Cr VI),
nickel (Ni), and cadmium (Cd) can cause both non-cancer and cancer
effects. The rest of the metals can cause either non-caner or cancer ef-
fects. Hence, it is important to investigate the composition of transition
metals in UFPs. With this in mind, the focus of this study was on
assessing transition metal-associated health risks arising from exposure
to UFPs in urban environments.

When assessing health risks caused by the inhalation of UFPs,
acquiring the deposited mass (intake mass) of UFPs in the respiratory
system is essential. The deposited mass represents the inhaled UFPs
remaining in the airways, which is a crucial factor in estimating inha-
lation doses for toxic substances contained in UFPs (e.g., transition
metals). To obtain an accurate deposited mass of UFPs, it relies on
correct UFP respiratory deposition fractions because it is known that not
all inhaled UFPs will remain within (deposit) the human airways,
contributing to the dosage. A considerable portion of inhaled UFPs could
exit out of the respiratory system through the exhaled air without
deposition. The UFP respiratory deposition fraction is known as a
function of the UFP diameter. UFPs of different sizes will have various
deposition fractions in different airway regions. Therefore, by knowing
the size distribution of UFPs in typical urban UFP exposure and the
proportion of the inhaled UFP deposits in the airways, a more precise
UFP respiratory deposited mass can be estimated for urban populations.
With further understanding of the composition of transition metals in
UFPs, health risks caused by exposure to transition metal-contained
urban UFPs can then be well assessed.

To date, although some UFP respiratory deposition studies have been
published, most of the studies were carried out in the laboratory. No UFP
respiratory deposition experiments to our knowledge were conducted in
outdoor environments to study respiratory deposition of urban UFP. The
lack of real-life respiratory deposition studies was mainly attributed to
the requirement of specialized laboratory apparatus used in the tradi-
tional experimental methods (Cheng et al., 1993; Cohen et al., 1990).
Moreover, the human airway replicas used in previous respiratory
deposition studies were generally limited to the human upper airways
due to the technical challenge in the past of making lower airway rep-
licas (Smith et al., 2001; Su and Cheng, 2015). As a result, with UFP
respiratory deposition data only available in the upper airways, data
acquired was considered not useful in studying associated health risks
since UFP-induced respiratory effects are known to be primarily in the

Toxic transition metals and the associated health effects through inhalation exposure.

Metal Non-Cancer Effects*

RfD* Cancer Effects* CSF
(mg/kg-day) (Carcinogen Classification) (mg/kg-day)

Chromium (Cr VI) Lactate dehydrogenase in bronchioalveolar lavage fluid

Manganese (Mn)
Lead (Pb)

Impaired lung and neurobehavioral functions

Altered neurosensory function
Nickel (Ni) Lung inflammation

Antimony (Sb)
Vanadium (V)

Pneumoconiosis and laryngitis

Lung damage
Arsenic (As) Respiratory irritation
Cobalt (Co) Asthma-like allergy and decreased lung function
Cadmium (Cd) Emphysema and decreased lung function

Uranium (U) Initial body weight loss and moderate nephrotoxicity

Lung Cancer

2.9E-05 (EPA: A; IARC: 1) 42

1.4E-05 - -

- (EPA: B2; IARC: 2B) 0.042
Lung Cancer

2.6E-05 (EPA: A; IARC: 1) 08

8.6E-05 - -

2.9E-05 - -

N Lung Cancer 15.1
(EPA: A; IARC: 1)

2.9E-05 (IARC: 2B) -
Lung Cancer

2.9E-06 (EPA: B1; IARC: 1) 63

5.7E-04 - -

* Sources of health effects: U.S. Agency for Toxic Substances and Disease Registry (ATSDR) ToxGuide™ and US EPA Integrated Risk Information System (IRIS).
$ RfD was converted by RfC using a reasonable inhalation rate of 20 m>/day and a default body weight of 70 kg (i.e., RfD = RfC x 20/70).
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Table 2

The sampling sites, site characteristics, and sampling season.

Sampling Season

Site Description

Sampling Site

May to Jul. 2021

o Residential area

(Data with 17 sets of MALDA and 1 set of MOUDI)$

o The location is close to an 8-lane (I-610 South) (1.6 km) and 10-lane (I-45 South Freeway) (1.6 km) freeway.

o The average annual PMj, 5 in 2018 was 11.7 pg/m® (SD: + 5.9 pg/m>).

Park Place Blvd.

