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Due to the potential health risks related to chemical exposure, rapidly assessing xenobioticmolecules
in the environment and those already in the body is imperative. Targeted analytical methods coupling
either gasor liquid chromatographywithmass spectrometry (GC-MSor LC-MS) are commonly utilized
in current exposure assessments. While these methods are accepted as the gold standard for
exposure analyses, they often require multiple sample preparation steps and analysis times > 30min.
These limitations have resulted in an evolving interest in using ionmobility spectrometry andMS (IMS-
MS), either with or without chromatography, to improve throughput and annotation confidence. To
increase IMS-MS information availability for exposure studies, here we utilized drift tube IMS-MS to
evaluate 4685 xenobiotic chemical standards from the Environmental Protection Agency Toxicity
Forecaster (ToxCast) programme, including pesticides, industrial chemicals, pharmaceuticals,
consumer products, and per- and polyfluoroalkyl substances. Collision cross section (CCS) andm/z
values were detected for 2144 unique chemicals with high confidence and reproducibility (≤1% error
intra-laboratory and ≤2% inter-laboratory), resulting in values for 4004 [M+H]+, [M+Na]+, [M-H]− and
[M]•+ ion types. This multidimensional database therefore supports suspect screening for a wider
range of environmental contaminants, faster exposure response times, and assessments of
xenobiotic-disease connections.

Ion mobility spectrometry coupled with mass spectrometry (IMS-MS) is
an analytical technique that has stimulated great interest in both analy-
tical chemistry and exposure science due to its ability to resolve isomeric
species, distinguish halogenated chemicals and perform a variety of
studies including targeted, suspect screening, and non-targeted
analyses1–7. IMS separates ions by their shape and charge state in the
gas phase through the use of an electric field, buffer gas and sometimes
gas flow, depending on the IMS type utilized (e.g., drift tube, travelling
wave, trapped IMS, etc.)8,9. In addition to its millisecond analysis speed,
most IMSmethods also allow for the calculation of collision cross section
(CCS) values for each ion detected10,11. CCS values correspond to the
collision area between a charged analyte and its neutral collision partner
or the buffer gas molecules in the IMS cell. In various studies, CCS values
have proven to be highly reproducible (often less than 2% of each other)
between laboratories using the same instrumentation, even in complex

samples12. Additionally, CCS values for the same molecule evaluated with
the different IMS methods are often within 2% of each other8. Therefore,
CCS values are regarded as highly informative data which provide a way
to increase confidence in the identification of individual molecules in
non-targeted analytical studies of complex substances and mixtures13,14.
Moreover, in IMS-MS studies, ions separated by IMS can be evaluated for
their m/z value, and if fragmentation is applied, 3-dimensional char-
acterization is possible (CCS, MS and MS/MS)15,16.

Historically, IMS-MS has been used to study peptides, proteins, car-
bohydrates and inorganic molecules17. More recently, studies of environ-
mental and industrial chemicals have provided additional CCS information
to enable analyses of complex environmental exposures and separate
halogenated chemicals from those containing mainly hydrogens to lessen
sample preparation needs6,8,18–22. These studies have demonstrated the use of
CCS libraries in suspect screening of complex substances5,23–26 and in
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assessing environmental samples18,27. The opportunities for further advan-
cing chemical exposure analyses and determining potential adverse effects
on human health are therefore rapidly evolving with analytical chemistry
advances such as IMS-MS28–31. However, improved linkages between
exposure measurements and potential hazards of chemicals, such as high-
throughput toxicity data32, are still lacking due to the absence of analytical
methods that can be used for rapid analyses of complex samples and
mixtures33–35. Additionally, refinements to characterization of in vitro to
in vivo extrapolations (IVIVE) of individual chemicals36,37 and mixtures38

would therefore benefit from improved analytical methods able to assess
diverse chemicals in the environment and their metabolites in biological
systems. Fortunately, government agencies have encouraged collaborative
analysesof large-scale chemical libraries andmixtures byproviding access to
their compound libraries39, enabling opportunities for developing large-
scale reference datasets for suspect screening using rapid analyticalmethods
such as IMS-MS.

