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Dwellings across the United States range dramatically with respect to numerous variables (e.g., size,

ventilation, and proximity to outdoor sources), and there are considerable uncertainties regarding the

heterogeneity in chemical composition and physical properties of indoor particles and surfaces. Stay-at-

home orders early in the COVID-19 pandemic led to significant portions of the population spending high

fractions of their time at their primary dwelling. Stay-at-HomeChem leveraged a network of indoor

chemistry researchers to study indoor air quality and surface chemistry in their homes (March–April

2020). Within this effort, glass microscope slides were deployed in kitchens and other rooms in dwellings

across the country for time periods ranging from as short as three hours up to three weeks. Overall,

results from 10 occupied homes (15 distinct rooms) showed that collected material on this time scale

was primarily deposited particles, rather than thick films, based on optical microscopy and profilometry.

Raman microspectroscopy and optical photothermal infrared (O-PTIR) spectroscopy showed that

organic modes were dominant, including n(C–H), d(C–H), and n(C]O), with minimal contributions from

inorganic ions commonly observed in outdoor particulate matter (sulfate, nitrate, or ammonium).

Spectral variability within the C–H stretching and fingerprint regions demonstrate differing compositions

of deposited particles, often related to cooking activities (e.g., organic particles from cooking oils).

Differences within a single dwelling, highlighted that particles from cooking were key contributors in

some other rooms, but not all, reinforcing that sources and ventilation likely led to quite distinct surfaces

in different rooms. Overall, these results demonstrate the need for real-world measurements to assess

the representativeness of assumptions regarding exposure to organic material indoors.
Environmental signicance

Surfaces within dwellings play a key role in controlling indoor exposures to pollutants, but are challenging to dene and characterize due to the wide variability
in sources and indoor environments across housing types and regions with different climates. This study analyzed samples collected within occupied dwellings
during the early SARS-CoV-2 pandemic period to improve understanding of the nature of indoor surfaces, including the relative importance of particle
deposition versus secondary organic lm growth on the time-scale of these studies (weeks). Distinct chemical and morphological differences were observed
between and within dwellings, with kitchens having the most surface-collected and chemically-distinct material. These ndings provide important information
for indoor chemistry models to consider when predicting multiphase chemistry, semi-volatile partitioning, and inhalation exposure.
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Introduction

While much emphasis has been placed on improving ambient
air quality over the past several decades, it is worth noting that
under some circumstances, indoor air can be even more
polluted than that outdoors.1,2 Americans spend roughly 90% of
their lifetime indoors,3 whether at their homes, schools, or
work, making indoor environments a key location for exposure
to air pollution in the form of inhaled particles and gases. A
great deal has already been learned about indoor air4,5 in
particular due to collaborative campaigns that have studied how
human activities and other perturbations inuence chemical
compounds within a home.6–8 Specically, the House Observa-
tions of Microbial and Environmental Chemistry (HOMEChem)
study investigated how cooking, cleaning, and occupancy
affected air and surface chemistry within a test house.9 Surfaces
have been shown to be important for indoor air quality because
of the high surface area to volume ratios indoors (∼2–5 m2

m−3)10–14 relative to outdoors (∼0.01 m2 m−3).10,11 This high
surface area leads indoor surfaces to serve as both reservoirs for
various compounds12,15 as well as sites for multiphase
reactions.16–18 The HOMEChem campaign provided further
evidence of the complexity and importance of surfaces for
indoor air chemistry.19,20

Within indoor chemistry research two somewhat distinct
research directions have evolved regarding indoor surfaces.18,21

In one direction, information regarding surfaces as reservoirs or
sites for reactions focuses on extractions or inferences from gas
phase measurements. Wang et al.12 found that a range of
common indoor air contaminants predominantly resided in
surface reservoirs and participated in rapid gas-surface parti-
tioning. Furthermore, Lunderberg, et al.22 showed that semi-
volatile organic compound (SVOC) emissions from these
condensed-phase surface reservoirs contributed to organic
particulate matter during primary particle emission events. In
particular, O'Brien et al.19 reported that surface lms collected
in a test kitchen were chemically similar to cooking organic
aerosol, but contained larger, more oxidized molecules. This
type of analysis provides information about molecular species
present on surfaces, but provides minimal information about
the physical properties of the surface (e.g., fractional coverage,
morphology, roughness, etc.).

