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ABSTRACT: Inhaled aerosols impact human health by depositing harmful
species in the lungs (e.g., metals and organic pollutants) and act as a key
pathway for airborne disease transmission. Aerosol inhalation is highly size-
dependent, with smaller particles (particulate matter <2.5 μm, PM2.5)
depositing deeper in the lungs (e.g., alveoli) leading to strong correlations
between PM2.5 and mortality, along with other respiratory and cardiovascular
diseases. A longstanding challenge for detailed aerosol chemical analysis is
that most PM2.5 health studies collect offline samples, which are subsequently
analyzed offsite, requiring high-cost collectors and significant downstream
effort and cost. Herein, we present a low-cost, miniature 3D-printed impactor
coupled to a microfluidic channel to allow for downstream analysis of PM in
liquid. After size-segregated collection of airborne particles within the device,
water is flowed through a microfluidic channel that resuspends insoluble particles or dissolves soluble particles. Size-dependent
collection efficiencies (50% cutoff diameters, d50's) for the supermicron (PM>1) impactor were 0.8 and 1.0 μm using monodisperse
(polystyrene latex spheres) and polydisperse (red-fluorescent spheres) standards, respectively. Coarse (PM>2.5) impactor d50's were
2.4 and 2.6 μm, respectively. Optical photothermal infrared (O-PTIR) and Raman microspectroscopy confirmed collected particle
composition. The sizes of re-entrained PSLs (1, 1.25, and 1.5 μm) were measured to have diameters of 1.0, 1.2, and 1.5 μm,
respectively, with a Coulter Counter, indicating the successful downstream analysis of collected particles without modification during
impaction and resuspension. Soluble particles (ammonium sulfate) were dissolved by the flowing water and measured with ion
chromatography. This study shows that 3D-printed impactors are capable of collecting particles with a well-defined size cut, as well
as nondestructively resuspending and chemically analyzing the particles. These 3D-printed devices are a miniaturized, low-cost (<
$2) option that sets the stage for semicontinuous microfluidic analysis of size-selected aerosols to evaluate health impacts ranging
from toxin exposure to disease transmission.

1. INTRODUCTION
Atmospheric aerosols negatively impact human health leading to
increased mortality, as well as respiratory and cardiovascular
diseases.1−3 Particle size determines where within the human
body particulate matter (PM) deposits, including deposition
deep within the lungs (e.g., bronchi and alveoli).4 Each year,
over 60,000 premature deaths are attributed to fine PM
(aerodynamic diameter ≤2.5 μm) in the United States.5 Coarse
PM (PM2.5−10) also impacts human health, but is typically
derived from mechanically-generated sources and can lead to
similar or different health effects.6−8 Due to this size-
dependence, the U.S. Environmental Protection Agency
(EPA) regulates PM (both PM2.5 and PM10) as one of its six
criteria air pollutants under the National Ambient Air Quality
Standards (NAAQS). Within PM2.5, the particles with the most
mass per particle are between 1.0 and 2.5 μm due to the cubed
relationship between particle diameter and mass. This makes
supermicron PM (PM>1) a key size range to sample for studying
PM2.5 and its substantial health effects.3,9

Exhaled aerosols, particularly in indoor environments, also
contribute to the transmission of infectious diseases, including
measles, tuberculosis, and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2, known as Covid-19).10,11 After
equilibrating in air, these aerosols are typically ∼1−2 μm,
highlighting another reason that PM>1 is a critical size range to
sample.11 For both environmental and disease exposure studies,
the separation of particles by size and subsequent size-
dependent collection of coarse (PM>2.5) and supermicron
(PM>1) particles is critical to identifying the chemical and
biological species present in aerosols that impact human health.
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Inertial impactors have long been used to collect particles12 so
that their impacts on human health can be determined.13 Inertial
impactors consist of two major parts: a nozzle accelerating the
airflow by constricting it and an impaction plate where particles
collide with a surface and are collected.6 Large particles, which
have greater inertia compared to gases in the airflow, are unable
to follow the main gas flow when it turns 90°, which results in
those particles impacting onto the substrates.6 In contrast, small
particles with less inertia will follow the airflow without striking
the surface.6 After inertially impacting ambient particles at field
sites, particle-laden filters or substrates (e.g., aluminum foils) are
typically stored and brought back to a laboratory for offline
analysis either after extraction (e.g., ion chromatography, IC, or
liquid chromatography coupled to mass spectrometry, LC-
MS)14 or with single-particle microspectroscopy techni-
ques.15−18 Since offline analysis requires storage and, typically,
extraction, the analysis of samples collected by impactors is slow
due to high human effort, leading to poor time resolution (often
24 h). Storage and extraction can also alter the chemical
composition of PM or lead to losses in biological viability.19,20