In this study, we follow up on recent studies that have aimed to
establish CCS libraries for xenobiotic chemicals8,18,21,22 by utilizing drift tube
IMS (DTIMS) and nitrogen buffer gas (denoted as DTCCSN2) to evaluate
chemicals of concern to human health which have also been tested in
hundreds of in vitro assays by the ToxCast/Tox21 programmes32,40. For
these analyses, we utilized an electrospray ionization (ESI) source in both
positive and negative mode and an atmospheric pressure chemical ioniza-
tion (APCI) source in positive mode for more comprehensive molecular
coverage of the diverse chemicals. The database created from this study
contains CCS values for 2144 unique chemicals and will be of immediate

interest for the chemical analyses of complex samples and environmental
mixtures41.

Methods
Sample preparation
The 4685 xenobiotic chemical standards analysed in this study (Fig. 1 and
Tables S1–S2 within the Supplementary Data file) were obtained from
Evotec (Branford, CT; order #13169), a contractor of the U.S. Environ-
mental Protection Agency’s (US EPA) ToxCast library of chemicals42.
Chemical selection from a ToxCast library was performed by the U.S. EPA
(Dr. Ann M. Richard) based on chemical availability and the purity of the
individual compounds at the time of assembly and all standards were
supplied at 0.4mM in pure dimethyl sulfoxide (DMSO). The process for
selecting and registering chemicals into the ToxCast library including the
description of chemical procurement from commercial suppliers, catalo-
guing the chemicals, storage and chemical quality control is detailed at
refs. 43,44. After selection, all chemicals were placed into sealed 384-well
plates, shipped, and then stored frozen (−80 °C). The certificate of analysis
obtained with the chemical shipment stated all compounds were >90%
purity as determined by the supplier. Before experiments, the stock plates
were thawed at room temperature, 5 µL of each chemical was then trans-
ferred to individual 9mm amber screw top vials with fused inserts (Ibis
Scientific, #4400-FIV2W), and each standard was diluted to 10 µM with
195 µLof 50:50methanol/water. The high purity (≥99.9%)water,methanol,
and acetonitrile used in this study were obtained from Sigma-Aldrich (St.
Louis, MO).

Fig. 1 | Project workflow. In this study, we first classified the 4685 chemical stan-
dards into 13 classes. The 4685 standards were then diluted to 10 µM and analysed
with IMS-MS using ESI[+], ESI[−] and APCI[+]. Feature identification and

collision cross section calculations were performed using Agilent IM-MS Browser
and Agilent Mass Profiler. CCS values for 2144 unique chemicals were obtained in
the study and 4004 ions from [M+H]+, [M+Na]+, [M-H]− and [M]•+ ion types.
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Instrumentation and analysis
DTIMS-MS analyses were performed using the 6560 IM-QTOFMS system
(Agilent Technologies, Santa Clara), and the drift tube was filled with
nitrogen gas. A liquid chromatography stack (Agilent Technologies:
G7116BColumnCompartment, G7167BMultisampler, and G7120AHigh
Speed Pump) was used as an autosampler to inject samples into each
ionization source at 0.400mL/min with a constant solvent composition of
50% water and 50% acetonitrile. All chemical standards were ionized using
the APCI source in positive ionization mode and the ESI source in both
positive and negative ionization mode.

Prior to each experiment, the instrument was tuned and mass cali-
brated using the Agilent Tune Mix (G2421A/G2432A, Agilent Technolo-
gies, Santa Clara, CA). For the IMS analyses, the ions were passed through
the inlet glass capillary, focused by a high-pressure ion funnel, and accu-
mulated in an ion funnel trap45. Ionswere thenpulsed into the78.24 cm long
drift tube filled with ~3.95 torr of nitrogen gas, where they travelled under
the influence of a weak electric field (17 V/cm). Ions exiting the drift tube
were refocused by a rear ion funnel prior to quadrupole time-of-flight
(QTOF) MS analysis and their drift time was recorded. The detailed
instrumental settings are listed in Supporting Information File. For each
detected ion, DTCCSN2 values were calculated using a single-field method
(Tables S3–S5 and uploaded to PubChem), which has been detailed
previously12. For quality control for the single-field method, Agilent Tune
Mix ions were evaluated daily at the start of each experimental run and the
calibration constants derived were stable for all studies performed in this

