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Abstract

Environmental films are ubiquitous coatings that form on virtually all surfaces exposed to the 
troposphere. This work analyzes large molecular weight species in native environmental films 
acquired at three collection sites in the vicinity of Iowa City, Iowa, USA that include an urban 
residence, a wooded area, and a metropolitan building rooftop. The films are developed for up to 
twelve months on polished silicon wafer substrates housed in flat-plate passive samplers. Film 
composition was assessed by Fourier transform ion cyclotron resonance secondary ion mass 
spectrometry (FTICR-SIMS), and spatially resolved chemical morphology was analyzed via time-
of-flight secondary ion mass spectrometry (ToF-SIMS) imaging. Mass analysis spanning up to m/z 
2,000 included detection of a variety of organic and inorganic compounds. We characterize MS 
data with PCA to identify variability between the collection sites and the respective films generated 
therein, where we detected a variety of organic and biotically generated species consistent with 
fungal and bacterial microorganisms. Film collection site as well as deposition time contribute to 
spectral variability, suggesting that geographic location as well as seasonal diversity may affect 
composition. SIMS analyses were complemented with microscopy and SYBR-Safe staining to 
highlight biological microorganisms within the films, which include evidence of fungi, protozoa, 
and bacteria. SIMS imaging also reveals domains concentrated with fragments indicative of 
proteinaceous macromolecules and microbial biomass, characteristic of biological presence within 
the film. 
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Introduction

“Environmental film” or “urban film” is a term given to exterior surface films in the environment 
resulting from deposition of suspended atmospheric particulate matter (PM) and individual 
molecules onto man-made structures and vegetation. The films’ chemical compositions are based 
on the complex profile of PM, volatile organic compounds (VOCs) reacting to form lower 
volatility secondary organic aerosols (SOAs), semivolatile organic compounds (SVOCs), and 
biogenic volatile organic compounds (BVOCs) that similarly react to form SOA. Each of these 
classes of material can exist for extended times suspended in the atmosphere before depositing 
across the Earth’s surfaces. Different geographic locations are expected to be represented by the 
variety of chemical species present within the films, especially considering factors such as 
proximity to nearby point-emission sources.1-7 Further, the capture efficiency of the surface is 
expected to be significantly affected by the film composition, which can effectively increase or 
decrease further deposition/adsorption of new material, effecting a film’s accumulation and 
chemical profile. This is important as it affects SVOC partitioning into an organic phase that might 
not otherwise be present on a solid surface. This added capacity due to the environmental film is 
incredibly important because it enhances surfaces’ roles in the fate and transport of persistent 
organic pollutants (POPs)2, 8, as well as their roles in generating atmospherically-relevant reactions 
based on studies of model films9-13 and native films.14-16

In addition to significant chemical complexity and variability, film composition is continuously 
altered by environmental factors such as UV-initiated oxidation, exposure to tropospheric radicals, 
or climatological factors such as wind, precipitation, and swings in temperature and humidity. 
These factors alter the films’ compositions and behaviors, affecting changes in SVOC partitioning,  
total film mass accumulation or loss, and capture efficiency of airborne aerosol materials.17-19 
Ultimately, a wide range of dynamic physical and chemical factors dictate the impact of 
environmental films on mass transport, including possibly unique POPs degradation pathways.20

Environmental films’ chemical profiles are characterized in several prior reports. Depending on 
the location where the film was formed, the composition ranges from 5% to 50% organic 
components by mass, and can be divided into three approximately equal fractions of aliphatics, 
carbohydrates, and aromatics and carbonyls. The balance of the film mass is reported to be 
inorganic materials including primarily silicate minerals, nitrates, sulfates, and metals.4, 7, 21, 22 The 
ambiguity in organic composition presents a large degree of uncertainty in reactivity studies and 
chemical transport models. For example, POPs are an important class of compounds that can 
accumulate in environmental films due to their resistance to environmental degradation. Several 
POPs, including polychlorinated biphenyls (PCBs),23-26 polycyclic aromatic hydrocarbons 
(PAHs),27, 28 and polybrominated diphenyl ethers (PBDEs)1, 29, 30 have been detected in native 
environmental films. The multimedia urban model, an example representative system, has also 
been extensively utilized to characterize the effect the films have on the transport of POPs.20, 31-38 
Given the ubiquitous presence of environmental films, the immense surface area they cover 
globally, and their propensity to uptake POPs, it is clear that they represent a significant impact on 
environmental and human health, yet their composition and dynamics remain largely 
uncharacterized.
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While earlier reports4, 7, 21, 22 provide valuable data regarding the elemental or functional group 
composition of environmental films en masse, they do not provide specific, large molecular weight 
chemical analyses of anthropogenic and biogenic contributions to film composition. 
Anthropogenic emissions that might accumulate in environmental films vary widely, but largely 
include hydrocarbon products of incomplete fuel combustion,39 as well as restaurant cooking 
emissions,40 whereas biogenic emissions include reduced carbon species from plant emission41 
and proteinaceous biomass from bacteria and fungi.42 