Instrumentation with real-time analytical capabilities, such as
single particle mass spectrometers (e.g., aerosol time-of-flight
mass spectrometry, ATOFMS) or aerosol mass spectrometry
(AMS), have many benefits,21,22 but are very expensive and
require high levels of operator training, which limits their broad
usage for monitoring efforts. An attractive compromise between
slow, high-effort, offline measurements and expensive, real-time
mass spectrometers, is near real-time measurement (i.e.,
semicontinuous sampling), but this requires the ability to
collect and analyze small amounts of sample soon after the
impaction.
The popularity of microfluidics is related to their ability to

make measurements with small amounts of sample and with
rapid analysis times.23,24Microfluidics are used across an array of
scientific fields, including cell sorting25 and dielectrophoresis for
biomedical applications,26 droplet generation,27 and small-scale
and multiplexed reactions.28 Additional advantages of micro-
fluidic devices often include lower costs, simpler operation,
portability, and simpler manufacturing compared to benchtop
instrumentation.23,24 The advantages of microfluidics have been
leveraged to study particle properties.29−34 Paper-based micro-
fluidics have also been used to probe PM oxidative potential,30 a
key property related to PM health effects. More recently, SARS-
CoV-2 in aerosols was detected in near real time by a rotating
microfluidic fluorescence system.31 However, sampling atmos-
pheric aerosols and introducing them into the liquid flow of a
microfluidic system is challenging, and prior measurements have
often had to use high pressures that limit system portability or
usability for real-world measurements.32,35 Thus, simple to use,
low-cost samplers that can collect size-separated particles and
introduce them into a liquid flow within a microfluidic device for
subsequent analysis remain a target for the analytical chemists
studying atmospheric and exhaled aerosols.
Herein, we describe novel 3D-printed inertial impactors

(supermicron: PM>1 and coarse: PM>2.5) that collects particles
within a microfluidic channel for subsequent analysis of
collected particles in liquid. 3D printing has been widely
adopted to print miniaturized devices and microfluidic systems
due to its lower cost, rapid manufacturing times, and geometric
design flexibility.36 However, to date, only a few studies have
reported 3D-printed aerosol impactors, and to our knowledge,
no studies have attempted to re-entrain particles into water after
inertial impaction for subsequent liquid-based analytical

measurements.37,38 Our approach allowed us to impact particles
onto a surface with a well-defined size cut based on aerodynamic
diameter, which was determined with monodisperse and
polydisperse suspended aerosol standards. We then passed
liquid through the device to resuspend the collected PM for
downstream analysis, including both insoluble and soluble
components. Liquid analysis has advantages for real-time PM
measurement because it enables future coupling to rapid
electrochemical or optical detection methods of PM compo-
nents.39−41 By combining impaction and re-entrainment in the
same newly designed 3D-printed impactor, this device offers a
front end-capable of being coupled to a range of microfluidic
analyses downstream for rapid and lower cost analysis of critical
aerosol components facilitating a better understanding of
exposure to chemical and biological species.

2. EXPERIMENTAL SECTION
2.1. Design. To increase portability versus existing samplers,

the overall form factor of the impactor needed to be reduced,
and 3D printing enabled direct printing of all necessary fluidic
interfaces into the impactor body. 3D printing also enabled the
production of high-resolution features required for creating a jet
nozzle capable of separating particles as small 1 μm from a gas
stream. To initiate the fabrication process, models were created
in Autodesk Fusion 360 and optimized for production using the
Formlabs 3B+ (F3B+) stereolithography (SLA) printer
(Formlabs, Inc.). To enable validation of the impactor’s
performance using traditional laboratory-based PM assessment
techniques, a device with a removable scanning electron
microscopy (SEM) stub in the base was designed. Collection
on the SEM stub allows for several single particle analyses,
including optical photothermal infrared (O-PTIR)16 and
Raman microspectroscopy,42 as well as SEM with energy
dispersive X-ray (SEM-EDX) spectroscopy18 and atomic force
microscopy (AFM).15

