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Abstract

The cars we drive, the homes we live in, the restaurants we visit, and the labs and offices we work 

in are all a part of the modern human habitat. Remarkably, little is known about the chemistry of 

such environments and how our own chemistries influence the chemistry of the human habitat and 

vice versa. We therefore set out to visualize the chemistry of five built human habitats, or modes of 

transport (bicycles and car), together with their occupants, to begin providing a snapshot of the 

diversity of chemistries to which humans are exposed on a daily basis. The chemistry was 

inventoried through LC-MS and MS/MS based untargeted analyzes of samples from 100+ 

different locations within each human habitats and from the people that occupy those habitats. By 

mapping MS-derived data on a 3D models, our results revealed that the surfaces that are frequently 

touched, such as handles (e.g. door, foosball, bicycle), resemble the molecular fingerprint of the 

human skin more closely than other surfaces that are less frequently in direct contact with humans 

(e.g. wall, outside of a car, bicycle frame). Overall, ~50% of the environmental MS/MS spectra 

were shared with people, indicating that a significant transfer of chemistry takes place between us 

and our built environment. Molecules annotated included personal care products, plasticizers, 

cleaning supplies, food, food additives and even medications that were found in the environment 

as well as modes of transport. Mass spectrometry-based 3D molecular cartography provided a 

spatial insight into the distributions at the single compound level, while source tracking, using the 

volunteers’ data from this study as reference, highlighted the origins of the chemistry for many 

locations within the human habitat. It is anticipated that a thorough understanding of the 

distributions of chemistries may ultimately impact the design of future human habitats and 

transport. We also anticipate that the workflows employed here can be extended to study 

molecular distributions for medical, forensic, and environmental applications.

Graphical Abstract
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INTRODUCTION

Humans interact, at the chemical level, with our surrounding built habitats. These habitats, in 

turn, influence the chemistry we find on our skin. Exposome research, a field that 

investigates human exposure to chemicals, has traditionally had a strong emphasis on 

harmful molecules.1–4 These harmful molecules include phthalates commonly used to make 

plastics, the disinfectant triclosan found in many sanitizers, and polybrominated phenyl 

ethers used as flame retardants that have been reported to affect fertility estrogen response 

and the nervous system.5–7 Locard’s exchange principle, coined in the 1930s, states that 

“every contact leaves a trace”, indicating that we influence the chemistry associated with the 

human habitat.8 While much emphasis has been placed on indoor air quality,9–11 an 

untargeted examination of the types of molecules present in human habitats and human 

transportation, and testing whether they originate from human interactions or from the 

environment, is not yet routinely performed. This has resulted in little chemical information 

about the human environment, preventing informed chemical decisions for the design of 

human-occupied buildings or transportation.

Mass spectrometry is a sensitive approach that reveals the chemical composition of a 

sample, and can be employed to profile the sample spatially. Spatial analysis of molecules 

by mass spectrometry (often referred to as imaging mass spectrometry) has become fairly 

common, but has been largely limited to small (0.5–5 cm) samples.12–14 Spatial resolution in 

the 10–100 μm range for MALDI, DESI and nanoDESI based ionizations are routine in 

imaging mass spectrometry,15 and resolution can be increased to 30 nm with SIMS.16 

However, mass spectrometry profiling over tens of cm or even meters is needed for 

analyzing the human environment, the human body and human transportation.14,17–19 3D 

molecular cartography, a method that translates mass spectrometry features onto a 3D model 

of the sample that is investigated, where many samples are taken spatially, is one strategy to 

analyze profiling data at such large spatial scales.20 The other key challenge in analyzing the 

human environment is that one should expect an enormous diversity of chemistries 

detectable with mass spectrometry. For example, wood, metal, plastic, and soil on shoes and 

skin are all very different sample types, and a human environment may contain tens to 

hundreds of these different sample types. Each sample type will include its own set of 

molecules. Although many metabolomic workflows have been developed in the past few 

years,21–24 mostly to compare cohorts in clinical data, few tools can process and visualize 

the volume of data and the complexity of the different type of samples expected to be 

present in the human environment. Molecular networking is one such strategy, and visualizes 

the chemistry that is detected by mass spectrometry on a spectrum-by-spectrum basis.25 
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Molecular networking has now been implemented as a crowdsourced analysis infrastructure 

called Global Natural Product Social molecular networking (GNPS, at http://gnps.ucsd.edu).
26 This infrastructure enables the visualization of MS/MS spectra, their annotation, and 

provides a measure of their relative similarity to produce a map of all chemicals detected in 

a single experiment or across a large number of experiments.