(PP)

Jan. to Mar. 2022

(Data with 22 sets of MALDA and 1 set of MOUDI)

o Traffic emissions from 1-45 may be the primary contributor to UFPs in this location.

o Industrial area

Aug. to Oct. 2021

e Located approximately 800 m from the 10-Lane I-610 East Freeway. This monitoring site is located to the north of

(Data with 29 sets of MALDA and 1 set of MOUDI)

the Port of Houston Authority and shipyards along the Houston Ship Channel. The railroad also runs parallel to the

Clinton Drive where the monitoring site is located.
o The average annual PM, 5 in 2018 was 11.8 pg/m® (SD: + 6.3 pg/m>).

e UFPs could be attributed to local combustion sources.

Clinton Dr.

(CD)

Apr. to May 2022

(Data with 34 sets of MALDA and 1 set of MOUDI)

Oct. to Dec. 2021

e Medical area

(Data with 37 sets of MALDA and 1 set of MOUDI)

o Located in the center of the Texas Medical Center.

UTHealth

o Weekly-averaged PM, 5 concentrations ranged between 7.9 and 13.3 pg/m® in 2014.

(SPH)

Aug. to Sep. 2022

(Data with 25 sets of MALDA and 1 set of MOUDI)

o Surrounded by hospitals, universities, and residential houses and apartments. The source of UFPs is the local traffic.
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lower airways (Marcias et al., 2018). To fill this gap, this study
attempted to apply a newly developed Mobile Aerosol Lung Deposition
Apparatus (MALDA) which covers a complete set of human airway
replicas to measure real-life UFP respiratory deposition fractions and
used a commercially available Micro-Orifice Uniform Deposit Impactor
(MOUDI) to collect and analyze the composition of transition metals in
urban UFPs. In this way, the respiratory deposited mass of transition
metals and the transition metal-associated health risks caused by
exposure to UFPs can be correctly estimated for people living in urban
communities such as in the Greater Houston Area.

2. Method
2.1. Sampling sites

To study health risks caused by transition metals via UFP exposure in
the Greater Houston Area, three sampling sites around the Houston
urban area were selected for the field measurement. Table 2 lists
detailed descriptions of the sampling sites. Among the three sampling
sites, Park Place Blvd. (PP) and Clinton Dr. (CD) two sites are currently
being maintained by the Houston Health Department (HHD). The third
sampling site was located in the Texas Medical Center (TMC) at
UTHealth School Public Health (SPH). These three sampling sites
represent different communities in the Greater Houston Area having
dissimilar UFP sources and profiles. The UFP at site PP is mainly due to
the vehicle exhausts from nearby highways. The UFP sources of the site
CD are expected to be truck exhausts and emissions from the refinery
industries and the ship channel. The UFP source at site SPH is from the
vehicle exhausts on the street in the hospital area. These sampling sites
were selected based on previous studies on the characterization of
airborne particulate matter (Han et al., 2017). Two sampling seasons
were carried out at each sampling site during a one-year research time
covering both hot and cool seasons. The field measurements were con-
ducted in sequence among these three sampling sites during weekdays
under ideal weather conditions.

2.2. Mobile aerosol lung deposition apparatus (MALDA)

MALDA was designed to carry out aerosol respiratory deposition
experiments in real-life settings outside the laboratory to acquire real-
istic aerosol respiratory deposition data. MALDA consists of two sys-
tems: a human airway system and an aerosol measurement system.
These two systems are placed on a cart, making the experimental setup
movable to facilitate aerosol respiratory deposition field measurements.
Fig. 1 shows the schematic diagram and physical photos of MALDA.
MALDA is operated by a portable sampling pump at a continuous 30 L/
min inspiratory (inhalation) flow rate, which corresponds to human
minute ventilation (inhalation + exhalation) of 15 L/min under light
activities. The human airway system of MALDA contains a set of realistic
human airway replicas from nasal, oral, throat, trachea, tracheobron-
chial (TB) tree down to the 11th airway generation (bifurcation), and a
representative alveolar region. The human airway replicas were made
by 3D printing using conductive polylactic acid (PLA), and the inner
surfaces of the airway replicas were coated with a thin layer of silicone
oil. The representative alveolar region was constructed by porous
conductive foams. Detailed descriptions of the TB airways and the
representative alveolar region can be found in our previous publications
(Su et al., 2019, 2021). In this study, the nasal airway was set to be the
primary inlet for UFPs to enter the human airway system with the oral
airway blocked.