Here, we characterize the chemical composition of native environmental films collected passively 
from three different sampling sites for times ranging from 1-12 months. We focused on the large 
molecular weight composition of the films and examine variability between the collection sites 
and time points. Composition was characterized using Fourier transform ion cyclotron resonance 
secondary ion mass spectrometry (FTICR-SIMS) and chemical surface morphology data obtained 
using time-of-flight secondary ion mass spectrometry (ToF-SIMS) imaging, which builds upon a 
preliminary report by our group examining primarily low mw species.43 The results show ion 
fragments with mass-to-charge (m/z) ratios indicative of a large variety of organic compounds, 
including hydrocarbons as well as nitrogen and phosphorus containing species. The variability in 
the FTICR-SIMS data is described via principal component analysis (PCA), which indicates that 
film deposition time and potentially seasonal variations impact film composition. Seasonal 
changes are expected to affect levels of PM, VOCs, SVOCs, and BVOCs present in the 
atmosphere,44-47 and we are interested in understanding how these atmospheric compositions affect 
chemistry within the film. Finally, to assess the biological contributors to environmental films we 
utilized DNA staining via SYBR-Safe and fluorescence microscopy. 

Experimental

Substrate Preparation: Polished silicon wafers (Silicon Valley Microelectronics, Santa Clara, CA, 
USA) cut into ca. 6.5 cm2 pieces are used as substrates for the dry and wet deposition of PM to 
form native environmental films. Silicon wafers are chosen as suitable substrates because they 
contain an oxide layer similar to that of window glass, and they are amenable to the analytical 
methods discussed herein. We note that the porous nature of many outdoor surfaces, which allows 
for enhanced sorption surface area and intercalation of atmospheric species able to fit into the 
pores, is not captured by the wafers, but submit that the wafers are suitable proxies for 
environmental surfaces. The wafers are 525 ± 25 µm thick with a 100 ± 5 nm thermally grown 
oxide layer on the surface. The substrates are cleaned via Jelight (Irvine, CA, USA) Model 42 
UVO cleaner for 10 min, after which they are sonicated in ultrapure isopropyl alcohol (IPA) for 5 
min, dried under a stream of ultrapure nitrogen gas, and stored in IPA-cleaned, covered quadrant 
petri dishes. The substrates are placed in flat-plate, passive samplers (described previously and 
summarized below)48 for native film collection, after which they are transported and stored in 
sealed petri dishes until analysis. Glassware utilized for native film analysis is cleaned via extended 
soaking in Nochromix followed by 50% nitric acid (both >12 hrs), rinsing with ultrapure water 
(18.2 MΩ cm, <5 ppb TOC content) between each bath and boiling ultrapure water after the nitric 
acid bath. The glassware used is cleaned prior to each use to ensure minimal contamination onto 
the substrates and therefore the native film samples.
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Flat-Plate Passive Sampling of Native Environmental Films: A passive sampling apparatus is used 
to closely emulate the deposition of tropospheric PM without outside perturbation. The sampling 
apparatus consists of a large upper and smaller lower plate of aluminum.48 Briefly, eight substrates 
for film collection are placed on the lower plate, in the ~2 cm gap between plates, to shield them 
from rainfall (although they are still exposed to humid air), and the apparatus is mounted ca. two 
meters from ground level. The collection sites are chosen based on geographic proximity to 
biogenic and anthropogenic emission sources, which allows for the analysis of differing chemical 
profiles unique to each site. The first collection site outside near a residential neighborhood 
(labeled “urban residence”; latitude, longitude, elevation: 41.648443°, -91.576112°, 2 m, 
respectively), chosen to profile an area of limited human activity. The second collection site is a 
wooded area near the urban residence (“wooded area”; 41.686360°, -91.586003°, 2 m), which was 
chosen to profile an area with increased plant life, and different biogenic contributors. The third 
collection site is located on the roof of a metropolitan building in downtown Iowa City 
(“metropolitan”; 41.663634°, -91.537635°, rooftop) to profile an area of increased anthropogenic 
emissions and human activity. Films were collected after 1-52 weeks as specified in figures, with 
samples collected at: 1 week, 2 weeks, 1 month, 3 months, 6 months, 12 months. This study was 
conducted between January 2016 and January 2017. Temperature and humidity data for this 
collection period is presented in an earlier report43 on these native film samples.