Here we take a snapshot of the chemistry we encounter in the human habitat and modes of 

transport. The mass spectrometry detectable chemistries are visualized with multivariate 

statistical analysis, as a molecular network, and by 3D molecular cartography. Finally, we 

assessed how well the chemistry in the built environment associated with the individuals 

occupying that environment.

EXPERIMENTAL SECTION

The detailed experimental procedure can be found in the supporting information of this 

article.

In summary, the surfaces of approximately 200 locations in five human habitats as well as 

body parts of human occupants and non-occupants (IRB approval number 130537X) were 

sampled with ethanol soaked cotton swabs and extracted in 96 well plates with 50% (v/v) 

ethanol/water. After non-targeted LC-MS/MS analysis, using reversed phase ultra-high 

performance chromatography (UHPLC) coupled to a Q-Exactive quadrupole orbital ion trap, 

the data was analyzed by spectra-library dereplication and molecular networking using 

GNPS.26 Peak areas from extracted ion chromatograms were used for relative quantification 

of the detected MS features and were displayed as extracted ion maps (EIM) on 3D models 

of the habitats and human body parts as previously described by Bouslimani et al.20 For the 

statistical analysis MS1 features were analyzed by principal coordinate analysis (PCoA)27 

and by source tracking.28

RESULTS AND DISCUSSION

Sampling and Statistical Analysis.

We set out to assess the chemistry associated with the human habitat and modes of transport. 

We therefore sampled two bicycles, the environment where a social event is held weekly, a 

car, an apartment, a water fountain in a research building and nineteen human subjects 

associated with these environments. The social event environment and the water fountain 

were not routinely visited by any of the volunteers. However, for this study several 

volunteers interacted with those environments using their hands to see if molecules from the 

habitat could be detected on the hands afterwards in order to establish directionality of 

transfer of molecules between humans and their environment.

To assess the overall relationship between the chemistries, the features were extracted as 

m/z, retention time (RT) and intensity, then subjected to analysis in relation to “sample 

information” data collected for this study. For the principal coordinate analysis (PCoA), the 

signal intensities of the features were normalized to the total ion current, and the Bray-Curtis 

dissimilarity was calculated between all samples in the dataset. This measure quantifies the 
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degree of dissimilarity between two samples based on the compositional makeup of multiple 

measured variables.29 Bray-Curtis is used to measure relationships between all chemical 

features detected within each sample and how those relationships compare to one another 

across the entire data set. The inferred sample relationships were visualized using PCoA 

plots.

The sample relationships revealed by the PCoA identified the expected separation between 

human and environment samples (Figure 1a), but not between male or female subjects 

(Figure 1b). Although most environment samples separated from human samples, several 

sample types from the human habitat were more similar to human samples (Figures 1a–c). 

Highlighting these sample types in the PCoA plot revealed that many of these were surfaces 

that receive significant contact with human skin, such as a guitar, bicycle handlebar, foosball 

table handles, and parts of a pool table (Figure 1c). This demonstrates that humans have a 

major impact on the chemistry of the surfaces they touch. Different human habitats and 

modes of transport also differ in their chemistry, particularly the car samples (Group 3, 

Figure 1e), and some clustering was observed by individual, indicating that person specific 

signatures were also detected in this data set (Figure 1f).

Molecular Networking and Annotation of Detected Molecules.

To provide molecular annotations, we then examined the data at the MS/MS level. To 

display the data at the MS/MS level we subjected the data to molecular networking.25 

Molecular networking compares the similarity of all MS/MS spectra through spectral 

alignment. The relationships are then visualized as networks. In essence, in molecular 

networking, a spectral alignment network map of the mass spectrometry detectable chemical 

space is displayed as one image. In total, 1,655,109 of the 2,157,908 spectra passed filtering, 

(see methods). The precursor masses of ions that are included ranged from m/z 170 to 1200 