The aerosol measurement system of MALDA contains two units of
nanoparticle sizer (NanoScan 3910, TSI Inc., Shoreview, MN, USA) to
measure UFP size distributions (size-dependent number concentration).
UFP measurements were taken through four sampling probes installed at
the nasal inlet, head outlet, TB tree outlet, and alveoli outlet of the
human airway system. NanoScan is capable of measuring particle size
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Fig. 1. The schematic and components of Mobile Aerosol Lung Deposition Apparatus (MALDA).

distributions of aerosol from 10 to 420 nm in a 1-min cycle with 13 size
channels. UFPs <10 nm could not be measured due to the limitation of
the instrument. The NanoScan was calibrated prior to the entire
research, and the correction ratio between the two NanoScan units was
recorded before each field measurement following the same experi-
mental method employed previously (Su et al., 2019). By comparing the
UFP size distribution measured at the nasal inlet to those at the major
airway outlets, size-dependent UFP respiratory deposition in the head
airways, TB tree, and alveolar region can be revealed. It has been proved
that UFP respiratory deposition fractions obtained by MALDA agreed
well with the conventional respiratory deposition curves published by
the International Commission on Radiological Protection (ICRP) (ICRP,
1994; Hinds, 1999). In this study, whenever a field measurement was
planned, MALDA was taken to the sampling locations to collect on-site
UFP respiratory deposition information.

2.3. Micro-orifice uniform deposit impactor (MOUDI)

As mentioned previously, in order to correctly determine health risks
induced by transition metals caused by urban UFP exposure, it is
important to understand the composition of transition metals in urban
UFPs. For this reason, a Micro Orifice Uniform Deposit Impactor
(MOUDI 110 R, MSP Cooperation, Shoreview, MN) was employed to
collect aerosol samples at the sampling sites. MOUDI is a commercially
available multi-state aerosol cascade impactor that can collect aerosol
particles with diameters from 56 nm to 18 pm on its 11 impactor stages.
Each MOUDI impactor stage has a default collectible particle size range
under the designed operation flow rate of 30 L/min. Particle samples
collected on filters placed on each impactor stage can be used for
gravimetric analysis and further used for chemical composition analyses
to study aerosol composition. MOUDI has been used intensively in many
ambient aerosol sampling research to collect size-segregated aerosol
samples (Félix et al., 2015; Maudlin et al., 2015). In this study, MOUDI
was deployed at the sampling sites during the whole sampling season to
collect cumulative UFP samples for aerosol composition analysis.

2.4. Experimental procedure

During the sampling season of a sampling site, field measurements
were scheduled based on weather conditions. MALDA was transported
to the sampling site for field measurement only on days without rain.
Three sampling timeframes were preselected for the MALDA field
measurement: morning rush hours (9:00-10:00 a.m.), noon
(12:00-1:00 p.m.), and afternoon rush hours (4:00-5:00 p.m.). The se-
lection of these sampling timeframes attempted to cover potential high
UFP concentration periods in a day to prevent underestimating the
urban UFP exposure.

When operating MALDA, the nasal inlet of MALDA was always
connected with one NanoScan to continuously measure the size distri-
butions of UFPs entering the MALDA to record the temporal variations
on the particle size distribution in the environment. The second set of
NanoScan was used to measure the size distributions of UFPs at the head
airways, TB tree, and alveolar region in sequence. For the measurement
at each airway region, three particle size distributions were collected for
calculating an average. In this way, UFP respiratory deposition fractions
(DF) can be systematically estimated by the following equations:

DFyeqaa = (1 —M) (@)
Cin.d
Crpa Cheadd
DFppg = (1084 _ (g - SHeaad 2
1 ( Cin.d) ( Cina )’ 2
Cawa Crpa
DFya= 11— =) —-(1- s 3
Abvd < Cin,d) ( Cm,d) ' 3)

where DFpeqq 4, DFrp g, and DF,yp, 4 are size-dependent UFP respiratory
deposition fractions (0 to 1.0) in the human head airways (Head), TB
tree (TB), and the alveolar region (Alv), respectively. C;, 4 is the UFP size
distribution measured at the MALDA nasal inlet. Cyeqd.4, Crp.d, and Cap 4
are the UFP size distributions measured at the head outlet, TB outlet, and
alveoli outlet, respectively. It is worth noting that Ci; and Cairway Were
measured at the same time by the two NanoScan. Therefore, Cojrway /Cin
represents the penetration efficiency of UFP from the nasal inlet to a
specific airway region in the human airway system. The 1- Cgjrway /Cin
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represents the deposition fraction of UFP in a specific airway region. In
this study, three runs (repeats) of MALDA respiratory deposition ex-
periments were carried out in each field measurement for calculating the
average. For each sampling timeframe of a sampling site, five to six field
measurements were carried out during a sampling season.