To meet the outlined design requirements, a two-piece design
was implemented, consisting of the main body of the impactor
and a sleeve that fits around the SEM stub at the base shown in
Figure 1A as the top view and 1B as the bottom view. Figure 1C
illustrates the supermicron and coarse impactors as well as their
cross sections. The main body includes all necessary inlet/outlet
fittings to interface directly with external sampling tubing. Inside
the device, there is a channel with outlets on either side of the
impactor body, as shown in Figure 1D. This channel serves as
the air outlet during impaction and as the inlet/outlet pair for the
liquid washing step. The second component, the SEM sleeve,
was designed to fit tightly around the SEM stub, creating a
liquid- and airtight seal when inserted into the base of the
impactor. The internal channel, shown in the cross-sectional
view in Figure 1D, extends into the top of the SEM sleeve,
forming a continuous internal channel throughout the impactor
body. The sleeve with SEM stub is depicted in Figure S1, and
details of the manufacturing are provided in Table S1 and
Figures S16 and S17 in the Supporting Information.
Two designs with different size cut-points (1 and 2.5 μm)

were produced to validate the efficacy of the 3D-printed
supermicron and coarse impactors. The dimensions of the
impactors and SEM sleeves are detailed in Table S1.
Additionally, all build files for the impactors and SEM sleeves
are available as STL files in the Supporting Information.
2.2. Theoretical Particle Size Calculation and Exper-

imental Setup. Monodisperse standards of polystyrene latex
spheres (PSL; Polysciences, Inc.) across a range of diameters
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(0.3, 0.5, 0.6, 0.8, 1, 1.25, 1.5, 1.74, 2, 2.5, and 3 μm), and
polymethacrylate (PMMA; Sigma-Aldrich) microparticles (4
μm) were used to test the collection efficiency of the impactors
in Figure 1E. Red fluorescent polymer microspheres (FMR;
Cospheric), ranging from 1−5 μm, and ammonium sulfate
((NH4)2SO4, Sigma-Aldrich) aerosolized using a Collison
nebulizer16 (a.k.a., atomizer) in the submicron range were
used as polydisperse standards. Both PSLs and FMR were
suspended in 18.2 MΩ·cm nanopure water and sonicated for 10
min to avoid aggregation. A 3M solution of (NH4)2SO4 was also
prepared. The experimental setup is shown in Figure 2. In brief, a

mass flow controller (MFC; Alicat, Inc.) regulated the flow rate
to 1.2 L/min, which matched the theoretical 50% size-cut
calculated based on jet nozzle diameter and air velocity/flow rate
in eq 1

E
d UC

D18
p p

j
theo

2

=
(1)

where ρp is the density of the particles, dp is the diameter of the
particles, U is the velocity of the air, C is the Cunningham slip
correction factor for submicron particles, η is the viscosity of the
air, andDj is the diameter of the jet nozzle.6,35 The experimental
collection efficiency was calculated by eq 2

E
N
N

d

u
exp =

(2)

where Nd and Nu are the particle number counts with and
without the impactor, respectively.38

The air stream went through a HEPA filter to remove any
extraneous particles. Generated aerosols were subsequently
dried using a silica gel diffusion dryer. The dried particles were
impacted onto a silicon wafer (Virginia Semiconductor Inc.),
and smaller particles that were not impacted were measured by
an aerodynamic particle sizer (APS; Model 3321, TSI Inc.)
connected to the airflow from the outlet. Due to the imbalanced
flow between the impactor (1.2 L/min) and the APS (5 L/min),
an additional pumpwas added to supply additional flow between
the impactor and the APS with an in line HEPA filter to remove
particles. The total particle counts without the impactor were
also measured to provide a baseline as Nu for calculating the
experimental collection efficiency. Airflow was tested before and
after the impactor to confirm the system was leak free by
submerging into water without air bubbles forming, in addition
to flow balance measurements. The final assembled impactor is
shown in Figure S2. For submicron aerosol testing, a scanning
mobility particle sizer (SMPS; Model 3938, TSI Inc.), instead of
an APS, was utilized to test PSLs at 0.3, 0.5, 0.6, and 0.8 μmwith
the same setup. Since the SMPS operates at 0.3 L/min, an
additional pumpwas added to reduce the flow from the impactor
to the SMPS.
2.3. Re-entraining and Resuspension Process. Re-