(Supporting Figure 3). These formed 49,669 merged consensus spectra (nodes) and most of 

the unique MS/MS spectra had a mass below 400 Da (Supporting Figure 4). Rarefaction 

indicates that for these environments and experimental conditions, the diversity of MS/MS 

spectra has reached saturation (Supporting Figure 5). These molecular networks are made up 

3743 molecular families and 18674 self-looped nodes that do not show spectral similarity to 

other MS/MS spectra within the dataset.30 Molecular families are clusters of nodes where 

the MS/MS spectra are very different from other MS/MS spectra. Molecular families contain 

MS/MS spectra of analogs of molecules with nearly identical structure (e.g. that separate by 

a methyl group, oxygen or a double bond), MS/MS spectra of molecules with similar 

substructures (e.g. glycosylations or fatty acid tails), different adducts when the 

fragmentation is similar and oftentimes source fragment ions are also detected within the 

molecular family. Indeed, most of the mass differences had mass shift of 2, 14, 16, 18, 28, 

44, and 88 m/z units, consistent with mass shifts associated with oxidation, methylation, 

dimethylation or formylation, water addition, polymer or addition of CO2 but also mass 

shifts consistent with the addition of amino acids or sugars were also observed (Supporting 

Figure 6). Color-coding the networks based on the human habitat investigated revealed that 

each environment had a unique set of MS/MS spectra (and therefore unique chemistries) that 

were not detected in other environments, but also that more than 50% of the MS/MS spectra 

were shared between two or more environments. The distribution of nodes in the molecular 
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networks among the environment samples and the people that are associated with each 

environment is shown in supporting Figure 7. This revealed that the largest percentage of 

shared MS/MS spectra (~75%) between people and habitat was found in the social gathering 

environment, while the least number of spectra were shared between the water fountain and 

the volunteers (~10%) that were a part of that habitat study.

With molecular networking, one can also add MS/MS reference libraries to provide 

annotations. For an annotation to be considered, we used a strict scoring scheme. The two 

key considerations for the annotations matching were considered. First, a minimum of 6 ions 

were required to match; second, the cosine score had to be greater than 0.7. With those 

scoring parameters, the GNPS community previously reported these parameters to provide 

1% incorrect annotations, 4% insufficient information to assess if correct or not, 4% of 

annotations that are likely isomers or the correct annotation and 91% was deemed correctly 

annotated.26 In this work, the reference library consisted of about 220,000 reference spectra 

from the GNPS community,26 all three MassBanks (Japan http://www.massbank.jp/?

lang=en, Massbank Europe http://massbank.eu/MassBank/ and North America http://

mona.fiehnlab.ucdavis.edu/),31 ReSpect,32 HMDB,33 Dereplicator,34 CASMI challenge data 

(http://www.casmi-contest.org/2016/index.shtml),35 EMBL metabolomics library, NIST 

2014 (http://www.sisweb.com/software/ms/nist.htm) and some additional reference spectra, 

including those sourced from companies (http://gnps.ucsd.edu/ProteoSAFe/libraries.jsp). 

The annotations that are obtained with precursor and MS/MS matching, as is done here, are 

considered level two annotations according to the 2007 metabolomics standards initiative.36 

The annotations should be considered putative annotations. For all annotations obtained in 

GNPS and discussed in this paper, the data was manually inspected against the reference 

MS/MS spectrum to ensure that at least the precursor mass and MS/MS spectra were indeed 

correct. In these molecular networks 23.1% of the nodes were annotated, comprising a total 

of 37.5% of the MS/MS spectra.

The annotations give insight into the origins of some of the ions that are detected by mass 

spectrometry (links for all the annotations are provided in the methods section). The 

annotated molecules are derived from cleaning supplies (e.g. benzalkonium chloride, N-
lauroyl sarcosine), medications (e.g. the antifungal terbinafine, the antibacterial 

erythromycin, the anthelmintic niclocide, and high potency corticosteroid, betamethasone 

dipropionate, used to treat inflammatory and pruritic dermatoses such as plaque psoriasis). 

