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ABSTRACT

The soluble fraction of aerosol particulate matter containing trace metals has the potential to engender toxicity
and exacerbate the adverse health effects of particulate matter. In this study, an inertial-impaction-based fluidic
chip integrated with electrochemical detection was developed to achieve high collection efficiency and mea-
surements of the bioaccessible metal fraction at the nanogram level. The average collection efficiency for ul-
trafine and fine particles larger than 50 nm, obtained at a flow rate of 2.5 L/min, was above 70%. The detection
ranges of aerosol soluble copper depended on the collection duration and airflow rate. At a working flow rate of
3.1 L/min and collection efficiency of 70%, the microsystem was capable of detecting Cu concentrations above
53 ng/m®, 32 ng/m® and 8 ng/m® with 3 h, 5 h and 20 h collection periods, respectively, which were in the range
of reported atmospheric concentrations. The detection ratio of real-world samples (i.e. PM;-like aerosol) was
100 + 14%, indicating excellent aerodynamic collection and reliable electrochemical detection. The collection
and sensing performance of the microsystem demonstrates a new step towards an online, mobile, low-cost, and
miniaturized routine monitoring system for bioaccessible metals and possibly other soluble components in the
aerosols.

1. Introduction

such as copper (Cu) are able to produce reactive oxygen species,
resulting in oxidative stress and negative health effects [7]. Traditional

Particulate matter, containing trace metals emitted from anthropo-
genic and natural sources, is of an environmental concern which
moreover affects human health [1] and geochemical cycles [2]. It has
been widely recognized that heavy metals engender toxicity and exac-
erbate the negative health effects of atmospheric particulate matter, and
they require comprehensive monitoring and understanding [3]. The
chemical speciation of atmospheric heavy metals is crucial to the
bioavailability and toxicities of the aerosol particles [4-6]. In particular,
the soluble fraction (bioaccessible) of aerosol metals are more easily
released into the body fluid of the human physiological system
compared to non-soluble metals [5]. Soluble metals in particulate matter

networks of stationary monitoring are scattered geographically and
monitor the air quality at a low spatiotemporal resolution [8]. More
comprehensive monitoring and understanding of the aerosol metals at
concentrations as low as nanogram level per cubic meter are required.
However, this entails some difficult tradeoffs between complicated
coupling and miniaturized system, for example between spatiotemporal
resolution and cost, that affects air quality control and exposure evalu-
ation greatly [8]. The real-time and spatially resolved routine moni-
toring of nanogram-level aerosol bioaccessible metals requires the
development and combination of advanced aerosol sampling and
detection techniques, which offers an opportunity for an
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interdisciplinary study involving aerodynamics, electrochemistry and
engineering design to develop and miniaturize the sensing platform.

Highly efficient aerosol sampling is the crucial step prior to the
detection of chemical components of particles, and aerosol samplers
such as the impactor [9,10], aerosol-into-liquid collector [11,12] and
electrostatic air sampler [13,14] have been developed. In some cases,
additional components such as saturation-condensation and
particle-to-droplet growth parts are essential to improve the collection
efficiencies of fine and ultrafine particulate matter [10]. To achieve a
miniaturized system for particle collection, some lab-on-a-chip designs
based on centrifugal and drag force have been used to collect airborne
particles [15,16], and bacterial aerosols [17-20]. A microimpinger has
been developed as a compact way to the aerosol-into-liquid collector
and liquid-based sampler [21]. Nonetheless, the relatively low sampling
volume rate of air (< 100 mL/min) is less likely to provide sufficient
samples within several hours for further detection, compared to high
volume samplers.

The available detection techniques of trace metals include electro-
chemical [22,23] and optical methods [24-27]. Electrochemistry is one
of the methods that enables the rapid detection of trace soluble metals
with good selectivity and sensitivity [28], and miniaturized sensing
system can be realized without significant loss of sensitivity [29].
Electrochemical detection methods such as voltammetry are a viable
alternative to ICP-MS measurements [30] as evidenced by their appli-
cations to aqueous samples such as drinking water [31], river samples
[32] and polluted water [33]. Electrochemical techniques enable the
detection of metals such as Cu, Cd, Pb, Fe, Ni [34], and also allow the
miniaturization of detection system integrated with microfluidics [35].
The microfluidics techniques allow a significantly reduced amount of
samples, faster diffusion of chemicals and so on [36]. There are several
studies focusing on the development of microfluidics platform inte-
grated with electrochemical electrodes for heavy-metal detection in
water samples [37-39]. Nonetheless, the integration of microfluidics
and electrochemical detection techniques with aerosol sampling tech-
niques has not been sufficiently developed [40]. For instance, micro-
fluidic techniques are mainly applied as aerosol sampling units to couple
with detection instruments such as mass spectrometry. The available
studies tend to combine microfluidic electrochemical sensors and
aerosol collectors in series to measure aerosol oxidative activity [41],
sulfate and nitrate [42].