Fourier Transform Ion Cyclotron Resonance Secondary Ion Mass Spectrometry (FTICR-SIMS): 
FTICR-SIMS measurements are performed at the Environmental Molecular Sciences Laboratory 
(EMSL) at Pacific Northwest National Laboratory (PNNL). A C60 primary ion (Ionoptika, 
Chandlers Ford, Hampshire, UK) coupled to a 7 Tesla solariX FTICR mass spectrometer (Bruker 
Daltonics, Billerica, MA, USA) via a custom built housing, as detailed elsewhere,49, 50 is utilized 
for measuring the chemical composition of these films. The instrument is externally calibrated on 
an Indium film standard, where the error is < 3 ppm on each of the In+ clusters detected and used 
for calibration. All analyses are performed with C60

+ primary ions at 40 keV, with an ion beam 
current of ~810 pA, and a beam size of 21 µm, where secondary ions are accumulated for 1 s prior 
to FTICR-MS analysis. The C60 ionization source, the parameters of which are chosen for standard 
detection of proteinaceous macromolecules,49, 51 is utilized to provide a softer ionization and result 
in much larger fragments (up to 1,800 m/z) due to the different type of primary ion beam utilized, 
which provides more information regarding the origin of the fragments (lipids, hydrocarbons, etc.). 
The scan area is on the order of 1 mm2, and n>4 spots are obtained for each substrate. The imaging 
area is randomly chosen for each substrate, and each area was characterized in random order by 
the instrument.49 Positive-ion mode mass spectral data is collected from m/z 150-2000 with a mass 
resolving power of ~63,000 at m/z 400. Spectra are analyzed using Bruker Data Analysis software. 
Potential molecular formulae for the FTICR-SIMS data are assigned using the Molecular Formula 
Calculator v1.2.3,50, 52 with a mass accuracy upper limit of 5.0 ppm, and the charge is set to 1+ (2+ 
and 3+ are used if 1+ yields no molecular formulae). The elemental constraints are set to provide 
formulae realistic to natural organic matter,53 including sodium adducts common in positive ion 
mode mass spectrometry. Radicals are allowed in determining potential formulae. Formula error 
and double bond equivalence (DBE) are also reported.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) Imaging: ToF-SIMS measurements 
are also performed at EMSL-PNNL with a TOF.SIMS5 instrument (IONTOF GmbH, Münster, 
Germany). The analysis beam is a 25 keV Bi3

+ beam (0.57 pA current, 10 kHz pulse frequency) 
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focused to a diameter of ~5 µm, which is scanned over a 500 x 500 µm2 area at a resolution of 256 
lines/mm (128 x 128 pixels). The data collection time is ~160 sec per spectrum and spectra are 
obtained in positive-ion mode. The total ion dose is kept under the static limit, where only surface 
molecules (<2 nm deep) are collected. During data collection, a low energy electron flood gun (10 
eV, ~1.0 µA current) compensates for surface charging. The analysis chamber pressure is 
maintained at ~ 2  10-8 mbar. Spectra and images are analyzed using SurfaceLab 6 software. 
Representative features are presented for n>6 in positive ion mode for each substrate. Additional 
ToF-SIMS experimental details have been previously detailed.43, 54

Principal Component Analysis (PCA): PCA was performed utilizing the statistical analysis 
package of MetaboAnalyst 4.0.55-67 The mass tolerance was set to 0.005 m/z to account for slight 
instrument deviation in assigning an individual peak, and ensures this deviation is not falsely 
assessed as variability in the data. The data filtering was set to none, and data normalization was 
set to normalize by the total spectrum intensity and mean center the data, in accordance with 
previous reports of PCA on SIMS data.68 Scores plots (n>4 for each sample type) describe the 
variance between data sets.