We also observed plasticizers, plastics or polymers (e.g. tris(2-butoxyethyl) phosphate, 

nonaethylene glycol, decaethylene glycol, phthalates), and molecules from humans and 

other organisms (e.g. glycocholic acid - a bile acid, mono and di acyl-glycerols, small 

peptides, amino acids, and other lipids, such as hexadecenoic acid methyl ester and 

palmitelaidic acid, the most common fatty acid in human skin). We even detected molecules 

such as methylene blue, used to stain protein gels, and ketamine, used for sedation of 

animals, in the research environment. However, the most commonly annotated molecules, in 

both frequency and diversity, were used in personal care, such as ammonium 

glycyrrhizinate, sclareolide, dexpanthenol, cocamidopropyl betaine and the sunscreen 

avobenzone. In addition, there are many annotations that are associated with diet. Molecules 

from human food were detected including the flavonoids hesperidin, tangeritin, poncirin, 

nobilitin and isoquercetin that are common to citrus, epicatechin, found in chocolate, and 

Petras et al. Page 6

Anal Chem. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.massbank.jp/?lang=en
http://www.massbank.jp/?lang=en
http://massbank.eu/MassBank/
http://mona.fiehnlab.ucdavis.edu/
http://mona.fiehnlab.ucdavis.edu/
http://www.casmi-contest.org/2016/index.shtml
http://www.sisweb.com/software/ms/nist.htm
http://gnps.ucsd.edu/ProteoSAFe/libraries.jsp


molecules found in coffee and tea, including catechin, caffeine, astragalin, theobromine or 

theophylline. Especially in the social gathering environment annotations matched to 

miquelianin and procyanidin commonly found in wine, saponarin and xanthohumol, 

constituents of beer, and dihydrocapsaicin and piperine from peppers. Also detected were 

common food additives, such as the artificial sweeteners aspartame and sucralose, food 

flavoring such as 1-gamma decalactone and even food preservatives such as imazalil.

Figure 2b highlights four representative examples of molecular families with matching 

precursor and MS/MS spectra of known molecules. Some families have more than one 

annotation. For example, the cocaine molecular family has only two nodes, the parent 

molecule of cocaine and its ester hydrolysis product (the major form detected). This 

provides additional support for the annotation, while the detergent molecules collectively 

called cocamidopropyl-betaines, has seven annotations to different MS/MS spectra covering 

cocamidopropyl-betaines of the 30+ different nodes that were detected and all other nodes 

display related fragment ions of the same molecule but that have MS/MS spectra that are 

similar enough to network together but not merge by clustering as well as with different 

types of fatty tails (Figure 2b). Cocamidopropyl-betaines are very common and detected in 

almost every sample studied (Figure 2c). Indeed, cocamidopropyl-betaines are perhaps the 

most common surfactant used in cleaning, detergent and cosmetic supplies. Interestingly, 

cocaine was detected on two objects, but was not found on any of the volunteers. This 

molecule has also been found on 80–95% of bill currency in the US,37–40 indicating it is 

quite ubiquitous in the human environment.

Molecular 3D Cartography.

In order to investigate the spatial relevance of different chemistries, we set out to look at the 

distributions of the detected compounds using 3D molecular cartography. The extracted ion 

maps (EIM) of two bicycles (top of Figure 3) revealed the extent to which personal care 

products, workplace, and food related molecules are present in the daily transportation 

systems we us. Cocamidopropyl betaine was ubiquitous and abundant on all volunteers and 

both bicycles. This molecule was also found on may other volunteers and human habitats. Its 

ubiquity is likely due to its use in shampoos, body washes, conditioners, toothpaste and 

other personal care products. Dexpanthenol, another personal care product ingredient, was 

found in high levels on the hands of both cyclists, and in lower levels on the handlebars, the 

seat and the frame of one of the bicycles. This molecule is the alcohol analog of pantothenic 

acid (vitamin B5) and is commonly found in cosmetics. Ketamine is primarily an NMDA 

receptor antagonist used for induction and maintenance of anesthesia and sedation, with 

applications in clinical use for humans and animal research. This was detected primarily on 

volunteer 4’s hands and face. This volunteer works in animal research, and had recently used 

ketamine while conducting research. Caffeine is detected in three of the four individuals in 

this habitat with highest abundance on the hands but not on the bicycles. Volunteer 2 does 

not drink coffee or tea and avoids any sources of caffeine, explaining the absence of even 

trace amounts of this molecule. Caffeine is also detected on the bicycle handlebars, seat and 

helmet of volunteer 1, representing a molecule that is shared between this individual and 

their habitat. Aspartame is a non-saccharide artificial sweetener. Aspartame was found with 
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high abundance on the hands and face of volunteer 3, and at lower abundance on volunteers 

1, 2 and 4. It was not found on either bicycle or related equipment.