Because of the relatively low concentration of aerosol metals espe-
cially soluble species, proper aerosol collection and detection may
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impose important limits on the instrument that might result in a bulky
benchtop setup. Indeed, conventional instruments such as ICP-MS
require complex equipment, laborious operation and professional
personnel [34]. Some newly developed and portable techniques such as
X-ray fluorescence (XRF), is not able to distinguish soluble fraction from
total concentration [27]. There are limited pioneering studies focusing
on the offline or online detection of aerosol metal samples using elec-
trochemical detection techniques to achieve more rapid, low-cost and
portable aerosol collection and determinations (Table 1) [9,11,34,
43-47]. Available studies mainly focus on the passive collection of at-
mospheric deposits, the coupling to an instrument and the determina-
tion of aerosol metals, which may lead to the requirement of a bulky
setup or a long time period for collection and measurement. Greater
strides should be made towards online, low-cost and mobile sampling
and detection systems by better integrating aerosol active sampling and
electrochemical detection. To our best knowledge, the integration of
electrochemical detection of metal and aerosol sampling has not been
realized on the same miniaturized fluidic platform.

In this study, for the first time, the aerosol collection and electro-
chemical detection of nanogram-level aerosol soluble metals were ach-
ieved in an integrated micro-platform. The collection efficiency and
sensing performance were investigated and optimized. Cu is one of the
relatively abundant elements in the atmosphere, which can cause
adverse health effect by inducing oxidative stress [7], and the concen-
tration of aerosol Cu is at the nanogram level per cubic meter, with a
soluble fraction of 20-60% [48]. In the proof-of-concept experiment,
lab-generated Cu aerosol and PM;j(-like aerosol were chosen as the
target. The concentration of aerosol Cu and PM;¢-like samples deter-
mined by the integrated microsystem was analyzed and further vali-
dated by ICP-MS measurements.

2. Experimental section
2.1. Chemicals and apparatus

Sulfuric acid (95-98%), acetic acid (> 98%), Zinc(II) nitrate hexa-
hydrate (98%), lead(II) nitrate (99.999%), cadmium(II) nitrate tetra-
hydrate (99.997%), potassium hydroxide (> 85%), Isopropyl alcohol
(IPA) and malachite green solution were obtained from Sigma. Copper
(II) nitrate hemi(pentahydrate) (98%) and calcium nitrate tetrahydrate
(99%) were purchased from Alfa Aesar. Iron (III) sulfate pentahydrate
(97%) was obtained from Acros organics. Di-Ethyl-Hexyl-Sebacate

Table 1
List of studies of aerosol metal sampling and electrochemical detection.
Target metals Sampling method Sampling Detection method Time Detection limit Operation Refs.
time resolution mode
Cd(11) Pb(II) Cu Ultrasonic personal aerosol sampler - Janus electrochemical - 0.5 ug/L for Cd, Pb, Fe 1 Offline [34]
(II) Fe(1I) Ni paper-based devices ug/L for Cu and Ni
(I
Co(II) Ni(ID) Filters - Nafion/Bi carbon stencil- - 1 pg/L for Co and 5 pg/L Offline [43]
printed electrodes for Ni
Zn(II) Cd(I1) Pb Ultrasonic personal aerosol samplers and - AgNP/Bi/Nafion-modified - 5 pg/L for Zn, 0.5 ug/L Offline [44]
I 2.5 um cut-point cyclones electrodes for Cd and 0.1 ug/L for
Pb
Cd(In) Pb(n) Digital DAH-80 high-volume air sampler 24 h Sputtered-bismuth screen- - 11.82 pg/L for Cd and Offline [45]
printed electrodes 6.07 ug/L for Pb
Cu(Il) Total atmospheric deposition polyethylene 7 days Screen-printed gold - 3.7 ug/L Offline [46]
collectors electrodes
Pb(ID) High-volume sampler 24 h Unmodified screen- - 0.023 pg/L Offline [84]
printed carbon electrode
Pb(II) Cu(I) Atmospheric sampler 24 h Screen-printed gold >24h 7.3 pug/Lfor Cuand 15.1  Online [47]
electrodes ug/L for Pb
Cu(I1) Two virtual impactors combined with a 2-4h Copper ion selective 2-4h 10 pg/L Online [9]
modified liquid impinger (BioSampler) electrode
Cu(1) An aerosol-into-liquid collector (saturator 2-4h Copper ion selective 2-4h 10 pg/L Online [11]
tank, condensation tubes and high flow rate electrode

impactor)
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(DEHS) was obtained from TOPAS. The electrochemical electrode con-
taining three electrodes with a thickness of 150 nm on a glass substrate
(ED-SE1-AuPt) were purchased from MicruX Technologies. Electro-
chemical measurements were conducted using Bio-Logic 300 electro-
chemical workstation (Bio-Logic, France).