DNA Staining and Microscopy: Native environmental films are stained and imaged directly on the 
silicon wafers. SYBR-Safe dye (Invitrogen, Carlsbad, CA) is diluted in tris-acetate EDTA buffer 
(40x final concentration).69 The wafers are flooded with dye solution, pressed with a coverslip, 
and incubated for 15 min in the dark.69 Unbound dye is rinsed from the film with ultrapure water. 
The films are imaged at the University of Iowa Central Microscopy Research Facility (CMRF) 
using an Olympus (Shinjuku, Tokyo, Japan) BX61 epifluorescence microscope equipped with a 
green fluorescent protein (GFP) fluorescence filter. Magnification extends up to 100x and is noted 
on each individual image. Unstained samples are also examined for autofluorescence. 
Representative features are presented for n>20 images per substrate.

Results and Discussion

Representative FTICR-SIMS data consisting of the prevalent peaks observed at each sample 
collection site over six months of deposition are shown in Figure 1. The spectra exhibit several 
common peaks, as well as subtle differences more easily visualized in the overlay spectrum 
presented in Figure S1. Spectral subtraction is utilized to exclude the peaks common to all the 
samples, and the peaks unique to each collection site are reported in Figure 2. As the sampled film 
area is on the order of 1 mm2, the spectra are more representative of the bulk film composition, 
rather than of individual microdomains that exist within these very heterogenous films. The use of 
the C60

+ primary ions results in a multitude of secondary ion fragments from the native film 
samples spanning up to m/z 2000. Potential molecular formula for the common and unique 
fragments exhibiting the largest intensity are presented in Table 1. The fragments’ molecular 
formula are consistent with similar FTICR-SIMS analysis on tissues, cells, and microorganisms 
that are likely to constitute natural organic matter (NOM) in the environment and contribute to 
environmental film formation.70, 71 Furthermore, the potential molecular formulae proposed here 
generally match in composition (relative amounts of carbon, hydrogen, nitrogen, oxygen, and 
phosphorous) to lipid species identified in the aforementioned reports.70, 71 The double bond 
equivalence (DBE) is also reported to ensure realistic molecular formulae determination, and the 
DBE match well with previous reports for NOM analysis.72 The large amount of molecular 
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formulae identifying organic matter is also in agreement with reported local data of atmospheric 
material, in which the largest contributor (estimated 39 ± 11%) of fine particulate matter mass is 
attributed to organic matter.73 While the silicon wafer substrates used in this analysis have been 
reported to accumulate organic impurities,74-77 these are primarily much smaller and more volatile 
organics than what we observe here. The fragments common to our three collection sites are larger 
than 600 Daltons in mass. The FTICR-SIMS data is collected under high vacuum conditions, so 
contributions from volatile organics in this data is expected to be minimal. While assigning exact 
structures from m/z data reported here is challenging, realistic formulae are provided with 
excellent instrumental resolution.

We use principal component analysis (PCA) to evaluate variability of the FTICR-SIMS data. 
PCA78-80 is a multivariate analysis method that describes the variability within a set of samples by 
aligning the data on a new set of principal component axes (PCs) based on the maximum directions 
of variance. For FTICR-SIMS data, the samples are individual spectra and the variables are the 
intensities of mass channels corresponding to a specific m/z.68 Scores plots show the relationship 
between samples, and the loadings show how the variables describe the separation. The first PC 
(PC1) is defined as that PC which describes the most variability in the data set; PC2 then defines 
the second most variability, and so on. Scores plots showing PCs 1 and 4 are presented in Figure 
3 for FTICR-SIMS data collected on substrates at each collection site at a constant time point of 
six months (additional PCA plots are shown in SI). Here, we observe that PC1 captures the 
majority of the variance at 86.6%, and PCs 2-5 capture 6.0%, 3.1%, 1.7%, and 1.1%, respectively. 
The loadings in Figure 4 indicate that m/z 816.5925 and 778.6451 are more related to the wooded 
area site while m/z 648.7175 and 997.5444 are more related to the metropolitan and urban 
residence sites. The variability is due to both the presence or absence of ion peaks at each site, 
typically described by the higher PCs, as well as intensity differences between peaks present at 
each of the three sites, described by the lower PCs. Beginning with PC5, the loadings indicate that 
variance is explained by changing ion fragment intensity for fragments that are observed at all 
sampling locations. The trend of higher PCs describing variability in ion fragments while lower 
PCs describe variability in fragment intensity or surface coverage has been previously reported for 
SIMS data.81-85 Ultimately, the scores plot supports the conclusion that the wooded area site 
exhibits chemical variability when comparted to the other samples. This is reasonable and expected 
due to the presence of many unique fragments in the mass spectral data as shown in Figure 2.