Analysis of the social gathering environment revealed how contact with food modifies the 

chemicals in the environment. We found a variety of molecules throughout this social 

gathering environment that were informative of the human-environment interaction. For 

example, dihydrocapsaicin is an analog of capsaicin present in chili peppers. It was only 

detected in one of the five microenvironments tested (bar). The likely source of this 

molecule was the curry that was served on the bar during the social gathering or the salsa 

that is commonly consumed in that location. Dexpanthenol was again detected and it was 

found on both humans and the environment. Because the hands of the volunteers were 

sampled before and then after the interaction with this habitat, one can begin to gain insight 

into the transfer of the detectable chemistries from the environment to people. Procyanidin 

B2 is a proanthocyanidin found in apples, potatoes, including chips, and other sources. It 

was detected in many samples from all five of the microenvironments tested, and was found 

on both humans and the environment. Relative to the other microenvironments, this 

molecule was highly enriched on the bar, the piano and the two individuals that interacted 

with these objects, highlighting the transfer of molecules that are present in the human 

habitat to people. Similarly, the feature with m/z 241.141 was found in two 

microenvironments sampled (the bar and the piano), but the highest signal was observed on 

the piano and the individual who interacted with the piano. This molecule was observed on 

the individual after, but not before, interaction with the piano and represents a feature 

transferred between the environment and individuals who interacted with it.

The feature with m/z 574.212 can be found on the EIMs of three microenvironments, but the 

highest intensities were found on the surface of the bar and hands of the individual who 

interacted with the bar.

The car environment had a unique chemical composition with respect to the other 

environments. This car is cleaned very thoroughly about once a month. Despite this frequent 

and intense cleaning, many molecules are directly shared with the person that owned the car 

but only in the driver seat area, floor by the gas pedals and the backseat. An intense signal of 

dibutyl phthalate was detected on the floor by the gas pedal. This molecule was only 

detected on shoes of individual 1 (the owner of the car). The feature with m/z 240.232 has 

no annotation in GNPS, but was mostly found in the EIMs of the face and hands of 

individual 1 as well as on the steering wheel and driver’s seat area. The feature with m/z 
287.081 was found primarily on the upper and lower back of individual 1 as well as the 

driver’s seat of the car. The feature with m/z 501.209 was only found in the EIMs of 

individuals 2 and 3 but not in the one of the car. The distribution of the feature within the 

individual concentrated on the face, hands, and feet that may be consistent with a food or 

personal product associated molecule that is not used by volunteer one in this group.

The fourth environment, a two-bedroom apartment, revealed many lifestyle chemistries. The 

molecule terbinafine, an antifungal drug against dermatophyte group of fungi, is used to 

treat athlete’s foot. It was found in human and environmental samples; found on the right 

hand of person 2, on computer mouse of person 2, and on doorknob in common area. A 
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compound with the m/z 495.830 has no hit in the GNPS library, but this compound was only 

found on the shoes of every test person and on the floor of the entire apartment suggesting 

environment to person transfer as two of the people sampled do not live in the apartment. 

Cocamidopropyl betaine was again found in both human and environmental samples with 

high abundance and ubiquitously throughout the apartment. The compound with the m/z 
355.284 was not dereplicated in GNPS as a known metabolite, but was selected as a feature 

of interest due to its localization in the environment sampled. This feature was found only on 

the set of dumbbells (weight) and the doorknob in room 1 and the hands of volunteer 1, who 

is known to live in room 1. This illustrates a specific interaction between volunteer 1 and 

room 1, in which it is likely that volunteer 1 held the weights from room 1 in their hands, 

resulting in the transfer of metabolites between these two sampled surfaces. As mentioned 

above, cocaine was found on the front, back, and body of an electric guitar in room 2. 

