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Abstract
Non-targeted analysis (NTA) is a rapidly evolving analytical technique with numerous opportunities to improve and expand
instrumental and data analysis methods. In this work, NTA was performed on eight synthetic mixtures containing 1264 unique
chemical substances from the U.S. Environmental Protection Agency’s Non-Targeted Analysis Collaborative Trial (ENTACT).
These mixtures were analyzed by atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) using both
positive and negative polarities for a total of fourmodes. Out of the 1264 ENTACT chemical substances, 1116were detected in at
least one ionization mode, 185 chemicals were detected using all four ionization modes, whereas 148 were not detected. Forty-
four chemicals were detected only by APCI, and 181 were detected only by ESI. Molecular descriptors and physicochemical
properties were used to assess which ionization type was preferred for a given compound. One ToxPrint substructure (naphtha-
lene group) was found to be enriched in compounds only detected using APCI, and eight ToxPrints (e.g., several alcohol
moieties) were enriched in compounds only detected using ESI. Examination of physicochemical parameters for ENTACT
chemicals suggests that those with higher aqueous solubility preferentially ionized by ESI−. While ESI typically detects a larger
number of compounds, APCI offers chromatograms with less background, fewer co-elutions, and additional chemical space
coverage, suggesting both should be considered for broader coverage in future NTA research.

Keywords Atmospheric pressure chemical ionization (APCI) .Non-targeted analysis (NTA) .High-resolutionmass spectrometry
(HRMS) . Electrospray ionization (ESI) . EPA’s Non-Targeted Analysis Collaborative Trial (ENTACT)

Introduction

Non-targeted analysis (NTA) methods are popular in environ-
mental and exposomic applications, enabling the rapid

discovery of previously unknown or understudied compounds
[1]. NTA studies often use high-resolution mass spectrometry
(HRMS) instrumentation with Orbitrap or quadrupole time-
of-flight (QTOF) mass spectrometers, and gas (GC) or liquid
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chromatography (LC) for compound separation [2].More vol-
atile compounds are amenable to GC, which typically uses
electron ionization (EI, a “hard” ionization technique) at
70 eV and yields reproducible spectra that can be easily
matched to spectral libraries (when present). Less-volatile
compounds are better suited for LC, which most often uses
electrospray ionization (ESI) [2] yielding fewer fragment ions
from the parent molecule. The “softer” ionization techniques
(e.g., ESI) enable examination of a compound’s accurate mass
and isotope profile, often allowing characterization at the mo-
lecular formula level [3]. Further elucidation of the com-
pound’s chemical structure is supported by selective fragmen-
tation such as that produced by tandem mass spectrometry
with collision-induced dissociation [2, 4].

Atmospheric pressure chemical ionization (APCI) is anoth-
er soft ionization technique for mass spectrometric analysis
that generates minimal fragmentation and often shows less
matrix interference compared with ESI [5, 6]. In addition,
APCI provides a wider linear dynamic range and is less prone
to form molecular adducts [7–9]. Ion formation in APCI is
proposed to occur based on the following simplified mecha-
nisms:

Mþ e−→Mþ● þ 2e− ð1Þ
Sþ e−→Sþ● þ 2e− ð2Þ
Sþ● þM→Mþ● þ S ð3Þ
Sþ● þ S→ Sþ H½ �þ þ S−H½ � ð4Þ
Sþ H½ �þ þM→ Mþ H½ �þ þ S ð5Þ
where M: analyte molecule S: solvent molecule/reagent gas
[8].

Molecular ions (M+·) may form either through direct
interaction of the analyte molecule with an electron
(Reaction 1) or with a solvent radical ion (S+·, Reaction
3), which forms when a solvent molecule encounters an
electron (Reaction 2). Because of the dynamic nature of
molecules in the gas phase, the solvent radical ions may
also interact with another solvent molecule (Reaction 4)
giving rise to protonated solvent molecules, which may
subsequently react with a neutral analyte molecule to form
the protonated molecular ion ([M + H]+, Reaction 5). A
more detailed description of these ionization processes
may be found in work by Herrera and co-workers [8].
Using this proposed mechanism, the reaction responsible
for protonated molecular ion formation is through Reaction
5, whereas the radical ion formation described in Reaction
3 is also known to occur, but to a lesser extent [8].
However, when performing NTA with APCI, assuming
that ionization will always occur according to Reaction 5
may lead to incorrect compound identifications. During
targeted analysis method development, for selected

reaction monitoring, in particular, one can easily determine
the identity of the molecular ion and which mechanism it
follows from experimental data, making data interpretation
straightforward [10, 11]. However, this is not the case
when using APCI in a NTA approach for complex mix-
tures like biological and environmental matrices, where the
identities of analyte molecules are not known in advance.