Figure 5 presents a scores plot of the first two PCs describing the variability between collection 
sites including separate data for variable exposure times (one-, three-, and six-months). The 
variances described by PCs 1-5 are 47.1%, 28.4%, 7.0%, 6.2%, and 2.3%, respectively. The 
grouping of the scores plot indicates that the one- and six-month samples from the wooded area 
site as well as the six-month sample from the urban residence site exhibit significant variability 
relative to the rest of the samples. This may indicate variability in film composition of the six-
month samples (exposed January to June) due to seasonal variation, as the one- and three-month 
samples are collected during the winter months while the six-month film collections extends into 
the spring and summer months. Seasonal variations are known to affect levels of PM and VOCs 
present in the atmosphere,44-47 including particulate carbon as well as common SOx, NOx, and 
NH4

+ ions. The presence of environmental microorganisms are also known to be influenced by 
seasonal variations as well as geographical location.86-88 While additional studies are underway to 
probe these effects further, we can predict that similar changes are likely in the surface film 
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compositions. The rest of the sample classes exhibit relatively low variability based on the score 
groupings, though clustering of like samples within these sample sets is observed. The loading 
plots indicate that the variance described by PCs 1-3 is due to ion fragments present in only a few 
of the sample sets. The large variance described by PC2 is indicative of ion fragments present in 
approximately half of the samples. The variance described by PC4 is due to intensity differences 
among fragments present in the majority of the samples. Figure 6 presents a loading plot for PCs 
1 and 2, and characterizes the variability in the data described by these PCs. This trend matches 
what was previously observed here and in similar analyses,81-85 namely that the largest variability 
in FTICR-SIMS data is attributed to presence (or absence) of specific fragments at specific sites, 
while smaller variability is due to differences in intensity of fragments that are common to all the 
samples analyzed. The scores plot, therefore, indicates that the one- and six-month samples from 
the wooded area site as well as the six-month sample from the urban residential site exhibit higher 
variability relative to the other samples, and this variability is due to the presence of unique 
molecular ion fragments.

This analysis is an important first step in characterizing the large molecular weight composition of 
native environmental films. Additional collection sites, samples, and fine control of seasonal 
variability will provide better details on chemical profile of native environmental films. Expansion 
of the multivariate analyses with PCA across these variables has the potential to provide stronger 
correlations and deeper understanding of this complex system, possibly contributing high-quality 
data in the form of a library or database for environmental films, to which newly obtained samples 
can be added and compared. To this end Figure S2-S4 present the raw FTICR-SIMS data for each 
collection site at each time point. These spectra show qualitative similarities of prominent peaks 
and relative signal intensity of secondary ion fragments at each time point.

To further characterize the profile of proteinaceous macromolecules and biomass on the native 
environmental film samples, representative ToF-SIMS images shown in Figure 7 show three- and 
six-month urban residential collection samples. The SIMS ion images a common secondary ion 
fragment species annotated as C3H8N+. The species is a marker of biologically-fixed nitrogen often 
incorporated in proteins and a number of different lipid classes.89 The ion intensity shown is scaled 
to be equivalent for each image, and we observe sharply defined domains of the carbon-hydrogen-
nitrogen fragment that increase in surface coverage and intensity as the native films deposit for 
longer times. This represents an accumulation of biological material which we hypothesize to be 
from bacterial or fungal colonies growing on the substrate to produce these sharply defined 
domains. We would expect purely atmospheric deposition of species to result in evenly distributed 
microorganisms of smaller cluster sizes spread across the surface. Growth of these biological 
species suggests a significant, biogenic contribution to film composition that has not been studied 
in previous environmental film reports.