2.2. Design and modeling of the microchannel collector

To design a microchannel collector with a proper dimension, simu-
lation of air flow, pressure drop and particle collection was performed
using the fluid flow and particle tracing modules in COMSOL Multi-
physics 5.4. We assumed that particles stick to the wall once particles
contact the wall, and drag force affects particle movement. Particle
tracing for fluid flow module was used for simulating the particle
movement. The collection efficiency was calculated by releasing 5000
particles with a particle density of 2.2 g/cm® at a defined velocity. A
channel (~ 220 pL) with a relatively large cross section area (1.6 mm x
1.6 mm) was used to accommodate air flow speed up to 60 m/s and
avoid immediate blockage, and the rectangular cross section was chosen
for integrating the electrochemical electrode on one side. The ratio of
the radius of curvature to the channel diameter was set to 2 [15]. Based
on the critical Reynolds number Re = 2300), the laminar flow or tur-
bulent flow model was chosen. In this study, the air flow that went
through the microchannel inlet (¢1 mm) was assumed turbulent flow,
and the k-omega SST turbulence model was used to calculate the flow
near the wall and in the free stream (please see details about mesh in-
dependence and boundary conditions in the Supporting information).

2.3. Fabrication of aerosol collection and detection microsystem

The microchannel mold was designed using Auto CAD 2019 and
subsequently the microchannel mold was printed using a 3D printer. It
was sputtered with 50 nm gold to facilitate efficient peeling-off of Pol-
ydimethylsiloxane (PDMS) from the mold. PDMS monomer (Sylgard
184, Dow Corning, Midland, USA) was mixed with the curing agent in

Mold PDMS casting PDMS peeling
Mold PDMS casting PDMS peeling

Outlet for the airflow
or electrolyte

Inlet for the airflow
or electrolyte

Microchannel

Electrochemical
electrode

ey

PDMS layer for sealing
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the volume ratio of 10:1, and degassed in a vacuum desiccator. Then the
PDMS gel was cast onto the mold and the cured PDMS was peeled off
after being heated at 70 °C for four hours. Three PDMS layers and the
electrode with the glass substrate were bonded after 1 min plasma
treatment (Fig. 1). The microsystem with a dimension of 35 * 25 * 6 mm
consisted of a microchannel (cross section 1.6 * 1.6 mm) and electro-
chemical electrode. In this way, electrochemical measurement could be
performed immediately after aerosol collection in the microchannel
without sample transferring and loss, which provides a choice to achieve
in situ measurements of atmospheric metals.

Previous studies indicate the residual uncrosslinked oligomers leach
from the bulk polymer into the aqueous medium [49,50], and acids
introduced into PDMS microchannel are able to modify the topography
of the microchannel wall [51]. Therefore, the microchannel wall surface
needs to be treated after peeling-off to alleviate the influence on the
sensing performance. The microsystem was heated in oven at 70 °C for 5
days to ensure the full polymerization of PDMS chains [52,53]. 0.05 M
sulfuric acid and 0.1 M acetate buffer were introduced into microsystem
for 6 h in sequence to increases the chemical resistance to sulfuric acid
and acetate buffer, and then IPA was added to clean the microchannel
for 24 h. 20 uM Cu(NOs) solution was used to generate Cu aerosol (i.e.
Cu(NOs); particles) for 12 h to form temporary coating on microchannel
wall. Subsequently, 30 min ultrasonication in a bath with 0.1 M acetate
buffer was applied, which eliminates the possible chemical reaction
between Cu ion and microchannel surface. Prior to each sensing test, it
should be heated at 70 °C for 1 h to stabilize the microchannel wall. The
changes of surface chemical groups due to the cleaning of the micro-
channel were measured using Fourier transform infrared (FTIR) spec-
troscopy (Cary 600 series, Agilent, USA).

2.4. Aerosol collection and electrochemical measurements

To characterize the particle collection efficiency, NaCl particles
(from 1 wt% solution) and DEHS liquid droplet (from 0.5 wt% solution
in IPA) were generated using a homemade atomizer at a pressure of

Pt (RE)

Pt (CE)
Au (WE)

35 mm Oxygen plasma

/25 mm

Assembled chip after punching and bonding

6mmI

Fig. 1. The fabrication schematic and photo of the integrated aerodynamic/electrochemical microsystem for aerosol collection and electrochemical detection (RE:

reference electrode; WE: working electrode; CE: counter electrode).
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2.8 bar. The particle size distribution of the generated Cu aerosol in
terms of electrical mobility diameter was measured by a Scanning
mobility particle sizer (SMPS) consisting of a Differential Mobility
Analyzer (DMA, model 3080, TSI, USA) and Condensation Particle
Counter (CPC, model 3775, TSI, USA). A DMA (DMA, model 3082, TSI,
USA) was used to generate monodisperse aerosols, and the particle
numbers before (Cy,) and after (Cgown) the microsystem were deter-
mined by CPC simultaneously (Fig. S1). The collection efficiency (1) was
calculated based on the following equation:

Cup = Cuown
N = 100%

up

Besides Ag/AgCl, platinum and carbon have been widely used as the
pseudo reference electrode [54]. In this study, the working electrode
(p1 mm), counter electrode and reference electrode of the electro-
chemical electrode were gold, platinum and platinum, respectively. Pt
electrode was used as the reference electrode for two reasons. Firstly,
ultrasonic treatment was applied prior to electrochemical measure-
ments, so the reference electrode should be stable and robust. Secondly,
a smaller electrode was needed to be integrated into the microsystem
compared to common screen-printed electrodes. The small electrode
with a Pt reference electrode used in the work was commercially
available and could be easily obtained. Previous studies suggested that
0.1 M acetate buffer in the pH range of 4-5 was used as the supporting
electrolyte [55]. Based on this, 0.1 M acetate buffer (pH 4.45) was
chosen as the working electrolyte, and KOH was used to adjust the pH of
acetic acid solution. Here 2 pL. 0.1 M acetate buffer without or with Cu
(NO3)2 was used as the sample to evaluate the electrochemical perfor-
mance of the bare electrode without integrating the microchannel. The
open circuit potential (OCP) was measured vs. conventional Ag/AgCl (SI
Analytics, 3 M KCl) in 0.1 M acetic acid (pH 4.45). The temporal sta-
bility test indicated that the Pt electrode potential was relatively stable
for at least 30 min at a value of 0.589 + 0.016 V vs. Ag/AgCl (Fig. S2).
The electrochemical electrode was pre-cleaned in 2 uL 0.05 M H3SO4 for
12 cycles between — 0.9 and 1.3 V at a scan rate of 100 mV/s prior to
each use to avoid the reduction of the active area of the electrode
occupied by impurities. It is noted that sulfuric acid should not be
introduced into the entire microchannel to avoid the formation of a thin
organosulfate particle layer [56]. Instead, the sulfuric acid only covered
the electrode area for performing the electrochemical cleaning. Before
collecting aerosol particles, the microchannel saturated with 0.1 M ac-
etate buffer was cleaned in an ultrasonic bath for 2 min to remove any
reaction product between PDMS and acetic acid. Cyclic voltammetry
(CV) was conducted in 0.1 M acetate buffer (pH 4.45) with/without Cu
ions at a scan rate of 100 mV/s to determine the potential window of the
electrode operation and the position of the Cu oxidation peak. Square
Wave Anodic Stripping Voltammetry (SWASV) was performed for
quantifying metal content in the liquid phase with the presence of dis-
solved oxygen [57]. The deposition conditions and stripping parameters
including pulse width, step potential and SW amplitude, were optimized
prior to the determination of aerosol samples. The conditioning poten-
tial was set to 0.2 V for 2 min, to preclean any impurities on the elec-
trode surface before Cu deposition. The calibration was performed using
three randomly chosen electrodes to determine the working range with
minimal variation of Cu current peak height.

5 uM Cu(NOs), solution was used to generate Cu aerosol and the
electrochemical detection was performed after particle collection and
ultrasonic treatment. Ultrasonication for 2 min was used to accelerate
the dissolution of water-soluble elements [58,59] and mass transport to
possibly reach the distribution equilibrium of Cu ion concentration in
the microchannel. The electrolyte samples containing the dissolved
airborne Cu after the electrochemical detection were eluted for further
ICP-MS validation. To trace and visualize the collection and dissolution
of copper ions in the microchannel, Malachite green solution (1 wt% in
MiliQ water) was used to generate the aerosol, which was water-soluble
and particle-free.

Sensors and Actuators: B. Chemical 351 (2022) 130903

For the evaluation using real-world samples, 0.15 g PM10-like (trace
elements) ERM® Certified Reference Material (European Reference
Materials, ERM-CZ120) collected in Warsaw, Poland, containing 462 mg
Cu in 1 kg sample [60], was suspended in 50 mL Milli-Q water and
shaken on a vortex shaker (uniTEXER, LLG Labware) at 1000 rpm for
5 min, followed by sonication for 30 min [61]. This reaerosolization
method is able to generate the representative real-world ambient par-
ticulate matter, which agrees well with the original ambient aerosol
physically and chemically [61]. After the electrochemical detection, the
testing solution in the microsystem was filtered using 0.2 ym PTFE sy-
ringe filter (Whatman, Maidstone, UK) to separate the insoluble part
from the liquid samples, which was not detectable by the electrode in the
microsystem. In this study, only the soluble part was measured and
verified with ICP-MS measurement.