manuscript (see Results). The use of Agilent Tune Mix and the single-field
method was the same process as carried out by Picache et al.22, to obtain
values that will be reproducible for those applying IMSCCSmeasurements.
Methanol washes were performed after 24 sample injections to reduce the
occurrence of carryover. Additionally, isomeric chemicals were also sepa-
rated by several standards with greater mass differences to ensure no
interferences occurred. Samples from the same plate were run in the same
worklist over six days, alternating the ionmode eachday. Each chemicalwas
injected six times total, resulting in duplicate results for each ion mode. All
ions were evaluated and only considered present if their mass error was less
than 10 ppm from the expected chemical formula, they illustrated the
correct 13C isotopic distribution and the duplicates had <1% difference in
CCS values. The average DTCCSN2 values for each ion are illustrated in
Table S6.

Data analysis and curation
Agilent IM-MSBrowser software (Agilent Technologies) was utilized for all
single-field DTCCSN2 calculations, initially starting with the Tune Mix ions
for use as calibrants. While software programmes can assist in calculating
the CCS values, every instrumental run was manually examined for the
presenceof apeak and the software-assignedCCSvaluewasverified.Quality
control and confidence in CCS values were determined based on the
DTCCSN2 duplicate values

46 having a percent difference of ≤1% for at least
two replicates47. The DTCCSN2 andm/z values were then plotted to identify
potential trendlines. Only DTCCSN2 values that fell within 15% difference of

Fig. 2 | Nested IMS–MS spectra for three representative test chemicals. Images
illustrate the abundance of the isotopic distribution of the precursor [M] and first 13C
isotope [M+ 1] peak for each chemical across the three ionization modes (ESI[−],
ESI[+] and APCI[+]). For each chemical shown (Bosentan, Thiabendazole, and

Triamterene), m/z values are plotted on the x-axis, and drift times on the y-axis.
Colours represent abundance from red (highest) to green (intermediate), to blue
(lowest). The DTXSIDs are the substance identifiers associated with the US EPA’s
CompTox Chemicals Dashboard.
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the main trendline were determined to be confident identities and listed in
the final dataset. This filtering removes small molecules whichmultimerize
in solution, drift through the ionmobility cell as multimers, and then break
into monomers following drift analysis, thereby illustrating extremely large
CCS values per m/z48.

Of the 4685 standards evaluated herein, three chemicals were
duplicated in the plates, resulting in 4682 unique chemicals. The che-
micals were assigned into classes using expert judgement of the authors
using PubChem “Use and manufacturing” classifications and other
pertinent information in the US EPA’s CompTox Chemicals Dashboard.
Following ESI-IMS-MS and APCI-IMS-MS analyses, reproducible CCS
values resulted for 2,144 unique chemicals. Moreover, due to the various
ion types observed ([M+H]+, [M+Na]+, [M-H]- and [M]•+), the IMS-
MS database contains 4,004 CCS values and the corresponding m/z
ratios.

Results and Discussion
Many experimentallymeasuredCCSdatasets have beenpublished for use in
the fields of proteomics, metabolomics, steroids, and xenobiotics8,18–22, but
the number of CCS values is still limited, especially for xenobiotic studies.
The purpose of developing a database of CCS values from the EPA’s Tox-
Cast library is therefore to assist in identifying toxicants and improve the
assessment of human and environmental risks and exposures. To create the
IMS-MS ToxCast database, 4685 chemical standards were analysed using
the workflow depicted in Fig. 1. In this workflow, the chemicals were first
categorized into classes, diluted, evaluated with IMS-MS, assessed for
reproducibleCCSvalues, and then added to aCCSdatabase if theypassedall

quality control steps stated in the Methods section. For the categorization
step, the chemicals were placed into thirteen broad classes based on their
structures and use by employing information from the EPA’s ToxCast
library32. Because most chemicals had several classifications listed, we used
the source/use information inPubChem todetermine thefinal assignments.
Overall, the following assignments were made: Natural Toxin (n = 6),
Disinfection By-Product (n = 14), PFAS (n = 17), Polycyclic Aromatic
Hydrocarbon (PAH, n = 31), Surfactant (n = 78), Flame Retardant
(n = 120), Plastic (n = 154), Colour Dye (n = 172), Cosmetic Ingredient
(n = 360), Pharmaceutical (n = 615), Food Additive (n = 634), Pesticide
(n = 948), and Chemical Industrial (n = 1536), where the three duplicates
were from the Pharmaceutical, Food Additive, and Chemical Industrial
classes. It should be noted that while these classifications are subject to
interpretation, the assignment of substances into these classes is commonly
used in regulatory science.