We also include staining and fluorescence microscopy images of the films and compare the 
observed features to autofluorescent species on an unstained environmental film. SYBR-Safe is a 
cyanine dye with a very high binding affinity for nucleic acids, relatively low affinity for other 
biopolymers, and low intrinsic fluorescence when not bound to nucleic acids,90 making it useful 
for imaging microorganisms. The images shown in Figure 8 are representative of many images 
we acquired for microorganisms in the environmental films. These include large rectangular cells 
forming branched filaments, characteristic of fungi,67, 91 as well as pairs or clusters of large (>5µm) 
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features with variable morphology, likely representing various species of protozoa cells.92 The 
relatively large size of these cells, in addition to brightly stained nuclei indicate that they are 
eukaryotic. In addition, there are numerous bacterial cells, which can be identified by their smaller 
sizes (<3µm).92 We note that the bacterial cells are often arranged in pairs or chains and closely 
associated with the fungal filaments.

Conclusions

In this manuscript, we have presented a characterization of native environmental films developed 
passively at three different urban and rural collection sites, evaluating a mass spectral data over a 
large m/z range. We emphasize the extremely complex and diverse composition of these films, 
including a variety of organic and biological species revealed by FTICR-SIMS data, and highlight 
the subtle differences in composition between each collection site. The FTICR-SIMS data is 
supplemented with potential molecular formulae for the most intense fragments as well as PCA to 
describe the variability between collection sites. ToF-SIMS images are utilized to show spatially 
resolved chemical information of mass fragments indicative of biological presence, and highlight 
the complex chemical profile and domains present in native environmental films. The biological 
presence on the environmental films is further characterized via DNA staining and fluorescence 
microscopy. This work provides essential data in characterizing the time and location-dependent 
analysis of environmental films. Further research will expand the composition analysis with high 
resolution mass spectrometry imaging to characterize films at more populated and remote 
collection sites. A detailed chemical profile of environmental films is critical to completely assess 
their reactivity with other environmental agents, including POPs.

Supporting Information

Figure S1, FTICR-SIMS data overlay
Figures S2, S3, and S4, Raw FTICR-SIMS data of the wooded, metropolitan roof, and urban 
residential sites respectively
Figures S5-S8: Scores plots and corresponding loading plots for collection site PC1 vs PC2, PC3, 
PC4, and PC5
Figures S9-S12: Scores plots and corresponding loading plots for collection site and deposition 
time PC1 vs PC2, PC3, PC4, and PC5
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1

Fig. 1. Representative mass spectra of the wooded
area (top), metropolitan (middle), and urban
residence (bottom) collection sites deposited for six
months. Prevalent peak assignments are presented
in Table 1.
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Fig. 2. FTICR-SIMS data showing the unique
fragments in the wooded area (top), metropolitan
(middle), and urban residence (bottom) collection
sites. The deposition time is six months. For each
collection site, fragments present at the other two
sites are excluded.

0

0.1

0.2

0.3
Wooded Area Unique

In
te

ns
ity

 ×
10

7

0.6

0.8

1.0

0.4

0.2

In
te

ns
ity

 ×
10

7

Metropolitan Unique

0

0.02

0.01

In
te

ns
ity

 ×
10

7

1400 1800
m/z

200 600 1000

Urban Residence Unique

Page 15 of 23

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



m/z Molecular Formula (Charge) Error (ppm) DBE
Common Peaks 434.7802 C47H81O14 (2+) -1.3 8.5

538.7291 C47H76NO25Na (2+) -1.0 10.5
648.7190 C45H92O (1+) +7.3 0.5
778.6532 C42H88N3O9 (1+) +2.2 1.0
816.6004 C45H84N3O6PNa (1+) +1.7 5.5

Wooded Area Unique 570.7996 C48H94N4O24P (2+) +0.6 5.5
732.6312 C42H86NO8 (1+) -4.9 1.0
746.6320 C45H85N3O3P (1+) -0.4 6.0
748.6198 C42H87NO7P (1+) -2.2 1.0
822.5917 C43H84NO13 (1+) -2.5 3.0
824.5955 C45H85O11Na (1+) -3.5 3.0
844.5883 C40H85N4O12P (1+) -1.6 1.5
878.5957 C42H89NO15P (1+) -0.8 0.0
908.5749 C47H83NO14Na (1+) +4.8 6.5