On the other hand, MOUDI was placed at the sampling site
throughout the whole sampling season for collecting daily UFP samples
from 8:00 a.m. to 6:00 p.m. The reason for collecting UFP for such a long
time was to accumulate a sufficient amount of UFP samples for conse-
quent chemical analysis to investigate the composition of toxic transi-
tion metals present in urban UPFs. Before deploying MOUDI at the
sampling site, pre-weighted 37 mm polytetrafluoroethylene (PTFE)
membrane filters (PALL Co., Port Washington, NY, USA) were placed on
each MOUDI impactor stage. When the sampling was completed, PTFE
filters were unloaded from MOUDI and equilibrated in a temperature
and humidity-controlled weighing room for one day. Then, filters were
weighted individually using a high-accuracy microbalance (CAHN-34,
ThermoFisher Scientific, Bedford, MA) to determine the total mass of
aerosol collected on each MOUDI stage. After the gravimetric analysis,
filters were processed, and transition metals were extracted by a modi-
fied US EPA I10-3.5 method (Mainey and William, 1999). Inductively
coupled plasma-mass spectrometry system (ICP/MS) analysis was con-
ducted to study the amount of transition metals (e.g., Fe, Zn, Cr, Cu, Mn,
Ni, V, Co, Ag, and Cd) and other toxic and non-toxic metals (e.g., Al, Ba,
Pb, Sb, Se, Sr, As, and U) present in the UFP samples. The metal analysis
was implemented using an Agilent 7500ce ICP/MS (Agilent Technolo-
gies, Palo Alto, CA). Values below the limit of detection were assigned a
value of two-thirds the value of the detection limit. Detailed descriptions
of the metal extraction and analysis procedures can be seen in our pre-
vious study (Han et al., 2017). The results of the MOUDI analysis were
the size-dependent metal-to-UFP mass ratio (MR). This information is
essential for estimating the deposited mass of certain toxic transition
metals in a person's airways resulting from urban UFP exposure.

2.5. Health risk estimation

Based on the UFP respiratory deposition fractions measured by
MALDA, and the metal mass ratio found in UFPs by MOUDI, the hourly
deposited mass (DM) of transition metals in major human airway regions
can be estimated according to the following equations:

DMpaaic = [DF peasa ¥ MCy X MRig] % Q, )
7
DMy = Z [DF 54 x MCy X MRy 4] % Q, 6
]
DMy = Z[DFAIv,d X MCy x MRy.q] % Q, (6)

d

where DMpeqq k, DM1g ., and DMy,  are the hourly deposited mass (mg/
h) of a specific transition metal, k, in the head airways (Head), TB tree
(TB), and alveolar region (Alv), respectively. DFyeqq 4, DFrp 4, and DF 4y, 4
are size-dependent UFP respiratory deposition fractions (0 to 1.0) in
head airways, TB tree, and the alveolar region (obtained by MALDA).
MCy is the size-dependent mass concentration of UFPs measured by
NanoScan. The density of UFP used to calculate the mass of UFPs was
assumed to be 1.5 g/cm® based on the published study (Slowik et al.,
2004). MRy 4 is the size-dependent mass ratio (mg/mg) of a transition
metal, k, found in UFPs. Q is the total air volume inhaled by a person per
hour, which is 0.9 (m3/h) in this study for light outdoor activities.

Based on the DM calculated by Egs. (4) to (6), the average daily dose,
ADDy (mg/kg-day), and the lifetime average daily dose, LADDy (mg/kg-
day), of a specific transition metal (k) in a person's body resulting from
urban UFP exposure can be calculated by:

Science of the Total Environment 912 (2024) 169067

ADDy =

(DM eads + DMy + DM y,y) % (1 — LC) x EH x EF x ED x AB
BW x AT ’
7)

LADD, — (DM treass +DMrg i + DM ) x (1—LC) x EH x EF x ED X AB
e BW X LT ’

(8)

where LC is the lung clearance ratio of the deposited substance (1- LC
indicates the retention ratio of the respiratory deposited substance). LC
was set to be 0 (0 %) in this study for worst-case scenario estimations. EH
is the daily UFP exposure hours (hr/day) for a person living in the urban
community. In this study, 3 h/day was used as a reasonable EH based on
published statistics of outdoor exposure hours for a population living in
areas with air pollution (Wu et al., 2010). EF is the exposure frequency
(day/year), indicating the average days in a year a person is exposed to
outdoor UFPs. EF is assumed to be 350 days/year based on the con-
ventional exposure factor of US EPA (1989). ED is the exposure duration
(year) which is the total years of a person's urban UFP exposure. In this
study, the ED was set to be 30 years according to the conventional high-
end exposure factor. AB is the absorption fraction of the deposited
substance in the lung. In this study, AB was assumed to be 1.0 (100 %)
for a conservative estimation. BW is the average human body weight and
is 70 kg by default (US EPA, 1989). AT is the averaging time which is
equal to the exposure duration (ED). LT is the default lifetime expec-
tancy, which is 70 years (US EPA, 1989).