2.5. Collection and sensing strategies of aerosol trace metals

In general, the procedure for collection and sensing was collecting
aerosols with a pump connected to the outlet of the microsystem, and
2 min ultrasonic treatment was applied to homogenize metal ions, prior
to electrochemical measurements. The aerosol was aspirated into the
microchannel, and the particles were captured on the wall of the
microchannel including the area around the inlet, which was the air/
solid interface in the particle collection process. After particle collection
on the microchannel wall, the liquid (electrolyte)/solid interface for the
particle dissolution process was also formed when the leaching agent
was introduced. 0.1 M acetate buffer was the leaching agent and elec-
trochemical electrolyte for extracting and detecting bioaccessible trace
metals, to maintain metal ions in a free form instead of complex form,
with a higher diffusion coefficient during the deposition step [62]. It
should be noted that different leaching agents could result in different
bioaccessible fractions, and acetate buffer was used for the mild
extraction [6,48]. The relatively low volume of the microchannel
(~ 220 uL) offered a chance to appropriately concentrate the
nanogram-level water soluble trace metals in the liquid phase. No con-
ventional preprocessing such as acid digestion was needed prior to
electrochemical sensing. Ultrasonic treatment was applied to increase
the dissolution rate and mass transport of Cu(II) ions to reach an equi-
librium of concentration gradient prior to the electrochemical sensing
stage, resulting in a liquid suspension. This should give reproducible
concentrations at the electrode, translating into repeatable electro-
chemical signals, which was the detection ratio (concentration
measured by the microsystem/average concentration in the sample).
The detection electrode was placed in the last turn of the microchannel
(Fig. 1) to avoid significant fouling by larger particles collected near the
inlet.

3. Results and discussion
3.1. Aerosol collection performances of the microsystem

According to the verification of the experiments and simulations, the
collection efficiency of NaCl particles in the size range of 50-550 nm is
above 60% and 70% at 2 and 2.5 L/min, respectively (Fig. 2a). The
maximal working flow rate in the lab is about 3.1 L/min, so the expected
collection efficiency of the microsystem at 3.1 L/min was above 70%.
The sampling tests and simulations of DEHS particles also show that the
collection efficiency of small particles with a lower density (0.9 g/cm®)
was above 60% (Fig. S3). Specifically, the proposed microsystem col-
lects about 80% of 0.5 um particles, which is comparable to the typical
collection efficiency of the reported lab-on-a-chip designs of above 50%
[15,21]. According to the simulation shown in Fig. 2b, the high flow rate
of above 40 m/s occurs unevenly in the W-shape microchannel, espe-
cially in the area closer to the outlet. The flow velocity near the electrode
is about 10 m/s (Fig. 2b). The working flow rate above 2.5 L/min brings
about a higher pressure drop than CPC could withstand to measure the
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Fig. 2. (a) Calculated and experimental aerosol collection efficiency of NaCl particles in the size range of 50-550 nm (Assuming density: 2.2 g/cm®) at 2 and 2.5 L/
min. (b) Simulated air flow at 3 L/min in the microchannel including the cross section where the electrochemical electrode is. (c) Simulated distribution of collected
50 nm NaCl particles at 3 L/min in the microchannel. (d) Simulated distribution of collected 800 nm NaCl particles at 3 L/min in the microchannel.

downstream particle number. The simulation results of particle trans-
port at 3.0 L/min indicate particles are collected in the microchannel,
including the inlet and the microchannel (Fig. 2¢ and d). Small particles
such as 50 nm are collected around the inlet and the microchannel wall
over the length of the entire channel, whereas 800 nm particles at a high
speed are impacted mainly on the inlet (Fig. 2c and d). In general, the
microchannel is used to collect particles with a diameter of less than
1 um (Fig. 2d), thereby protecting the electrode from contamination by
large particles such as black carbon [63] and mineral dust [64].
Compared to the larger inlet (¢ 1.6 mm) applied for the microchannel,
the smaller inlet with a diameter of 1 mm leads to turbulent flow and
increases collection efficiency, lowering the particle size of 100% cap-
ture (Fig. S4). The threshold particle diameter with 100% collection
efficiency at 1.5, 2.25 and 3 L/min are decreased from 1.75 pm, 1.5 pm
and 750 nm to 1.25 pm, 1 um and 500 nm, respectively (Fig. S4a and b).
Therefore, in this work, 1 mm was chosen as the inlet diameter to in-
crease the collection efficiency. At 3 L/min, the PDMS microchannel is
able to withstand a pressure drop up to 13.6 kPa (i.e. 0.13 atm) (Fig. S5).