For the IMS-MSanalyses, each chemical standardwasdiluted to10 µM
and injected twice into the instrument using ESI[+], ESI[-], and APCI[+]
sources. While various ions were formed in the different sources, we spe-
cifically evaluated [M-H]- in theESI[-] analyses, [M+H]+ and [M+Na]+ in
the ESI[+] analyses, and [M+H]+ and [M]•+ in the APCI[+] studies.
Furthermore, an ion was considered present if the mass error was less than
10 ppm from the expected chemical formula, in addition to the presence of
the correct 13C isotopicdistribution. Figure 2 shows three example chemicals
following ionization using all three ion modes. These chemicals (bosentan,
thiabendazole, and triamterene) represent two different chemical classes
studied (two pharmaceuticals and a pesticide), each having ions observed in
all analysis modes.

Fig. 3 | Detection frequency for tested chemicals across ionization modes and
chemical classes.APercentages of chemicals detected in each class (filled bars) using
ESI[-], ESI[+], or APCI[+]. B Percentage of chemicals in each class detected by one

or multiple ionization modes. C Venn diagram illustrating overlap of chemicals
detected across the different ionization modes. D Venn diagrams showing number
of ions detected in ESI[+] and APCI[+].
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For the 4682 unique chemicals analysed, ~45.8% (n = 2144) could be
detected in at least one analysis mode (Fig. 3). This number was not sur-
prising as some chemicals may have degraded or were not amenable to the
ionization sources used (such as some of the metals in the ToxCast library
(Table S1) would need to be run with inductively coupled plasma (ICP)-
MS). As expected, differences among chemical classes were observed with
respect to what ionization mode was preferable for their detection. For
example, of the ion species evaluated, PAHs were primarily detected with
APCI[+], while PFAS were identified with ESI[-], due to the structural
components of both molecular classes (Fig. 3A, B). Figure 3A breaks down
the number of chemicals in each classification detected by each ion source.
Figure 3B shows the total percentage of unique chemicals detected in every
classification and their ion mode for detection. No class of chemicals was

completely detected in the study, and detectability ranged from less than
20% for “Food Additives” to 75% for both “Colour Dyes” and “Pharma-
ceuticals”. Additionally, ESI[+] provided the majority of identifications
(n = 1401), and of this total, 437 chemicals were detected only with ESI[+]
(Fig. 3C). ESI[-] had the second most with n = 1190, and here 658 were
detected only with ESI[-]. Finally, APCI[+] had the least amount of che-
micals detected at n = 839, and only 55 were uniquely detected with this
source and polarity. To understand the positive mode detections, we also
analysedwhich ionsweredetectedusingESI[+] andAPCI[+] (Fig. 3D). For
ESI[+], the [M+H]+ and [M+Na]+ were found to have a similar rate of
detection with ~37% of chemicals in ESI[+] producing both ion types. On
the other hand, APCI[+] ion types were abundantly represented by
[M+H]+, while [M]•+ detection only included 13.1% of the chemicals.

Fig. 4 | Reproducibility of Collision Cross Section (CCS) values. CCS reprodu-
cibility for the technical replicates examined in this studywas assessed byA chemical
class and B ionization mode (ESI[-], ESI[+], and APCI[+]). C CCS reproducibility
between this study and other published large datasets that contained overlapping
chemicals is shown inC. The pie charts inA andB show the fraction of the chemicals
falling below a 1% threshold (white) and above 1% threshold (black), which were
filtered out. The total number of chemicals is also noted below each pie chart.