The calculated ADD; was then used to estimate the non-cancer health
risk by hazard quotient (HQ), which is the comparison of the ADDy, of a
transition metal to the corresponding reference dose (RfD) of the tran-
sition metal:

HQ = ADD,/RfDj, 9

where RfDy (mg/kg-day) is the reference dose published for a specific
transition metal k. When the calculated HQy shows a value higher than
1.0, the non-cancer health effects induced by the transition metal, k, is
considered potential (health risk is unacceptable). In addition, the
hazard index (HI) was applied to all transition metals that induce the
same non-cancer health effects. The HI is the summation of all related
HQy (i.e. HI =) HQy ). Similarly, when the calculated HI exceeds 1.0,
the non-cancer effect caused by all related transition metals is consid-
ered potential. The overall non-cancer health risk is considered
unacceptable.

The LADD, was used to estimate the lifetime excess cancer risk
caused by the transition metal, k:

Cancer Risk = LADD; x CSFy (10)

where CSF; (kg-day/mg) is the cancer slope factor of the transition
metal, k. The cancer risk caused by transition metal, k, was considered
unacceptable if the calculated lifetime excess cancer risk was higher
than 1 x 107° (one in one million). In this study, published RfD and CSF
for transition metals of concern were acquired from US EPA (IRIS),
California EPA (CalEPA), and Agency for Toxic Substances and Disease
Registry (ATSDR) websites and are all listed in Table 1.

In addition, since field measurements in this study were conducted
for 17 months (May 2021- Sep. 2022) crossing different seasons, sea-
sonal changes in UFP concentration and composition might affect the
deposited mass as well as the associated health risks. Therefore, to
correctly estimate health risks arising from UFP exposure throughout a
year, it would be reasonable to combine data collected from different
seasons (hot and cool) in the estimation of yearly UFP exposure. Hous-
ton is classified as subtropical climate, with approximately two-thirds of
a year in the hot season (Mar. to Oct.) and one-third of the year in the
cool season (Nov. to Feb.). Thus, respiratory deposition data and metal
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Fig. 2. UFP size distributions and respiratory depositions obtained by MALDA in 2021 from different sampling sites and sampling timeframes (a) particle size
distributions, and (b) respiratory deposition (error bars represent the standard deviation of the measurement).
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Fig. 3. UFP size distributions and respiratory depositions obtained by MALDA in 2022 from different sampling sites and sampling timeframes (a) particle size
distributions, and (b) respiratory deposition (error bars represent the standard deviation of the measurement).
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composition data acquired during the hot season accounted for the
exposure condition from Mar. to Oct. in a year (two-thirds of a year), and
data collected from the cool season accounted for the exposure condition
from Nov. to Feb. in a year (one-third of a year). In this way, the non-
cancer and cancer risks arising from exposure to transition metal-
contained urban UFP can then be more correctly assessed for the pop-
ulation living in communities around the Greater Houston Area.

3. Results
3.1. UFP respiratory deposition fractions

Figs. 2(a) and 3(a) express the UFP size distributions (number con-
centration) measured during the field measurements in the years 2021
and 2022, individually. As can be seen, the size distributions of UFPs
varied somewhat by sampling site, sampling timeframe, and sampling
season. The sampling site CD shows a relatively higher particle number
concentration than the other sites, and SPH generally shows the lowest.
Most of the UFP size distributions presented a bell-shaped distribution
with the peak shown at around the diameter of 40 nm. However, some of
the measurements showed a bimodal size distribution, with another
mode shown at around 15 nm. Data shown in Figs. 2(b) and 3(b) are the
averaged size-dependent UFP respiratory deposition fractions in human
head airways (Head), tracheobronchial tree (TB), and the alveolar region
(Alv) obtained by MALDA at different sampling sites in different sam-
pling timeframes (morning, noon, and afternoon). Fig. 2(b) shows the
results obtained in the year 2021, and Fig. 3(b) shows the results in the
year 2022. The size-dependent deposition fractions (DF) were calculated
by Egs. (1) to (3) for UFPs within the size range from 10 to 154 nm. It can
be seen that UFP respiratory depositions exhibited similarities in
deposition patterns unrelated to the sampling sites, sampling time-
frames, and sampling seasons. Most inhaled UFPs were deposited in the
alveolar region (Alv). Very few UFPs were deposited in the head airways
(Head). High deposition fractions in the alveolar region were generated
by UFPs from 15 to 20 nm. The corresponding deposition fractions were
around 0.4 to 0.7. For UFPs larger than 20 nm, the deposition fraction
decreased gradually with the increase in particle diameter. Low respi-
ratory deposition fractions were found to be generated by particles
larger than 100 nm.