entrainment of PSLs (1, 1.25, and 1.5 μm) and FMR, both
insoluble, into liquid flow was tested, as illustrated in Figure 1F.
After impaction for 15 min, one of the impactor air outlets was
immediately connected to a syringe pump (New Era Pump
Systems, Inc.). A 10 mL syringe filled with ISOTON II solution
(Beckman Coulter Inc.), a multisalt solution, was used to push
the ISOTON II through the impactor at 0.125 mL/min for 20
min. The ISOTON II solution was purified beforehand with a
1.2 μm Nylon membrane filter (Merck Millipore Ltd.) to
eliminate background particles. The impactor was titled at a 10°
angle to ensure the correct flow directions in Figure 1F. A cap
was placed at the air inlet to prevent water from going up
through the inlet after the ISOTON solution completely
submerged the channel. Each experiment was repeated 5 times
and samples were combined together to achieve sufficient
particle concentrations and enough solution volume for each
Coulter Counter analysis. Between each experiment, the
substrate was thoroughly cleaned with methanol (Sigma-
Aldrich) and nanopure water and a baseline sample was also
collected when no particles were deposited onto the substrate.
The ability to resuspend soluble salts in the flow after

impaction was tested with (NH4)2SO4, a common atmospheric
salt. A 3 M solution of (NH4)2SO4 was aerosolized using the
same setup described previously and impacted for 1 s. Nanopure
water flowed over the impacted (NH4)2SO4 particles to dissolve
the salt and entrain the ions in the water followed by subsequent
analysis with ion chromatography (IC).
2.4. Coulter Counter Analysis. The number of particles

entrained in liquid following impaction was analyzed as a

Figure 1. (A) Top view of the impactor, 31 mm long and 20 mm wide.
Dark gray area represents the inlet and outlets. Green area represents
the main body. (B) Bottom view of the impactor. Yellow represents the
SEM stub for supporting the impaction plate, and blue represents the
sleeve for sealing the impaction channel. (C) Image showing the
supermicron and coarse 3D impactors with a penny for size reference, as
well as two printed cross sections. (D) The cross section of a 3D-
printed impactor. (E) Illustration of impaction of aerosols (yellow
spheres) from the gas stream (light blue). Key components: nozzle, air
streamlines, impaction plates, and impacted particles. Diagram is not to
scale. (F) Illustration of the re-entraining process with water (dark
blue), showing particles either re-entraining or dissolving (if soluble) in
the waterlines for further analysis.

Figure 2. Experimental setup to measure collection efficiency and 50%
cutoff diameter of the impactors. Impactors were tested by PSL and
FMR for monodisperse and polydisperse standards, respectively. Key:
HF, HEPA filter; MFC, mass flow controller; AT, atomizer (a.k.a.,
Collison nebulizer); APS, aerodynamic particle size.
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function of size from 0.68−10 μm with a Coulter Counter
(Model Multisizer 4e; Beckman Coulter) using a 30 μm
aperture. No further purification or dilution was performed. PSL
and FMR standard solutions were also tested by pipetting 10mL
of ISOTON II solution into the cuvette and adding 0.25 mL of
the PSL/FMR stock solution. The sample was sonicated for 3
min to prevent aggregation prior to measurement.
2.5. Microspectroscopy Measurements (O-PTIR

+Raman). Individual particles were analyzed following
impaction with a mIRage system (Photothermal Spectroscopy
Corp.), which simultaneously collects optical photothermal
infrared (O-PTIR) and Raman spectra.16 The mIRage uses a
Cassegrain reflective objective (40 × , 0.78 numerical aperture,
8.3 mm working distance) which transmits both visible and IR
photons. A visible laser (532 nm) is used as the probe, and a
quantum cascade laser (QCL) is used as a tunable IR source to
induce the photothermal effect.43 PTIR spectra were collected
from 950−1800 cm−1 and 2700−3000 cm−1 with a spectral
resolution of 2 cm−1 at a scan rate of 100 cm−1/s for 15 s
acquisitions with an average of 10 accumulations.36 Raman
spectra were collected by measuring the Stokes scattering that
comes back through the Cassegrain objective and is directed
into a Horiba iHR320 Raman spectrometer. Raman spectra
were collected from 600−3600 cm−1 with a 600 groove/mm
grating at a spectral resolution of 4 cm−1 for 30 s acquisition with
an average of 3 accumulations.
2.6. Ion Chromatography (IC) Analysis. For IC analysis,