The second indoor chemistry research direction has focused
on directly measuring the physicochemical properties of the
surface.18 Specically considering glass surfaces in the HOME-
Chem campaign, Or et al.20 demonstrated that submicron
particle deposition from cooking events substantially contrib-
uted to the organic material accumulation, dominating the
volume loadings, and affected the morphology and chemistry of
the surface. However, these one-day samples had uneven
topography, showing a coexistence of coated and bare glass
surface, which adds complexity when trying to accurately model
surface deposition. This built upon previous work in which Or
et al.23 showed particle deposition and surface lm formation
increased the surface area and roughness of glass surfaces over
the course of six months in a variety of indoor locations. The
This journal is © The Royal Society of Chemistry 2025
kitchen had the most accumulation of material, but even on
this long timescale, the surface lms for all room types were not
homogenous and did not completely cover the surface, high-
lighting the heterogeneity of indoor surfaces.

While previous work has primarily sampled in the kitchens
of designed test homes, it is important to understand the
composition of indoor deposition in real-world, occupied
dwellings. Furthermore, previous studies have focused on bulk
mass spectrometry24–26 with only a few studies using
microscopy-based analyses.20,23 However, microscopy-based
Raman and O-PTIR spectroscopies have demonstrated their
potential to provide further insights into surface properties and
behavior. Herein, we show example Raman and O-PTIR spectra
and surface imaging for occupied households from a range of
geographic locations.
Methods
Sampling

The sampling approach was based on previously reported
methods23,27 for in-home collection of primary and secondary
material on passive samplers, but at a level of sophistication
commensurate with the available materials during the early
stages of the shutdown. Briey, glass microscope slides were
cleaned using methanol and placed vertically using a holder in
a chosen room in homes located across the continental United
States. A cover slide was also clamped on one section of the slide
to provide an internal control. The sample collection time for
data reported here was three weeks to meet the sensitivity limi-
tations of the analytical techniques. The campaign took place
between May 12 and June 1, 2020, but we include only a subset of
samples herein. See campaign information in the ESI† for addi-
tional details regarding the sampling and post-sampling proce-
dures. Participants recorded their daily cooking and cleaning
activities and ambient conditions in a eld diary. Clear trends
were not observed between spectra and cooking type or
frequency. Aer sampling was complete, samples were stored in
glass containers at ambient conditions until analysis. Surface
and particle morphology can be modied by refrigeration and/or
freezing, as shown in Laskina et al., so samples were kept at room
temperature to best preserve these properties.28
Raman microspectroscopy

Microscope slides were analyzed between August 2020 and
March 2021 using a Raman microspectrometer (LabRAM HR
Evolution, HORIBA, Ltd) at ambient relative humidity (RH) (30–
40%) and temperature (25 °C). The Raman spectrometer was
equipped with a confocal optical microscope (100× SLMP long
working distance Olympus objective, 0.9 numerical aperture).
An 1800 groove per mm diffraction grating was used with the
800 mm length spectrograph (spectral range 400–1100 nm), and
a CCD detector (1 inch, 1024 × 256 pixels, 26 mm2 pixel size). A
532 nm Nd:YAG laser source (32 mW) with a spot size of 700 nm
was operated with a neutral density lter allowing for 100%
transmission. This yielded ∼0.7 cm−1 spectral resolution at
532 nm with spectral resolution referring to dispersion per pixel
Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713 | 1705
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for the CCD. Initial calibration of the Raman instrument
involved nine different frequencies,29 some of which included
the laser line at 532 nm (0 cm−1 shi), the Si waer at 520 cm−1,
a calibration standard at 1004 cm−1, and a diamond band at
1332 cm−1, as well as calibration standards at higher frequen-
cies to cover the full spectral window (up to 4000 cm−1). Daily
calibrations for the Raman spectrometer were conducted every
24 hours using the silicon wafer standard against the Stokes
Raman signal of pure Si at 520 cm−1.30 Spot checks of known
standards with higher frequency features (C–H and O–H
stretching region) conrm the calibration has held steady with
consistent values for years.31,32 Sample spectra were collected
with three accumulations at 15 s acquisition times from 500–
4000 cm−1. The experimental Raman spectra shown in the
subsequent gures are each an average of 5 spectra and
normalized by the quartz mode at 800 cm−1. Five locations were
analyzed on most samples (minimum three), though many did
not have signal beyond the glass substrate.
O-PTIR spectroscopy