B abbreviations are TM = tune mix and C = chemicals. In C, the pie charts show the
fractions below 2% (white), between 2 and 5% (gray), and above 5% (black). The box
andwhiskers plots in each panel show the distribution of the values for each detected
chemical (boxes are interquartile range, the line is median, the whiskers are 5–96
percentile, and the points are outliers). Horizontal lines indicate thresholds used in
each analysis.
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Because the library ofCCS values for chemicals analysedhereinmay be
used for suspect screening of complex substances and mixtures by other
laboratories, we also assessed reproducibility of CCS values. For this
examination, we evaluated reproducibility both between the technical
replicates in our own analyses (intra-laboratory) and the differences in our
values and those published by others (inter-laboratory) using DTIMS and
travelling wave IMS (TWIMS) (Fig. 4). Formost chemical classes, over 90%
of the substances were within 1% difference. The percent difference in CCS
values among the duplicate injections of each chemical were evaluated by
chemical class (Fig. 4A) and ionization mode (Fig. 4B). Box and whisker
plots show the distribution of the deviation among technical replicates, and
the pie charts show the fraction of the substances with values under the
generally accepted cutoff of 1%. Interestingly, only “Natural Toxins”had the
lowest number of retained chemicals using these cutoffs with 14% removed,
however, it was among the classes with the fewest number of chemicals
represented in the library. With respect to ionization mode analysis, the
overwhelming majority (97%) of the chemicals detected with either ESI[-]
or ESI[+] had excellent reproducibility with differences in CCS ≤ 1%. Even
though the reproducibility ofCCSvalueswas less robustwithAPCI[+], 91%
were below the threshold of 1%.Of the 4192CCS values for the different ion
types evaluated, only 188were excluded fromthefinal database because they

exceeded 1% difference, resulting in 4004 ions in the final database
(Table S6).

Interlaboratory reproducibility was also determined in the study
using data from seven other suspect screening CCS libraries8,17,18,20–22,49,50

(Fig. 4C and Tables S7–S13). Our database containing 4004 CCS values
represents a great expansion on important toxicants. Furthermore, in
overall CCS reproducibility assessments across laboratories (i.e., % dif-
ference), it is often considered acceptable if the difference in reported
values is ≤2% to account for instrument variability. A 5% difference was
also used for this comparison to consider any larger experimental dif-
ferences as has been done in several previous studies12,51,52. Of the che-
micals that could be cross-compared (from 8 to 254 depending on
publication), over 82% of the CCS values had ≤2% difference, and only
~3% of the compared chemicals fell above the 5% threshold. Previous
work has noted CCS differences for the DTIMS and TWIMSmethods for
different chemical classes53, so if readers are interested in understanding
this further for their chemicals of interest, this dataset will provide
DTIMS reference values for the comparisons. However, having over 87%
of the CCS values within 2% difference of the other labs provides us with
confidence in our database, especially because all values included in the
intra-laboratory comparison fell below the 1% difference threshold and
we had very few values outside of the 5% difference when compared to
others.