the (NH4)2SO4 sample solution was diluted 1:20 and 1:800 for
NH4

+ and SO4
2− quantification, respectively. IC analysis was

performed by manual injection of individual aqueous samples
into a Dionex ICS-2100 IC for anions and a Dionex Aquion IC
for cations (Thermo Fisher Scientific, Dionex Inc., Sunnyvale,
CA) with 200 μL sample loops. Briefly, anion separation was
performed using a Dionex IonPac AS18 (4 × 250 mm) column
using a 1.0 mL/min flow rate of nanopure water and KOH
gradient separation starting at 18 mM KOH and linearly
increasing to 57 mM over 11.5 min, immediately returning to 18
mM at 11.5 min after all ions have eluted, staying at this
concentration until 18 min to maintain equal run times for both
systems and allow the anion system to equilibrate before the next
run, with a suppressor current of 142 mA for the entire 18 min
run. Cation separation was performed using a Dionex IonPac
CS12−5 μm (3 × 150 mm) column using a flow rate of 0.5 mL/
min and 23 mMmethanesulfonic acid isocratic separation, and a
suppressor current of 30 mA for the 18 min run. Further
measurement details are provided in the Supporting Informa-
tion. The raw chromatographic data were imported into TERN
(Aerodyne Research, Inc.), a chromatography peak fitting
software package that utilizes the built-in peak fitting package of
Igor Pro.44

3. RESULT AND DISCUSSION
3.1. Impaction Process and Collection Efficiency.

Aerosol collection efficiency curves and the diameter of the
50% size cut (d50) are shown in Figure 3A and 3B for the
supermicron and coarse impactors, respectively. For the
monodisperse standards (PSLs), the supermicron impactor
has a d50 of 0.8 μm, while the coarse impactor d50 is 2.4 μm. For
the polydisperse standards (FMR), the supermicron and coarse
impactors have d50's of 1.0 and 2.7 μm, respectively. Both of the
impactors exhibit d50 values similar to the theoretical values (1.0
and 2.5 μm), respectively, which are calculated from established
aerosol physics (Figure S3).6 The slight difference between the

experimental and theoretical value is likely due to printing
imperfections, which leads to roughness within the impactor and
slight variations in the actual diameter of the jet nozzle (Figures
S4−S7 andTable S1). Surface roughness can also contribute to a
reduction in particle counts due to wall losses.36,45 In addition,
when the substrate is heavily loaded, the collection efficiency can
also decrease due to incoming solid particles bouncing off of the
already deposited particles (Figure S8), though this expected to
be minimal over the time scales of collection and analysis (<15
min).46−48 Theoretical determination of impactor size cuts are
notoriously challenging and are often revised based on empirical
measurements. Thus, despite these minor issues, the super-
micron and coarse impactors exhibit collection efficiencies and
d50's similar to their designed values, which demonstrates their
efficacy at collecting particles in the desired size range.
To demonstrate that the impactors are collecting the intended

particles, it is critical to measure their chemical composition. O-
PTIR+Raman spectra were collected for individual PSLs and
FMR, whose structures are shown in Figure 4A and 4E,
respectively. FMR is mainly composed of thermoset amino
formaldehyde polymer.49,50 In Figure 4B, an optical image
shows the different sizes of PSLs (1, 2, and 3 μm) impacted onto
the same substrate, indicating the proper deposition behavior for
the supermicron impactor (all three should be collected). For
the coarse impactor, 3 μm PSLs were measured, but not 1 and 2
μm (as those would not be collected), which we show in Figure
S9. PTIR and Raman spectra for the different sizes of PSLs are

Figure 3. Collection efficiencies of (A) supermicron and (B) coarse
impactors. Blue dots represent monodisperse standard PSLs tested by
the APS and SMPS. Yellow dots represent polydisperse standard FMR
tested by the APS. Blue and yellow lines represent the d50 for PSLs and
FMR, respectively. The horizontal black dashed line represents 50%
collection efficiency.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c00003
Anal. Chem. 2025, 97, 6222−6229