Optical photothermal infrared (O-PTIR) spectroscopy was also
used to analyze the slides between February and April 2021. The
mIRage infrared + Raman microscope (Photothermal Spec-
troscopy Corp.) consisted of a visible objective (4×, 0.13
numerical aperture, 17.3 mm working distance, Nikon Plan
Fluor), a Cassegrain reective objective for simultaneous use of
IR and visible lasers (40×, 0.78 numerical aperture, 8.3 mm
working distance, 55 mm × 42 mm eld of view) and a QCL laser
that covers 880 to 1950 cm−1. This instrument has recently been
developed and used to characterize submicron aerosol particles
without contacting the sample.33 The instrument and theory
have been described in detail in a previous study.34 For this
application, IR spectra were collected at a scan rate of 100 cm−1

s−1 for 15 s acquisitions and averaged over 3 accumulations.
The IR laser repetition rate was set at 100 kHz and 300 ns per
pulse, and the IR power and visible laser were set to approxi-
mately 4–10 mW each. An average of 10 spectra were collected
for each sample.
3-D prolometry

Slides were also analyzed using a 3D optical microscope (Bruker
ContourGT, 130 nm lateral and better than 1 nm height
Fig. 1 Depiction of sampling method (a) and of room count (b) and geo
(blue), Midwest (purple), and West (red) in a variety of room types.

1706 | Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713
resolution) at ambient RH and temperature in summer 2021. To
establish the utility of this instrument for indoor surface lm
and particle analysis, it has been used to characterize the
morphology of thin squalene and skin oil lms deposited on
silica.35,36 This non-contact method allows for morphological
characterization of organic materials that would otherwise
accumulate on an AFM tip and introduce noise. Images were
collected at 5×magnication over a 1200 mm× 800 mm area. 3D
images were processed using Prolm Online.
Results and discussion

The ability to collect simultaneous samples from a range of
dwellings and geographic regions provided a unique opportu-
nity to gain insight into the variability of samples between and
within occupied apartments and detached houses. Identical
sampling methods were utilized across locations (Fig. 1a), with
glass microscope slides oriented vertically and deployed in the
habituated dwelling to act as passive samplers. The cover slide
obscured part of the microscope slide from indoor air during
sampling, which allowed for an internal blank for reference.
Many households across the United States participated in this
study, but we focus on 7 households that have broadly been
categorized by geographical region: West, Midwest, and East. In
each household, the glass slides were required to be placed in
kitchens, and four households collected additional slides in
other room types throughout the home.

Fig. 2 clearly shows that samples did not display a uniform
coating, even in the kitchen where deposition is expected to
occur the most rapidly due to high concentrations of aerosols
associated with cooking.20 For all samples, distinct particles or
agglomerations were observed without clear accumulation of
even layers. However, within the uneven nature of the deposi-
tion onto the slides, there was variation in the visibly apparent
morphology. The top row of samples (Midwest3, West2, and
Midwest1) all appear to have initially had liquid material
deposit onto the slides, while other samples had what appear to
be solid samples (Midwest2) or samples that deposited and
were then coated or dried in an atypical manner (Midwest4 and
East2). It is notable that even in these two images where
a coating is observed on some particles, that non-coated parti-
cles are still observed and the morphology of the coated particle
is very uneven, which is not indicative of a smooth
graphical (c) locations. Samples were collected in three regions: East