3.2. Electrochemical characterization of the electrode and optimization of
SWASV parameters

As shown in Fig. 3a, the Au working electrode in 0.1 M acetate buffer
is able to provide a wide potential window in the range of — 0.8t0 0.6 V.
In the Cu-free acetate buffer, the onset of oxygen reduction and
hydrogen evolution are at about — 0.3 and — 0.8 V, respectively. The
oxidation and reduction peaks of Cu in 10 uM solution are at about — 0.2

and — 0.25V, respectively (Fig. 3a), whereas three oxidation peaks of
Cu appear at — 0.4, — 0.3 and — 0.2 V in 1 mM Cu solution, which are
linked to two overpotential deposition and one underpotential deposi-
tion of Cu on the gold electrode surface, respectively. The onset of
hydrogen evolution varies as shown in Fig. 3a, indicating that a slight
potential shift may occur in each measurement due to the Pt pseudo-
reference used in the work.

After determining the potential window and positions of the oxida-
tion and reduction peak of Cu, the SWASV parameters are optimized
using a bare electrode without microchannel, including deposition po-
tential, deposition time, pulse width, step potential and square wave
(SW) amplitude, to stabilize and maximize the signal current peak and to
improve the peak sharpness. Considering the effect of hydrogen evolu-
tion and oxygen reduction, we need to carefully select the deposition
potential. It is noted that a potential shift of stripping current peak oc-
curs when the deposition potential is more negative than — 0.9 V due to
the significant hydrogen evolution. The current peak becomes stable
with a deposition potential more negative than — 0.5 V, exhibiting a
coefficient of variation in the range of 7-44% (Fig. 3b). The relatively
stable stripping current peaks also suggest that the potential shift owing
to the Pt reference electrode has a limited effect on the Cu deposition
with the deposition potential in the range of — 0.5 to 0.9 V. Since the
deposition potential of Pb and Cd is close to that of Cu [65], a more
negative potential applied in the deposition process may lead to the
deposition of Pb and Cd. Therefore, — 0.6 V is chosen as the deposition
potential to alleviate the interferences from Pb and Cd. The deposition
time affects the limit of detection and repeatability of the
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Fig. 3. Cyclic voltammetry of the bare electrode without microchannel (a) and optimization of SWASV parameters: (b) deposition potential; (c) deposition time; (d)
SW amplitude; (e) step potential; (f) pulse width in 0.1 M acetate buffer containing 10 pM Cu. The red and black data points indicated full-width at half-maximum

and current peak, respectively.

electrochemical electrode [66]. In this study, the deposition times in the
1-15 min range are explored (Fig. 3c). The overpotential deposition
occurs when the deposition time is above 5 min likely due to the
continuous deposition of Cu on the Cu layer (overpotential deposition)
rather than on the Au layer (underpotential deposition), which causes
the relatively large variation of current peaks up to 25%.

The results indicate that the current peak decreases by up to 50%
with different pulse widths (Fig. 3d). Both sharpness and height of the
current peaks are important for the measurement of the target metal in
the aerosol samples with complex components, therefore, we use the full
width at half-maximum (FWHM) as a second factor to select for optimal
values of step potential and SW amplitude [66]. The step potential has a
minor influence on FWHM and the current peak is relatively higher with
the step potential between 5 and 9 mV (Fig. 3e). In contrast, the
increasing SW amplitude causes a significant 35% increase in FWHM,
which means that the resolution of the current peak deteriorates and the
quantitative analysis of specific metals suffers due to possible current
peaks overlap [66] (Fig. 3f). In summary, — 0.6 V, 3 min, 5 ms, 5 mV,

and 35 mV were the optimal values selected for deposition potential,
deposition time, pulse width, step potential, and SW amplitude,
respectively.

3.3. Sensing performance of the trace metal ions in the liquid phase

The calibration curve shown in Fig. 4a indicates that the limit of
detection of the bare electrode is 300 nM in the standard Cu solution,
which is 10 times higher than in some previous studies [67]. It suggests
that the mass transport of target metals is less efficient, likely owing to
not stirring the solution. Here the limit of detection is defined as the
threefold background value. The current peak as a function of Cu(II)
concentration increases linearly in the range of 300-3000 nM and
3-10 uM, respectively (Fig. 4a). However, the variation of the current
peak in the range of 3-10 uM among different electrodes is much larger
than that in the range of 300-3000 nM, which indicates an inconsistent
performance of different electrodes in the sensing of high concentrations
of Cu. According to the SWV current peak of Cu, the Cu current peak is at
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107 = ——292nM Cu ,1
< 8| R2=0.984 A 25— 665nM Cu i " -
404 5 | / 1 ——1054nM Cu x
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Fig. 4. Calibration curve of the bare electrode without microchannel for Cu using SWASV(a). (b) Current peak of Cu using SWASV. (c) Interference studies of Cu
current peak in 10 uM Cu containing 1, 5, 10, 50, 100 uM Ca, Fe, Cd, Mn, Pb and Zn, respectively. Deposition time — 0.6 V, deposition time 180 s, SW amplitude

35 mV, step potential 5 mV, pulse width 5 ms.
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about — 0.1V, next to the acetate adsorption peak at 0V [68,69]
(Fig. 4b).