To finalize this study, we attempted to determine reasons for lack of
detection of some of the tested compounds with IMS-MS and the ESI and
APCI sources. The two main factors considered were stability of the che-
micals in solution42, and amenability of a chemical for detection using a
particular ionization source andmode (e.g., ESI[−] and ESI[+])54,55. For the
chemical stability analysis, we reasoned that chemicals that lack long-term
stability in solution may not be detected due to potential degradation prior
to analysis. Tomake this comparison,wewere able to obtain information on
long-term stability of the ToxCast library from the U.S. EPA and categorize
themusing this information as “stable” (i.e., no appreciable degradation) or
“unstable” (chemical not detected in the analysis of a stock solution after 4
months of being stored at room temperature). The overall number of
chemicals included in this analysis was less than the total based on the
availability of stability data – out of the 4682 unique chemicals tested, data
was only available for 3658. Of these, 37.6% were both detected and stable,
while 26.6% were neither detected nor stable. This result was highly sig-
nificant (p < 0.0001 using Fisher’s exact test), indicating that stability of the
chemicals was a considerable contributor to our ability to determine their
CCS value. For the chemical amenability analysis, we reasoned that che-
micals that could not be ionized will not be detected. Using previously
published predictive chemical amenability analyses with LC-MS54, we
determined which chemicals were “amenable” to ESI[−] or ESI[+] ioni-
zation. Figure 5A divides the chemicals that had both stability and amen-
ability information (3658 out of 4685 total analysed) into 4 categories.
Figure 5B, C show the breakdown into these categories for chemicals either
detected in ESI [+ or −] or not detected. It is clear that for amenable
compounds, the majority was detected and vice versa; indeed, amenability
was also a major contributing factor to our ability to derive CCS values
(p < 0.0001 using Fisher’s exact test for both ionization modes) as many
chemicals were predicted as not amenable. To improve detection of the
chemicalswewereunable toderive aCCS for, additional analyticalmethods,
such as GC-IMS-MS, will be needed to aid in the multidimensional
separations of chemicals that are non-amenable to ESI, such as poly-
chlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs)
and polycyclic aromatic hydrocarbons (PAHs). Of additional note, all
chemicals in our studywere tested at 10 µMand therewas no concentration
response performed. Thus, it could not be determined if the concentration
of the standard was below the limit of detection or if the chemical had
degradedover time to a lower concentration.Asmentionedpreviously, each
data file was analysed manually for its specified chemical. This was done to
ensure the most accurate analysis and incorporate expert opinions in cases
of discrepancies regarding features like saturation, isomers, lowabundances,

Fig. 5 | Analysis of chemical stability and amenability as factors influencing
detection. Donut plots show fractions of chemicals based on whether they had
predictions for amenability (for ESI [+ or−] ionization mode) and stability among
all substances tested in this study. A Breakdown for the 3658 substances in our set
that had amenability and stability predictions.BBreakdown for substances that were
detected in our study. C Same for the substances that were not detected. The total
number of chemicals included in each analysis is shown at the centre of each plot and
% of that number is shown in the side legend for each category.
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and n-mer streaking (e.g., where unstable multimers break into monomers
during instrumental analysis). However, this does introduce bias into the
experiment.

Conclusions
In this study, we utilized IMS-MS to develop a multidimensional database
containing experimentally measured CCS and m/z values for 2144 unique
chemicals from the U.S. Environmental Protection Agency ToxCast pro-
gramme.The 4685 chemicals evaluated in this study covered thirteen classes
including Natural Toxin (n = 6), Disinfection By-Product (n = 14), PFAS
(n = 17), Polycyclic Aromatic Hydrocarbon (PAH, n = 31), Surfactant
(n = 78), FlameRetardant (n = 120), Plastic (n = 154),ColourDye (n = 172),
Cosmetic Ingredient (n = 360), Pharmaceutical (n = 615), Food Additive
(n = 634), Pesticide (n = 948), andChemical Industrial (n = 1536). To create
the database, each chemical standard was assessed twice with ESI[+],
ESI[−] and APCI[+] followed by IMS-MS analyses. Chemicals were then
identified basedon expectedm/z values for [M]•+, [M+H]+, [M+Na]+ and
[M-H]- ion types. From these measurements, only chemicals having CCS
values ≤ 1% error in the duplicate assessments were retained as high con-
fidence identifications. This resulted in 2144 unique chemical entries and
4004 ion types. It was also noted that ESI[−] and ESI[+] worked for the
largestmajority of the chemicals, howeverAPCI[+] covered aunique subset
and provided value for certain chemical classes, including the PAHs. Fur-
thermore, comparison of the CCS database values with 7 other laboratories
showed ~82% of the overlapping values were within 2% error, indicating
interlaboratory reproducibility. Thus, new toxicant knowledge in this che-
mical library expands on our analytical capabilities and provides a tool for
the scientific community to enable rapid IMS-MS screening of a wide range
of xenobiotic chemicals, ultimately decreasing response time of exposure
assessments and the ability to probe novel disease linkages.

Data availability
Supplementary Tables (Tables S1–S13) have been supplied within the
Supplementary Data file. The DTCCSN2 values for the 4,004 [M+H]+, [M
+Na]+, [M-H]− and [M]•+ ion types from the 2144 unique chemicals
detected are included in Tables S3–S5 and uploaded to PubChem.
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