3.2. UFP metal composition analysis

Fig. 4 (a) shows the size-dependent metal composition in aerosol
from 56 to 320 nm based on target metals analyzed in this study. Aerosol
samples were cumulative samples collected by MOUDI at three sampling
sites during different sampling seasons. The metal composition is pre-
sented by the percentage of a specific metal among all metals analyzed
in this study. Fig. 4(b) presents the metal-to-UFP mass ratio (mg/mg) for
those toxic transition metals within specific size ranges. As mentioned
previously, the mass of UFPs was obtained by gravimetric analysis, and
the mass of transition metals contained in UFPs was acquired by ICP/MS
analysis. It can be seen in Fig. 4 (b) that, for toxic metals, Cr had a
relatively higher mass ratio in UFPs than the other transition metals,
followed by Cu and Ba. No clear seasonal changes in the mass ratio were
observed. The source of atmospheric Cr was reported to be emissions
originating from traffic (fuel combustions) and industrial activities
(Fernandez et al., 2000). On the other hand, no representative or typical
trend was found between the mass ratio and the particle diameter. For
instance, the mass ratios of Cr, Cu, and Ba increased with the decrease in
UFP diameter. However, for Mn, Ni, and Pb, their mass ratios in UFPs
decreased with the increase in UFP diameter. Overall, except for Cr,
most of the mass ratios of transition metals in UFPs were <0.001 in
general.
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3.3. Health risk estimation

Tables 3 and 4 list the estimated health risks induced by transition
metals via exposure to the UFPs around the sampling sites. Risks were
estimated by using Egs. (7) to (10) according to the size-dependent UFP
respiratory deposition data measured by MALDA from 10 to 115 nm
shown in Figs. 2(b) and 3(b), and the size-dependent metal composition
data obtained by MOUDI metal analysis in Fig. 4(b). It is worth noting
that only toxic transition metals that have the potential to cause non-
cancer or cancer health effects were used in the health risk estimation.
Among these toxic transition metals, the mass of Cr found in UFPs
represented the total chromium. Based on the published literature, the
proportion of Cr (VI) in the total chromium was approximately 20-30 %
in urban environments (Borai et al., 2002; Torkmahalleh et al., 2013).
Therefore, 25 % was used as the proportion of Cr (VI) in the total
chromium obtained in this study to calculate the mass of Cr (VI) for
associated health risk estimations. The outdoor UFP exposure was based
on daily outdoor activities of 3 h, with 1 h in the morning, noon, and
afternoon, respectively. Health risks shown in Table 3 are initial health
risks without considering UFP seasonal change. These health risks were
estimated by using the MALDA and MOUDI data obtained from a certain
sampling season as the representative exposure condition for the whole
year for 30 years of exposure duration. Table 4 lists the health risks
induced by transition metals calculated by taking into account the
allocation of data collected from different seasons as described in the
method section. The inclusion of seasonal variations in UFP concentra-
tion, respiratory deposition, and metal composition can more correctly
present the health risks induced by transition metals caused by year-
round urban UFP exposure. As shown in Tables 3 and 4, the transition
metal-induced non-cancer risks arising from exposure to urban UFPs
were generally acceptable around the Greater Houston Area. Calculated
hazard quotients (HQy) and hazard index (HI) for all sampling sites were
several orders <1.0, indicating non-cancer respiratory effects are not
potential. On the other hand, transition metal-induced cancer risks
estimated for people living in the Greater Houston Area near the sam-
pling sites were also shown to be acceptable (risk <107%). The lung
cancer risk caused by Cr (VI) showed a relatively higher risk than all the
other transition metal-induced cancer risks. The calculated lifetime
excess cancer risks were in order Cr (VI) > As > Ni > Cd > Pb. The
highest lifetime excess cancer risks estimated was found at sampling site
PP (2.7 x 1077) caused by Cr (VI), which is still within the conventional
acceptable cancer risk.