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Representative optical microscopy images of the glass substrate surfaces using a 100× objective (0.9 N.A.) on an Olympus microscope to
characterize deposition from select kitchen samples: (a) Midwest3, (b) West2, (c) Midwest1, (d) Midwest2, (e) Midwest4, (f) East2.
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homogeneous lm growing on the substrate. This demonstrates
a range of phase states within deposited particles.

Within the liquid-deposited samples, Midwest3 is likely
composed of an oil, such as cooking oil, based on the multi-
color appearance of the optical image. West2 appeared to be
droplet-like, whereas Midwest1 may have been deposited as
a droplet, but then dried. This highlights that even for liquid
deposited samples, the RH and temperature of the dwelling will
vary the properties of the available surfaces for future parti-
tioning and multiphase chemistry. The more solid, almost
crystalline, structure of particles deposited in the Midwest2
sample suggests a particle that was deposited as a solid,
meaning it is less likely to have been an oil or other organic
liquid that would not crystallize under typical indoor condi-
tions. Midwest4 and East2 are much more unique in their
appearance, with an apparent core particle that is coated with
an organic lm that has the appearance of biological material.

Recall the dichotomy in previous studies between: (1) studies
having focused on particles deposited to a surface with unique
morphology and chemical characteristics20 and (2) studies that
have focused on a model of a at surface formed via more even
deposition layers.5,12,37 Further complicating matters for the rst
category of studies is that the phase of particles and lms is
variable, which can limit uptake by forming viscous crusts, as
highlighted in Zhou et al.38 From Fig. 2 the available surface for
heterogeneous chemistry for these samples will likely be based
upon the composition and phase state (i.e., viscosity-based
diffusion rate) of the lm and less inuenced by the particles
underneath the coating.39 This highlights the importance of
microscopic characterization, as bulk analysis of these samples
in isolation would include the coated components of East2 and
Midwest4, which might be less important for overall
This journal is © The Royal Society of Chemistry 2025
partitioning and reactivity. The variety of morphologies
suggests different sources as well as conditions, such as RH or
temperature, during sampling (and storage).28

To more thoroughly characterize the glass substrate surface
and heights of the particles observed in Fig. 2, the East1 kitchen
sample was characterized with 3-D prolometry. The non-
contact, optical surface proles in Fig. 3 show how deposition
accumulated in the East1 kitchen between one day and three
weeks. Aer one day of sampling, Fig. 3a, there are initially
some discrete particles on a relatively sparse background. Aer
three weeks of sampling, Fig. 3b, not only does the vertical scale
increase twofold, but many islands are observed. However, the
formation of a relatively smooth layer is not observed. This is
further highlighted in Fig. S1,† which shows line proles from
Fig. 3b. Surface topology is dened by deposited particles more
so than lms that grow evenly over this time scale, which is also
in agreement with many outdoor studies.40,41