Although both the electric and acoustic guitars were sampled, it was found primarily on the 

strings of the electric guitar, which was bought second hand. Molecular networking revealed 

that most of this molecule has been hydrolyzed, indicating it may have been on the object 

for a lengthy period of time. This may signify that cocaine can linger in environments for 

considerable periods of time. Benzoylecgonine is the more stable form, and is detected in 

drug tests.41

The final human habitat, the drinking fountain, revealed mainly food-derived and personal 

care product-associated molecules. Despite being a widely used molecule, cocamidopropyl 

betaine was found in low levels in the environment, but enriched on the hands of both human 

subjects. On the other hand, an MS/MS spectrum that is nearly identical to catechin 

flavonoid found in tea, chocolate and other foods. This was found on the lips and hands of 

both female and male volunteers and the walls and water fountains. 1-Palmitoyl-sn-

glycero-3-phosphocholine is a component of eukaryotic lipid bilayers. It was found 

ubiquitously on the fountain and the walls of the fountain, but with lower intensity on human 

subject’s hands and mouths. Ammonium glycyrrhizinate is a licorice derivative with a sweet 

taste. It is a common additive to toothpaste and cosmetics. This was only found on the 

female subject’s mouth, and no evidence supported transfer of this molecule to the water 

fountain. Aspartame was found exclusively on the male subject’s tongue despite his 

avoidance of aspartame-containing products, and no transfer to the water fountain was 

detected for this molecule.

Molecular 3D cartography, as a method to analyze chemical distributions in human habitats, 

contributes to an understanding of how people interact with their environments at the 

molecular level. We can make three general observations. First, some of the molecules 

appear to linger for a long time in the environment. Second, it is likely the degree of 

interactions that matters. For example, the apartment hallway between the two doors had a 

similar molecular signature to the feet of the occupants of the apartment, but not to the feet 

of people who did not live there. Chemistry specific to the person that owned the car was 

present on the driver side of the car but not the passenger side. For the water fountain, our 

hands touch the knob but not the rest of the apparatus, reflected in the chemical signatures. 

In addition, the water fountains are regularly cleaned, and therefore few human-derived 

molecules were observed. It was interesting that Coomassie Brilliant Blue was detected in 

this habitat, consistent with the fact that this fountain is in a research environment containing 

Petras et al. Page 9

Anal Chem. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecular laboratories. Third, it is possible to use 3D molecular cartography to understand 

the nature of the chemical interactions between people and the environment. It may be 

possible to use chemical signatures of human habitats to pinpoint individuals who recently 

interacted with a specific habitat.

Methods for tracking human trace evidence on the human habitat have been developed for 

microbiome studies. SourceTracker, for example, was developed to trace the source of 

particular bacteria in a sample. This tool analyzes the presence and intensity of members of 

a microbial community obtained by DNA sequencing, and then compares those sequences 

between source and sink sample types28. Although SourceTracker has not been optimized 

for metabolomics, the same underlying principles apply. Therefore, we used this program to 

estimate proportions of metabolites in the environmental samples originating from the 

participants. SourceTracker describes each personal metabolomics chemical “community” as 

a composite of a number of “source” communities, including a component for an unknown 

source (which could, in this case, be people, cleaning supplies, dirt or other sources). In 

order to achieve this, it initially assumes an uninformative prior where all sources are 

considered equally likely, where the sources are represented as a Dirichlet multinomial 

(DM) model trained on example input communities, taking into account the variability in the 

input communities. A Markov Chain Monte Carlo (MCMC) procedure is then used to derive 

the optimal posterior probability of the components of each DM source in each sink 

community. For example, trained on a set of hand, mouth and stool samples as sources, 

SourceTracker could assign an unknown swab as a mixture of these three communities, plus 

“unknown”.

Applying the SourceTracker algorithm to this dataset revealed some interesting matches that 

link specific people to specific environmental samples. For the bicycle habitat, source 

tracking correctly identified that person 1 was the most likely person to have interacted more 

significantly with the bicycles, but incorrectly matched this person to both bicycles, possibly 

due to the use of similar personal care products. Person 4 matched the person’s seat with 

bicycle 2 (Supporting Figure 9, B), but could not match person 1 to seat 1 and the chemistry 

was labeled as unknown source (Supporting Figure 9, C). SourceTracker also identified 

much of the bicycle data as of unknown origin. The chemistry on the handlebars matched 

the hands of the person, but no other parts of the bicycle and therefore the chemistry on the 

bicycle must come from other locations of the human subject (Supporting Figure 9). In the 

car habitat, person 1, the owner of the vehicle, was the most likely person that interacted 

with this environment (Supporting Figure 9, D), but much of the chemical sources were 

unknown (F). Person 3, who was a passenger before the study matched to the passenger’s 

door and the backseat (E). For the apartment, there were only significant matches between 

the people that occupy the environment (G and H), and essentially no matches were obtained 

for the two people that were also sampled in that environment, but do not live there. The 

desk was correctly matched to person 1 and person 2. For the social event gathering, both 

the piano and the bar had similar molecules on them, and matched well with person 1 and 2 