Many applications of APCI coupled with HRMS have fo-
cused on the screening ofmetabolites (e.g., lipids and steroids)
that belong to the same class or functional group, which to a
limited extent, can be expected to ionize in the same manner
as the parent compound [12, 13]. Since the predominant ion-
ization reaction is molecule dependent, it cannot be assumed
that all ions formed would be the [M + H]+ species. Formation
of [M]+· species complicates data interpretation because its
M + 1 ion may contribute to the intensity of the [M + H]+

ion in the cases where both reactions occur.While ample mass
resolving power may provide a means by which the two can
be discriminated, it requires awareness of the experimenter to
take the necessary steps to handle the data appropriately, par-
ticularly when using automated data processing. Software set-
tings that assume only [M+H]+ forms when in reality both [M
+H]+ and [M]+· occur may lead to incorrect assignment of two
different formulas to the same molecule. Correct characteriza-
tion at the formula level requires that the data obtained have
isotopic fidelity, which may be problematic if one reaction is
strongly preferred [3].

In this work, we use the wealth of information that can be
obtained from the analysis of mixtures of known chemicals
to establish which known mechanisms for ion formation still
hold when dealing with non-target APCI-HRMS data anno-
tation [14, 15]. The Environmental Protection Agency’s
Non-Targeted Analysis Collaborative Trial (ENTACT) de-
veloped a subset (n = 1269) of the Toxicity Forecaster
(ToxCast) chemical library into ten chemical mixtures with
varying degrees of complexity [14]. The chemical diversity
and sheer number of known compounds in the ENTACT
mixtures are uniquely positioned to help establish whether
a specific ionization mechanism is preferred within a large
domain of applicability using NTA, and the extent to which
each reaction occurs. This will enable more scientifically
sound decisions in designing data analysis workflows.
Further, this work will help establish the potential advan-
tages of using APCI in NTA as it describes sections of
chemical space that are revealed when using APCI vs.
ESI. We qualitatively assess the likelihood that individual
compounds would be detected using either APCI or ESI
using their structural motifs, or ToxPrints. Additionally, we
evaluate several readily available predicted physicochemical
properties for their importance in determining which
chemicals are detected in which ionization mode and
polarity.
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Materials and methods

Chemicals

EPA’s ToxCast chemical library was used to formulate ten
chemical mixtures for ENTACT as described in Ulrich et al.
[14]. Briefly, the mixtures contained between 95 and 365
chemical substances each and were identified by numeric
identifiers ranging from #499 to #508 (N = 95 for mixtures
#499–502, N = 185 for mixtures #503–504, and N = 365 for
mixtures #505–506). Two mixtures (#507 and #508) were
designed to be more challenging (i.e., by including a larger
number of isomers, isobars, and low molecular weight com-
pounds) and were not used in the present study. The mixtures
were prepared in dimethyl sulfoxide (DMSO) at a concentra-
tion of approximately 0.05 mM per chemical. For this analy-
sis, ENTACT mixtures (10 μL) were diluted with 490 μL
50:50 acetonitrile/water. Two 250 μL aliquots were made
after vortex mixing for ESI+/− and APCI+/− analyses.
Acetonitrile and methanol (MeOH) were HPLC grade pur-
chased from Sigma-Aldrich (St. Louis, MO). Deionized wa-
ter was prepared by using a PicoPure Water System (Durham,
NC).