Much of the published research on surface properties in
indoor dwellings has focused on kitchens, due to high emis-
sions from cooking. Far fewer studies have investigated room-
to-room variability of individual particles on surfaces,6,7,19 and
very few within inhabited dwellings. Fig. 4a shows the approx-
imate layout of the dwelling East1, a compact apartment in
a dense urban area, in which samples were collected in three
adjacent rooms: the dining room (blue), kitchen (green), and
bedroom (orange). The optical images (lower le) show that
samples are likely deposited as liquids in the kitchen, but the
more solid appearances of particles in the dining room and
bedroom indicates either drying (i.e., efflorescence) of particles
transported from the kitchen or different sources of solid
particles. Considering sampling was in springtime, the ambient
atmosphere likely had abundant aerosol liquid water, further
Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713 | 1707
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Fig. 3 3-D profilometry images from site East1 kitchen collected after 1 day (a) and 3 weeks (b).
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highlighting that either particles were emitted as solids or
solidied aer transport indoors. To characterize these samples
further, Raman spectra of the three-week samples are shown in
Fig. 4b with the same color scheme as Fig. 4a. The majority of
spectra for the dining room and bedroom samples had negli-
gible signal, which was nearly identical to that of a clean glass
slide (gray),42 despite the presence of visible particles, which
indicate less material or Raman-active species present. This
background spectrum is representative of the internal blank for
all of the samples. Spectra from kitchen samples had much
more intensity and variation, with large signals in the C–H
stretching region (shaded), indicating the presence of organic
species.43 Even within a single room, the particle morphology
varies greatly, as shown in images of the kitchen slide in
Fig. S2.† For the few samples with signicant signal in the
bedroom, the ngerprint region shows clear differences from
the kitchen. For example, the C–H stretching region of the
bedroom sample with higher peak intensity is quite distinct
from both the C–H stretching region of particles collected in the
kitchen and dining room. This suggests additional sources,
phase changes, or continuing chemistry for particles between
1708 | Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713
the different rooms. Thus, within this dwelling, there is likely
either low air exchange between the rooms or a signicant
transformation as the particles are transported to different
rooms throughout the dwelling.

Spectra collected from samples located in non-kitchen
rooms are given in Fig. 5. The selected Raman spectra in
Fig. 5a are the spectra with the most intense signals and show
some commonalities for similar room types. This variability in
spectra likely indicate a heterogeneous set of sources for these
particles, which could be a mixture of indoor and outdoor
sources. It should be noted that it was more difficult to locate
particles and obtain spectra as the non-kitchen samples had
less visible accumulation than many of the kitchen samples,
which is in line with prior studies.20 Nevertheless, the O-PTIR
data in Fig. 5b shows an example of a particle from the Mid-
west4 living room that had limited Raman peaks, likely due to
few strongly active Raman modes, but multiple IR modes that
are strongly absorbing. Peaks in this spectrum are tentatively
assigned as nitrate nas(NO3

−) at 1361 cm−1, n(C]C) at
1593 cm−1, and a carbonyl or ester n(C]O) at 1753 cm−1,
indicating a particle with inorganic and organic components
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Samples from adjacent rooms in a single household, East1, collected over three weeks. An approximate floorplan (a) highlights the rooms
in which samples were collected and shows example images of some particles. Representative Raman spectra are shown panel (b) with the C–H
stretching region highlighted with a gray box. The peak around 1100 cm−1 is from the glass substrate and indicated with an asterisk.
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and a mixture of organic functional groups. The typical Raman
peak for nitrate ns(NO3

−) (∼1050–1065 cm−1) is observed in
a few spectra, though the intensity of the signal from the glass
slide (Si–O stretches) dominates that region.42
Fig. 5 (a) Raman spectra from non-kitchen rooms, and (b) a compariso
sample in 5a with available O-PTIR spectra). The modes highlighted in lig
that the two East1 Raman spectra are the same as shown in Fig. 4. The pe
asterisk, but peaks from the sample are visible on top of the broad featu

This journal is © The Royal Society of Chemistry 2025
Fig. 6 shows individual single-particle Raman spectra from 3-
week kitchen samples in various homes across the country. The
C–H stretching region is highlighted in light gray and shows
strong signals for most households, which indicate the
n of Raman (green) and O-PTIR (red) spectra for Midwest4 office (only
ht gray were not identified in kitchens, as shown below in Fig. 6. Note
ak around 1100 cm−1 is from the glass substrate and indicated with an
re of the glass peak.

Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713 | 1709
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Fig. 6 Raman spectra from kitchens collected over 3 weeks. The gray
box highlights the C–H stretching region. Note that the East1 Raman
spectrum is the same as shown in Fig. 4. The peak around 1100 cm−1 is
from the glass substrate and indicated with an asterisk.