(J). The hands of person 2 had a significant match to the tap handle (K), another location 

where direct contact with human skin is frequent (Supporting Figure 9). The high attendance 

of this social bar event likely resulted in many molecules being shared among people and the 

environment. This is also reflected that most of the table signatures and the bar signatures 
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matched to an unknown source (L). The source tracking for the water fountain mostly 

matched to one person and unknown sources, but not person 2 (M, N and O). This proof-of-

principle analysis using source tracking methods designed for microbiology studies, 

demonstrate that it is indeed possible to track the person that contributes to the chemistry in 

the human habitat, as defined by Locard’s exchange principle. Future analysis method can 

be optimized for body part locations and their respective interactions, and may benefit from 

the development of metabolomics-specific models.

CONCLUSION

Here we provided insight into the diversity of chemistry present in the human habitat. The 

most common molecules for which we could define the origin were from personal care 

products and food, but the origin of the vast majority of molecules remains unidentified. 

People and the human habitat share significant chemistries, but each habitat has its own 

distinct chemical diversity. Some environmental sites have a significant chemical impact 

from human interactions. In fact, this shared metabolomics signature was so significant that 

some of the data from samples of the human habitat resembled human skin metabolomics 

signatures more than other samples of non-human objects. These chemical signatures, 

especially combined with 3D molecular cartography and source tracking, can be used to 

understand how molecules are transferred and migrate within the human habitat.

This study found that >75% of all high-quality spectra obtained from the human habitat to 

date are unannotated, revealing a significant need to better characterize chemistry of human 

environments. In order to gain a deep understanding of the chemistry that we are exposed to 

on a daily basis, we need improved capacity to annotate and to track the origin of the 

chemistries. Accordingly, chemical databases such as the human metabolome data bank,42 

drugbank,43 food data bank (http://foodb.ca/) need to be expanded to other areas for 

improved analysis of our chemical environment. This must be complemented by a 

community-wide metabolomics analysis and knowledge capture infrastructure, with 

reference data sets from building materials, cleaning supplies, representative soil, food, and 

personal care products, as well as from humans, pets, arthropods, plants, fungi, and other 

organisms inhabiting the built environment, and that can be integrated with DNA sequence 

information. Together with proper analysis infrastructure, this significantly expanded data 

resource would significantly facilitate visualizing and understanding the chemistry of the 

human habitat. This infrastructure would also enable tracking of chemistries that we cannot 

yet annotate, and would not only assist architects and engineers in designing buildings, but 

also aid in clinical studies, forensics, military and built environment microbiome studies as 

well as in monitoring the health of our planet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: The relationships of the metabolomics data from the human habitat and the male/
female volunteers as visualized using the first three principal coordinates from a Bray-Curtis 
dissimilarity matrix using Emperor.
a) All data in this study highlighted by samples of human and environmental origin. b) Same 

PCoA, but only data from the environment and the hands of the volunteers are visualized 

and further colored by gender. c) Same plot as b), but samples from guitar, bicycle handle, 

foosball handle, and pool table enlarged to aid visualization of these sample types that have 

very extended interactions with human hands. d) Color resolution of samples from different 

human body locations. e) Environment data only, color coded by the five different human 

habitats sampled. f) Human data only, color-coded according to the 19 volunteers.
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Figure 2: The molecular networks characteristics of the entire study.
a) The molecular networks color coded by environment or mode of transport, b) a zoomed-in 

version of the network for four clusters where at least one of the MS/MS spectra is 

annotated, c) the number of samples that a specific MS/MS spectrum is shared. The figure 

displays the nodes vs. the number of samples a node is shared by. Node 1 is found in the 

data of all samples while the last nodes are only found in one sample.
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Figure 3: Molecular 3D cartography of the human habitats and transportation.
The extracted ion maps show the spatial abundance of different features detected. Relative 

ion intensities are shown as 3D heat maps through a color gradient from red (highest) to blue 

(lowest). The human models have enlarged body parts to enhance the visualization.
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