6225

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c00003/suppl_file/ac5c00003_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00003?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00003?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown in Figure 4C and 4D, respectively, confirming their
composition based on known peak assignments for PSLs.36,42,51

The PTIR peak at 1452 cm−1 is assigned to methylene/methyl
bending, δ(CH2/CH3), which also corresponds to 1455 cm−1 in
the Raman spectrum.36,42,51 The peaks at 1068 and 1035 cm−1

for PTIR and Raman, respectively, are assigned to C−H
bending, δ(C−H). Moreover, the PTIR peaks at 2848 and 2924
cm−1 corresponded to symmetric νs(CH2/CH3) and asym-
metric νas(CH2/CH3) stretching of methylene and methyl
groups in the PSL spectrum, respectively.36,42,51 The same
methylene/methyl symmetric and asymmetric vibrational
modes are also observed at 2856 and 2910 cm−1 in the Raman
spectrum. In addition, the peak at 3059 cm−1 is assigned to the
aromatic group stretching within the benzene ring, ν(�C−H),
in the Raman spectrum; this is at too high of a frequency to be
measured with the PTIRQCL laser. However, C�C stretching,
ν(C�C), is observed at 1492 and 1600 cm−1 for the PTIR
spectrum and 1611 cm−1 in the Raman spectra. In addition,
peaks at 1028 cm−1 for the PTIR spectrum and 1004 cm−1 for
the Raman spectrum are assigned to symmetric stretching of C−
C bonds, νs(C−C).36,42,51

Figure 4F demonstrates the polydispersity of FMR particle
sizes that have been successfully impacted onto the silicon
substrates, aligning with the FMR manufacturer size range. The
PTIR peak at 1412 cm−1 is assigned to the methylene/methyl
group bending, δ(CH2/CH3), shown in Figure 4G.49 The peak
at 1542 cm−1 is assigned to the bending of N−H, δ(N−H).
Carbonyl group stretching, νs(C�O), is assigned to the peak at
1708 cm−1. The peak assignments align with the amino
formaldehyde polymer structure in Figure 4E and literature
values.49 Figure 4H shows that the Raman spectrum is saturated
due to fluorescence, consistent with expected fluorescence of
FMRs.
3.2. Re-entraining and Resuspension Process. After re-

entraining collected particles in liquid flow within the micro-
fluidic channel, it is critical to show that their representative sizes
can be observed with downstream analysis. Figure 5A shows that
1.0, 1.25, and 1.5 μm PSLs are clearly distinguishable from the
blank and each other when measured with the Coulter Counter

for the supermicron impactor. Separate plots of each PSL size
and concentration with standard deviations are shown in Figure
S10. The resuspended 1 μmPSLs had a diameter of 1.0 μm, 1.25
μm PSLs had a diameter of 1.2 μm, and 1.5 μm PSL had a
diameter of 1.5 μm measured by the Coulter Counter, all of
which are within uncertainty of their independently-verified
diameters. This is particularly when considering the different
sizing measurement approach of the Coulter Counter for

Figure 4. (A) PSL chemical structure. (B) Optical image of impacted 1, 2, and 3 μm PSLs on the same silicon substrate by the supermicron impactor.
Semicircles on the top of 1, 2, and 3 μmPSLs (green, dark blue, and dark red) correspond to the PTIR spectra in (C) and semicircles on the bottom in
gold, light blue, and light red for the Raman spectrum in (D), respectively. The spectra are offset and the intensity of 1 μmPSLs is multiplied by 5 times
for PTIR and 3 times for Raman for clarity. * is the background peak from the silicon wafer. (E) FMR polymer prior chemical structure, the actual
structure is proprietary. (F) Optical image of impacted different sizes of FMR particles by the supermicron impactor. (G) and (H) PTIR and Raman
spectra of FMR, respectively. In (H) the points registering zero represent saturation on detector.