Fig. 7 O-PTIR (thin) and Raman (thick) spectra from select kitchens
with representative images (Midwest4 – green, Midwest2 – blue,
West2 – purple, glass slide – gray). The strongest modes are high-
lighted in grey, and the corresponding wavenumbers are labeled
above for Raman spectra and below for IR spectra. The peak around
1100 cm−1 is from the glass substrate and indicated with an asterisk.
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presence of organic material. The spectra from Midwest4 (light
green) and East1 (dark red) show strong peaks for ns(CH2) and
ns(CH3) relative to the other spectra, likely indicating long chain
aliphatics.44–46 Other spectra have greater intensity in higher
frequency n(C–H) modes indicating greater aromaticity.43,44 The
spectra from Midwest1 (turquoise), Midwest5 (red), and West1
(magenta) had less-intense organic features. This could be due
to sample placement within the kitchen, proximity to the stove
top, ventilation in the kitchen, cooking styles, food types, or
a combination of these factors. Although organic compounds
and particles are present in most of the kitchens, there is clearly
heterogeneity between kitchens, which is unsurprising given
the different cooking activities across kitchens.

To investigate the source and nature of these organic
compounds, we looked at a pure canola oil sample from the
home of Midwest2, as shown in Fig. S3.† The Midwest2 single-
particle and canola oil spectra from the cooking spray used in
Midwest2 are nearly identical. This was also consistent with the
canola oil spectrum from Wiley's KnowItAll Spectral Library,47

strongly indicating that the particle analyzed in Midwest2 is
likely a canola oil droplet.

O-PTIR spectra from three kitchens are shown on the right-
hand side of Fig. 7. Each spectrum is averaged from over 10
distinct points. Example images are shown on the le with the
borders corresponding to the legends in the plot. From the
images, the samples have a notable range in particle
morphology and the structures likely indicate differences in
1710 | Environ. Sci.: Processes Impacts, 2025, 27, 1704–1713
organic phase as well. The thicker lines represent the Raman
spectra, and the thinner lines represent the IR spectra. The
Raman spectra are consistent with the spectra in Fig. 6.
However, there are some consistent, strong IR modes that are
Raman inactive, such as 1753 cm−1, from carbonyl or ester
stretching. This mode is also identied in the office of Mid-
west4, as shown in Fig. 5b.

Conclusion

A wide range of chemical and morphological heterogeneity was
observed across rooms within a single dwelling, as well as
between dwellings. In no dwelling were samples observed
without signicant contributions from particle deposition,
which means that smooth lms were not observed for the time
period examined. This indicates that available surface area in
these dwellings is likely strongly inuenced by 3-dimensional
surface features and particle deposition on the timescale of this
sample collection. Or et al. showed previously substantial
increases in surface area (∼1–3 mm2) from atomic force
microscopy (AFM) of indoor samples, as well as surface cover-
ages of 6–19%, for one day experiments and are likely in rough
agreement with the samples discussed herein.20 From chemical
analysis, spectra from kitchens had relatively high intensities
and clear contributions from organic particles, while particles
in other rooms had notably different spectra and a higher
fraction of solid particles. Not only were there differences
between homes as might be expected, but more importantly
there were stark differences between rooms within the same
This journal is © The Royal Society of Chemistry 2025
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dwelling and even between particles on a single substrate
deployed in a single room. This is important as it highlights that
sources, ventilation, and air ow patterns lead to distinct
physical and chemical properties of surfaces even in a relatively
compact dwelling. These examples from real-world dwellings
add a layer of complexity when attempting to generalize and
model indoor deposition. This work highlights the need to
further understand heterogeneities of indoor surfaces to better
understand the relative contribution of particles and thin lm
surface chemistry.

Data availability

Data for this article, including 2D images and micro-
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operated by the University of Michigan at https://doi.org/
10.7302/87tz-8w12. 3D images are available at ProlmOnline
at https://www.prolmonline.com/shared-folder?
token=Rt6DwZTXWPv8.
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