4. Discussions

It is worth noting that the transition metal-associated daily doses and
health risks estimated in this study are conservative or overestimated
since they were calculated without considering the lung clearance and
the epithelium absorption ratios in the respiratory system (lung clear-
ance = 0; epithelium absorption = 1.0). It is known that airway self-
clearing mechanisms can remove deposited objects from the human
respiratory tract to prevent epithelium absorption or body uptake. By
considering an airway self-clearing efficiency higher than 0 % and an
epithelium absorption portion <100 %, the transition metal-associated
daily doses and health risks can be further reduced. Thus, although
the deposited mass of transition metals calculated in this study is
regarded as bioavailable for respiratory absorption, the actual uptake
amount becoming the daily dose should be much less. However, the
health risks induced by transition metals through urban UFP exposure
estimated in this study may serve as a purposely overestimated worst-
case reference.

While this study focused on UFPs, it is known that ambient submi-
cron aerosol with diameters larger than 100 nm possesses greater mass
than UFPs. When these submicron particles deposit in the airways, they
might result in a more deposited mass of transition metals in the human
airways, leading to higher health risks. However, the size-dependent
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Fig. 4. MOUDI metal analysis for UFPs collected from different sampling locations and seasons (a) size-dependent metal composition for all metal analyzed (n = 1),
and (b) metal-to-UFP mass ratios for toxic metals (n = 1).
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Table 3
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Estimated health risks arising from exposure to transition metals present in ambient UFP for communities around the Greater Houston Area.

No-cancer Risk

Site Cr Mn Pb Ni Sb \% As Co Cd U HI®
2021 PP 5.0E-04 9.4E-04 - 6.0E-04 2.2E-04 1.5E-04 - 4.3E-05 5.3E-04 1.3E-07 3.0E-03
2021 CD 3.6E-04 1.6E-03 - 7.8E-04 4.6E-05 2.4E-04 - 2.3E-05 1.2E-04 1.5E-08 3.2E-03
2021 SPH 1.6E-04 1.5E-03 - 2.8E-04 3.0E-05 1.2E-04 - 1.3E-05 4.9E-05 6.3E-09 2.1E-03
2022 PP 5.9E-04 1.6E-03 - 1.2E-03 1.4E-04 9.4E-05 - 3.4E-06 1.0E-03 2.5E-08 4.6E-03
2022 CD 4.1E-04 1.4E-03 - 3.0E-04 2.1E-04 2.3E-04 - 3.9E-06 1.2E-03 2.9E-08 3.8E-03
2022 SPH 2.1E-04 3.8E-04 - 4.9E-05 5.5E-05 6.2E-05 - 1.1E-06 3.9E-03 1.3E-08 4.7E-03
Cancer Risk

Site Cr Mn Pb Ni Sb A As Co cd U
2021 PP 2.6E-07 - 1.8E-10 5.5E-09 - - 2.5E-08 - 4.1E-09 -
2021 CD 1.9E-07 - 9.9E-11 7.2E-09 - - 6.2E-08 - 9.2E-10 -
2021 SPH 8.0E-08 - 1.2E-10 2.6E-09 - - 3.4E-08 - 3.8E-10 -
2022 PP 3.0E-07 - 2.6E-10 1.1E-08 - - 4.8E-08 - 7.8E-09 -
2022 CD 2.1E-07 - 2.8E-10 2.8E-09 - - 3.3E-08 - 9.0E-09 -
2022 SPH 1.1E-07 - 2.0E-11 4.5E-10 - - 1.1E-08 - 3.0E-08 -

$ Hazard Index (HI) is the summation of HQs of Cr, Mn, Ni, Sb, V, Co and Cd.

Table 4

Estimated health risks arising from exposure to transition metals present in ambient UFP for communities around the Greater Houston Area with considering hot and

cool seasons.

No-cancer Risk

Site Cr Mn Pb Ni Sb \Y As Co cd U Hr*

PP 5.3E-04 1.2E-03 - 7.9E-04 1.9E-04 1.3E-04 - 3.0E-05 6.9E-04 9.2E-08 3.5E-03
CD* 3.9E-04 1.5E-03 - 5.4E-04 1.3E-04 2.4E-04 - 1.4E-05 6.4E-04 2.2E-08 3.5E-03
SPH 1.9E-04 7.5E-04 - 1.3E-04 4.7E-05 8.1E-05 - 5.0E-06 2.6E-03 1.1E-08 3.8E-03
Cancer Risk

Site Cr Mn Pb Ni Sb \4 As Co Ccd U
PP 2.7E-07 - 2.1E-10 7.3E-09 - - 3.3E-08 - 5.3E-09 -
CD* 2.0E-07 - 1.9E-10 5.0E-09 - - 4.7E-08 - 5.0E-09 -
SPH 9.7E-08 - 5.4E-11 1.2E-09 - - 1.8E-08 - 2.0E-08 -