The verification of sensing selectivity was conducted by testing and
calculating the changes of the peak current in the presence of other
metal ions [34]. In this interference study, we selected Ca, Pb, Zn, Fe, Cd
and Mn as the interfering ions, which were the most abundant metals in
the aerosol samples [70-72]. The influence by each of these interfering
ions in the concentration range of 1-100 uM were separately studied in
the presence of 10 uM Cu. In general, Cd and Zn increased the current
peak of Cu on average by 40.2% and 10.0% respectively, whereas Ca,
Pb, Fe and Mn suppressed the Cu current peak by 25.1%, 20.3%, 16%
and 14.6% respectively (Fig. 4c). The possible reason was that Cd and Zn
formed an alloy with Cu [73,74] and were stripped from the gold surface
simultaneously, while some of the other ions might compete with Cu to
occupy electroactive sites on gold surface. The observed peak potential
deviations were partly attributed to the potential drift of the pseudo Pt
reference electrode.

3.4. Collection and sensing performance using the laboratory generated
metal aerosol

FTIR result indicated that O-H, C-H, C-O, and S=O stretching peaks
were enhanced in the 3550-3200, 3100-3000, 1210-1163, and
1070-1030 cm ™! regions, respectively, due to the cleaning of the inner
surface of the microchannel before measurements (Fig. S6). A solution of
5 uM Cu(NOg3), was used to generate soluble Cu aerosol with an arith-
metic mean diameter of 36.9 4+ 0.6 nm (Fig. 5a). For Cu aerosol, PMj s,
PMy 5.1, PMj_35 and PMy 5 1o accounted for 78.1%, 18.5%, 3.2%, and
0.2%, respectively (Fig. 5b). ICP-MS results indicated that the Cu con-
centration of liquid samples in the microchannel and the concentration
on the microchannel wall accounted for 90% and 10% of total concen-
tration in collected samples, respectively (Fig. S7), indicating no sig-
nificant adsorption of Cu onto the microchannel wall. To obtain stable
and high electrochemical signals, the effect of ultrasonic treatment was
investigated to improve the metal dissolution from aerosol particles and
its mass transport. The detection ratio varied in the range of 10-98% in
the measurements without ultrasonic treatment (Fig. S8). Here, the
detection ratio was the ratio of Cu concentration derived from electro-
chemical signals based on the calibration curve of the bare electrode to
the ICP-MS verified concentration. In contrast, ultrasonic treatment
resulted in a stabilized but lower detection ratio in the range of 10-20%.
Distribution of collected particles, liquid movement, metal dissolution
and distribution in the microchannel were involved and possibly resul-
ted in low detection ratio. Therefore, the low detection ratio was
investigated using malachite green particles with an arithmetic mean
diameter of 79 nm (Fig. S9a). Despite the lower number of larger par-
ticles, the color was much darker around the inlet where large particles
with larger mass are collected (Fig. S9b). The dissolved malachite green
particles were not sufficiently distributed in solution after introduction
of the liquid (Fig. S9¢). With a typical diffusion-layer thickness around
40-50 um [75], the concentration of target metal could be highly het-
erogeneous in local areas around the electrode, which caused the un-
stable detection ratio in the range of 10-98%. In comparison, the
distribution equilibrium with less distinguishable concentration
gradient was achieved after ultrasonic treatment (Fig. S9d). Therefore,
the more uniform distribution of Cu ions in the microchannel was likely
to give the low detection ratio by stabilizing the local concentration
around the electrode.

The inter-chip reproducibility of the proposed microsystem was
further investigated by testing Cu aerosol in the aqueous concentration
range of 2-8 uM, which is the ratio of total Cu mass to the volume of the
microchannel. For each microsystem, the sensing performance corre-
sponding to the concentration of Cu is linear (R? > 0.83) (Fig. S10a). Cu
concentrations derived from electrochemical signals account for
14 + 4% of the ICPMS-verified concentrations in the microchannel
(Fig. S10b), indicating the equilibrium of concentration gradient after
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2 min ultrasonic treatment. The linear relationship (R? = 0.86) between
ICPMS-verified concentration and current peak is again confirmed by
four microsystems (Fig. 5¢), which supports the reproducibility of the
microsystem. According to the global regression, the limit of detection is
1.5 pM, and the total amount of Cu in the microchannel is 21 ng, which
means the microsystem is able to detect the accumulated aerosol par-
ticles with soluble Cu above 21 ng. Previous study demonstrates that
copper in the particulate matter exists in the divalent state, such as
hydrated copper sulfate [76], so the sensing performance of the micro-
system is less likely to be affected by Cu(I). According to the collection
efficiency of NaCl particles, the collection efficiency of 70% is assumed
at the working flow rate of 3.1 L/min, therefore, the microsystem is able
to detect aerosol samples with a soluble Cu concentration higher than
32 ng/m3 based on 5h aerosol collection period, while the limit of
detection could be further reduced to 8 ng/m? for a collection time of
20 h. This microsystem is applicable in a relatively short collection time
at the working flow rate of 3.1 L/min with the reported Cu concentra-
tions, such as 24.4, 117 4+ 163.3, and 188 ng/m3 in Switzerland [71],
China [72], and Sao Paulo, Brazil [77], respectively.