1112.4678 C47H80NO25PNa (1+) +2.6 8.5
Metropolitan Unique 364.9061 C51H103N (2+) +5.8 2.0

367.8057 C41H82N3O6Na (2+) +3.2 2.5
490.7996 C44H89N2O21 (2+) +4.6 2.5
645.6767 C42H85N4 (1+) -0.3 3.0
849.5770 C40H82N4O13Na (1+) -0.1 1.5
950.5510 C43H84NO21 (1+) -2.1 3.0

1242.3783 C59H68N2O24PNa (1+) -0.7 27.0
1261.3749 C59H66N4O25P (1+) +0.1 30.0
1282.4237 C63H71N4O23P (1+) -0.3 31.5
1296.4678 C60H80N3O25PNa (1+) -2.5 22.5

Urban Residence Unique 186.4409 C25H52O11P (3+) -0.7 2.0
219.3826 C14H34N4O25 (3+) -2.7 1.5
273.3746 C24H36N3O25PNa (3+) -2.3 9.5

1662.2414 C87H176N3O23P (1+) -0.8 2.5
1676.1859 C86H170N3O25P (1+) +0.2 4.5
1682.1635 C87H166N4O24P (1+) +0.6 8.0
1686.1514 C84H167N4O25PNa (1+) -2.1 3.5
1710.1346 C89H163N4O23PNa (1+) +0.5 10.5
1718.1684 C89H169N3O24PNa (1+) -2.4 7.0
1756.1982 C93H173N2O24PNa (1+) -1.5 8.5

Table 1. Molecular formula table for the common peaks in the FTICR-SIMS data as well as the peaks
unique to each collection site. Formulae are reported along with error and double bond equivalence.
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Fig 3. PCA scores plot characterizing the variability
between the six-month metropolitan (red), urban
residence (green), and wooded area (blue) samples.
PC1 shows that spectra from the wooded area site
can be separated from the metropolitan and urban
residence sites, and PC4 highlights the variability of
the metropolitan site. 95% confidence ellipses are
also reported for each set of samples. The variance
described by the first five PCs is 86.6%, 6.0%,
3.1%, 1.7%, and 1.1%, respectively.
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Fig 4. Loading plot of PC1 and PC4 of the six-
month samples showing the contribution to the
variance for each PC. The loadings indicate that the
higher PCs describe variability due to fragments
unique to a specific collection site, while the lower
PCs describe variable intensity of fragments present
on all three samples.
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Fig 5. PCA scores plot characterizing the variability
between the three collection sites at 1, 3, and 6
months of deposition time. The separation of the 1-
and 6-month wooded area site (identified in gray
and orange, respectively) and the 6-month urban
residence site (yellow) samples suggest seasonal
variation may play a role in the chemical profile
observed. 95% confidence ellipses are reported for
each set of samples. The scores are color coded
according to the inset legend. The variance
described by the first five PCs is 47.1%, 28.4%,
7.0%, 6.2%, and 2.3%, respectively.
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Fig 6. Loading plot of PC1 and PC2 showing the
contribution to the variance for each PC. The
loadings indicate that the higher PCs describe
variability due to fragments unique to a specific
collection site, while the lower PCs describe
variable intensity of fragments present on all three
samples.
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8

Fig. 7. ToF-SIMS images showing the C3H8N+, a
secondary ion mass fragment attributed to
proteinaceous macromolecules and biomass,
collected for three (top) and six (bottom) months at
the urban residence site. These images show a
build-up of biomass as a function of deposition time
and surface coverage. The scale bar is 100 nm for
the 500 x 500 nm images, and the ion intensity is
scaled to be equivalent for each image.
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9

Fig. 8. SYBR-Safe DNA staining images showing
the biological presence on the environmental films.
Linear cell structures are shown in the top two
images, with the nucleus easily visible, that likely
correspond to a fungal species. Smaller bacterial
species are also observed on the fungal cells.

Magnification: 100x 10 µm

Magnification: 100x 10 µm
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10

TOC Graphic: For TOC Only

Magnification: 100x 10 µm
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