Figure 5. Re-entrained and resuspended particles distribution in
solution from the supermicron impactor. (A) Particle concentrations of
1.0, 1.25, and 1.5 μm PSLs in green, yellow, and blue, respectively. (B)
FMR particle concentration is shown in red, compared with stock
solution as a blue line. The stock concentration is multiplied times 0.13
for a better comparison. The blank is in gray.
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determining the PSL particle diameter (changes in conductiv-
ity). The entrained PSLs also match the sizes measured for the
bulk PSL solution (Figure S11), indicating they were
successfully re-entrained from the substrate and remained
unchanged in size.
To further ensure that most particles were entrained, optical

and scanning electron microscopy images were collected of the
silicon substrate where PSLs were initially captured (Figures S8
and S12). After impaction, the optical image inFigure S8a
exhibits a high particle loading for 1 μm PSLs after impaction,
while after re-entrainment, the visible particle spot is no longer
present in Figure S8b. Aligning with the optical microscopy,
significant reduction in particle loading on the silicon is observed
before and after SEM images (Figures S12A and S12B,
respectively). The gray baseline in Figure 5A is due to impurities
in the water used for aerosolization and is shown in detail in
Figure S13.52−54 Small peaks for other sizes in Figure 5A are due
to trace retention of other PSL sizes between individual
experiments.
To examine the re-entraining process with polydisperse

samples, FMR was used as an insoluble standard and
(NH4)2SO4 as a soluble standard. Each was impacted on silicon
substrates and tested for re-entrainment. Figure 5B shows clear
resuspension in liquid of FMR (red), which is similar to the
curve shape for the stock FMR solution. The FMR
concentration, with variability represented by the standard
deviation across triplicate measurements, is shown in Figure
S14. This confirms that insoluble polydisperse particles could be
washed off of the substrate. The higher particle concentration
from 0.68−0.90 μm is due to the impurities aerosolized from the
FMR stock solution similar to that of the PSL. The re-entraining
concentration above 1.5 μm is lower than the standard solution
due to the less efficient aerosolization and impaction of larger
particles.
For the soluble particles impacted on silicon, when nanopure

water flowed through the system, the (NH4)2SO4 was dissolved
for subsequent analysis with IC. The chromatogram for both
cations and anions showing clear peaks for ammonium and
sulfate are shown in Figure S15, along with their concentrations.
Overall, these results demonstrate that impacted insoluble
particles can be re-entrained and resuspended back to the
solution without particle size changing, while soluble particles
can be dissolved.

■ CONCLUSION
In this work, we designed and demonstrated the collection
efficiencies and d50's of 3D-printed supermicron and coarse
impactors into a microfluidic device where particles can be
subsequently entrained in liquid for downstream size and
chemical analysis. The supermicron and coarse impactors were
designed with jet nozzle diameters of 0.5 and 3.2 mm. To
validate the efficacy of the proposed collection, a removable
sleeve underneath the jet nozzle was designed to enable the
insertion of a substrate on an SEM stub, while still maintaining
an air- and water-tight system. For monodisperse standards
(PSLs), supermicron and coarse impactors achieved d50's at 0.8
and 2.5 μm, respectively, closely matching theoretical values
predicted by established aerosol physics. Small differences are
likely due to the roughness of the impactor, wall losses, or printer
error of the jet nozzles, and the inherent challenge of aligning
calculated and measured d50's. When tested with polydisperse
standards (FMR), the supermicron and coarse impactors exhibit
d50 values at 1.0 and 2.7 μm, respectively, similar to the

monodisperse standards, indicating the functionality of the 3D-
printed impactors and their potential for ambient sampling.
After impaction, the re-entrainment process was tested for

both monodisperse and polydisperse standards. For PSLs, 1,
1.25, and 1.5 μm particles were impacted and resuspended, and
diameters of 1.0, 1.2, and 1.5 μm, respectively, were measured.
Polydisperse standards were also examined, with FMR as an
insoluble standard and (NH4)2SO4 as a soluble standard. The
Coulter Counter showed that FMR was resuspended into the
washing solution with an appropriate size distribution, while IC
measured NH4

+ and SO4
2− on cation and anion chromatograms,

respectively, after 1 s of impaction and re-entrainment in water.
These results verify that particles after impaction can be re-
entrained or dissolved into solution in the microfluidic channel
for downstream chemical analyses, which will be incorporated
into attached microfluidic devices in the future. Overall, the
newly designed, 3D-printed supermicron and coarse impactors
provide a promising solution for PM chemical analysis in real
time with a low-cost, easy-to-manufacture device.
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