3.5. Sensing performance of the microsystem using real-world samples

The arithmetic mean diameter of the PM;jq-like aerosol was
57.1 + 0.6 nm (Fig. 5d). In comparison to Cu aerosol, the PM;y-like
aerosol contained a larger fraction of coarse particles to simulate the
real-world environment (Fig. 5b). In particulate, PMg 5, PMy 5.1, PM1 55
and PMy 5 19 account for 52.7%, 42.1%, 5.0%, and 0.2% in terms of
particle number, respectively. In fact, the number size distribution of the
PM;-like aerosol was quite similar to that of the real-world environ-
ment with a mode diameter smaller than 100 nm such as central Los
Angeles [61] and London [78]. Based on the calibration curve of a single
microsystem (Microsystem 4), the average detection ratio of Cu in the
PM;o-like aerosol was 100 + 14% (Fig. 5e), which suggests that the
simultaneous presence of multiple elements such as Cd, Mn, Zn and
organic matters has a minor effect on the sensing performance. It also
indicates that metallic copper or the insoluble fraction of particulate
copper has a limited effect on the detection of soluble copper ions. In this
part, it should be noted that the detection ratio is the ratio of Cu con-
centration derived from electrochemical signals based on the calibration
curve of the microsystem to the ICPMS-verified concentration. Collec-
tion and dissolution of the PM;j(-liked aerosol also suggest the consid-
erable quantity of black carbon distributes around the inlet and first turn
of the microchannel, which prevents significant fouling of the electrode
surface (Fig. S11). In addition, collected particles are removed by ul-
trasonic treatment each time after collection and detection, which pre-
vents particle accumulation especially the insoluble fraction, and worse
collection and detection performance. Unlike the sharp current peak of
Cu solution, the wider and flat current peak of PM;(-like aerosol indi-
cated that the oxidation peak of Cu at — 0.2 V tends to overlap with the
acetate adsorption peak at a more positive potential (i.e. 0 V) (Fig. 5f).
This evidence suggests that deposited Cu on the electrode surface tends
to be stripped at a more positive potential when a higher concentration
of PMjo-like aerosol samples is present in the microchannel. The
possible reason is that multiple anions in the PM;-like aerosol, such as
sulfate [79], chloride [80] and bromide [81], affect the deposition of Cu
on the gold electrode by changing the surface structures and onset po-
tentials of the deposition process, which further influences the corre-
sponding stripping process of Cu. Unlike the interference studies of
several metal ions shown in Fig. 4c, multiple elements present in the
real-world aerosol mainly affected the shape of the current peak rather
than the current peak intensity (Fig. 5e and f). Therefore, the results
indicated that the microsystem can be applied for practical usage despite
interferences from other components such as non-target metal ions.
Overall, the collection and sensing performance of the microsystem was
validated by real-world aerosol containing metals, carbons, non-metal
fractions. Besides that, the performance of this microsystem should be
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examined in the real-world environment in the next step.
4. Conclusions

In this study, a promising integrated aerodynamic/electrochemical
microsystem has been successfully developed to collect aerosol with
relatively high efficiency to detect soluble copper at the nanogram level.
The collection, dissolution and detection of aerosol copper rely on the
air/solid and liquid/solid interface of the microchannel and do not
require a bulky setup. This microsystem is a promising low-cost alter-
native to the cumbersome coupling in series for aerosol collection and
detection platform. Nonetheless, the collection and sensing performance
of this microsystem should be extensively examined in the real-world
environment in future studies. The limitation of this microsystem is
that the collection time could vary according to different soluble Cu
concentration in different regions and cities.

The collection and determination of several metals such as Cu, Cd,
Pb, Fe and Ni can be achieved on the current or modified microsystem
(by replacing or modifying the electrode). Besides that, bioaccessiblity
of aerosol metals could be extensively explored by using different
leaching agents such as water, salt solutions, buffer solutions and syn-
thetic body fluids [5], and detected in situ by the microsystem. In this
way, high-resolution monitoring and investigation of bioaccessible
aerosol metals could give the rapid response to air quality in terms of
human health and facilitate the development of air quality control
policies [8]. Furthermore, the application of the microsystem is
reasonably extended to the collection and detection of other soluble
elements such as nitrate [82] and aerosol oxidative load [83], which
offers a new way to develop the online, mobile, low-cost and minia-
turized monitoring system for different aerosol components. Therefore,
a more comprehensive routine monitoring network of aerosol soluble
metals and other components is potentially established to investigate the
aerosol processes and protect the human health.
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