¥ Hazard Index (HI) is the summation of HQs of Cr, Mn, Ni, Sb, V, Co and Cd.
" Only hot season data were available.

respiratory deposition fraction of these submicron particles is known to
be lower than that of UFPs. Furthermore, it was found during the field
measurements that particle size distributions detected by NanoScan
often showed sizes of up to 154 nm. Particles larger than 154 nm around
205, 273, and 365 nm were usually too low to be detected by NanoScan,
indicating there seemed not much aerosol within the spectrum from 100
to 400 nm in the urban ambient air. As a result, the contribution of
submicron particles to the health risk is uncertain with the competition
between the more particle mass and the less particle deposition fraction
and fewer particle concentration. Future studies are needed by using
MALDA with particle sizers suitable for measuring submicron- or even
micron-sized particles to comprehensively investigate health risks
arising from exposure to the hazardous urban aerosol.

The MOUDI version employed in this study to collect UFP samples
was model 110R with 11 impactor stages to collect aerosol from 56 nm
to 18 pm. However, only data collected in the last three stages (56 to
320 nm) could be used in estimating health risks since they fall within
the size range measured by NanoScan. Therefore, one limitation of this
study was that the metal composition data obtained from the three
MOUDI stages (56, 100, and 180 nm) were shared unevenly with 10
particle sizes from 10 to 154 nm measured by NanoScan for calculating
the deposited mass and health risks. This allocation of the UFP compo-
sition data is considered not ideal and might introduce uncertainties to
the final result. In the future, new versions of MOUDI should be used in

10

UFP-related studies to acquire more detailed UFP composition data. For
example, the newer MOUDI version, NanoMOUDI (122R or 125R), has
seven of the 13 impactor stages designed to collect airborne particles
from 10 to 320 nm. By using this device to sample UFPs, finer size-
dependent UFP composition data could be acquired. Nevertheless,
data obtained from this study using MOUDI 110R still showed valuable
reference information to assess health risks induced by transition metals
arising from urban UFP exposure.

Overall, from the viewpoint of health risk estimation caused by
urban UFP exposure, the final health risk is determined by the concen-
tration and composition of UFPs. Higher UFP concentration in the urban
environment could lead to more respiratory deposited mass. An
increased mass ratio of a toxic substance in UFPs would result in
elevated daily doses and then health risks. Although the estimated
health risks were found to be generally acceptable in this study, the
health risk estimation was limited to transition metal-induced respira-
tory effects. It is known that respiratory effects and health problems can
also be induced by other toxic substances contained in UFPs such as
PAHs and BC. Indoor UFP exposure through daily activities such as
cooking, candle burning, wood burning, and secondhand e-cigarette
aerosol exposure can also contribute to overall UFP-induced health risks
for certain populations. Therefore, in the future, when more size-
dependent UFP chemical composition and respiratory deposition data
are available and when more indoor UFP exposure studies are
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conducted, a more comprehensive health risk assessment covering key
UFP toxic substances and exposure scenarios can then be achieved.
Finally, the health risk estimation in this study was based on healthy
adults. Attention should be paid to sensitive urban populations (at-risk
populations), including children, older adults, and people with certain
pre-existing heart or lung diseases. Restricting outdoor UFP exposure
hours for these sensitive populations or recommending wearing masks
with high protection efficiencies during outdoor activities may be
effective measures to mitigate the inhalation of urban UFPs and reduce
health risks associated with transition metals. Data and findings ac-
quired from this study can also be used as a reference for cities in the
world having similar characteristics as Houston (port city, large popu-
lation, heavy traffic, and oil refinery industry), such as Rotterdam
(Netherlands), Tianjin (China), Mumbai (India), and Ulsan (Korea).

5. Conclusion

The utilization of MALDA and MOUDI proved to be effective
experimental tools for acquiring on-site UFP respiratory deposition data
and UFP composition data that are essential to assess health risks caused
by UFP exposure. The experimental approach used in this study can be
applied to other outdoor and indoor UFP exposure studies to estimate
related deposited mass, daily dose, and health risks resulting from toxic
substances present within UFPs. In this study, the estimated respiratory
health risks induced by transition metals were within acceptable limits
for urban UFP exposure around the Greater Houston Area. The transition
metal-induced non-cancer risks indicated by hazard quotients and haz-
ard indices were all below the threshold of 1.0. The transition metal-
induced lifetime excess cancer risks were also found to be acceptable,
with risk levels generally less than one in one million (10~5).
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