Instrumentation

Chromatographic separation of the chemical mixtures was
carried out using a Waters Acquity ultra-high-performance
liquid chromatography (UPLC) system (Milford, MA, USA)
equipped with a Hypersil GOLD aQ C18 analytical column
(200 mm × 2.1 mm, 1.9-μm particle size, Thermo Fisher
Scientific, San Jose, CA). The mobile phase consisted of
0.1% (v/v) formic acid and 4mMammonium formate in water
(A) and 0.1% (v/v) formic acid and 4 mM ammonium formate
in MeOH (B). The analysis started with 20% B for 1 min and
ramped linearly to 100% B in 30 min. This composition was
held for 10 min, then decreased to 20%B in 0.5 min, followed
by a re-equilibration time of 9.5 min (total run time 50 min).
The flow rate was 0.3 mL/min and the column temperature
was 25 °C. A single replicate using 7.5 μL of each sample and
included ENTACT solvent blank was injected using the
autosampler module of the UPLC system for approximately
7.5 pmol per compound injected on-column.

The UPLC system was coupled to a Q-Exactive Plus
Orbitrap mass spectrometer (Thermo Fisher Scientific)
equipped with an IonMax Atmospheric Pressure Ionization
(API) source. Full scan mass spectra MS1 were acquired at a
mass resolution of 70,000 at 200m/z. The mass range was 100
to 1500 Da using positive/negative ion switching mode. A
heated electrospray interface (HESI-II) was used to acquire
the ESI+/− data with optimal ionization source working pa-
rameters (for the given LC flow rate): a sheath gas flow of 32
arbitrary units (au), auxiliary gas flow of 7 au, a spray voltage

of 3500 V, a capillary temperature of 310 °C, and a vaporizer
temperature of 200 °C. The optimal MS parameters of the Q-
Exactive PlusMSwere set at a S-lens RF-level of 50, a S-Lens
voltage of 21V, and a skimmer voltage of 15V. The full scans
were applied by targeting an automatic gain control (AGC) of
106 and a maximum injection time of 100 ms for ESI+ and
200 ms for ESI−. The same instrument conditions were
employed for APCI data acquisition except using a sheath
gas flow of 30 au, auxiliary gas flow of 5 au, a spray voltage
of 4000 V, a capillary temperature of 320 °C, and a vaporizer
temperature of 30 °C. Instrument control and data acquisition
were carried out with Xcalibur 4.0 (Thermo Fisher Scientific,
USA).

Data analyses

MS-Ready structures for the ENTACT mixture chemicals
were generated according to the protocol developed in
McEachran et al [16]. which uses Konstanz Information
Miner (KNIME) to de-salt, de-solvate, and remove stereo-
chemistry from a chemical structure [16]. Masses for each
intentionally spiked compound were calculated for all ioniza-
tion mechanisms and polarities by adding (ESI/APCI+) or
subtracting (ESI/APCI−) the mass of a proton (1.0079 amu)
to/from the MS-Ready monoisotopic masses. For APCI+, the
loss of an electron (0.0005 amu) was also considered.
Xcalibur software was used to extract chromatograms for the
calculated masses in the relevant sample run and peaks were
manually inspected in an unblinded fashion. Features [a chro-
matographic peak with retention time, masses (i.e., m/z peaks
related to the monoisotopic ion and associated isotopologues,
adducts, etc.), and abundances] matchingmultiple compounds
in the ENTACT mass list due to the presence of isomeric or
isobaric compounds were dropped due to the inability to un-
equivocally identify the compound in the context of the pres-
ent work. Spiked compounds were deemed present after ex-
pert review and inspection of the data for exact mass match (<
5 ppm), isotope pattern, peak shape, minimum peak width of
0.1 min, and peak intensity greater than 3× the level in the
blank. Peaks were excluded from further analysis if they did
not meet all criteria. Because this set of samples was created
by intentionally adding known chemical substances and
isomers/isobars were excluded, matching accurate mass from
MS1 features was deemed sufficient for compound determi-
nation in the absence of additional fragmentation information.
Correlation of retention times between ionization modes was
also considered.

To assess different structural features that can contribute to
the ionization of a chemical via one or both ionization
methods, odds ratios were calculated for detected chemicals
that only ionized by +/− APCI or +/− ESI with specific struc-
tural fingerprints. A detailed description is provided in the
Supporting Information (SI, Odds ratio calculation section).
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ToxPrint fingerprints were used to identify canonical sub-
structures in all compounds [17, 18]. These fingerprints con-
sist of 729 chemical substructures, such that each chemical’s
fingerprint is a binary array of length 729. A value of 1 is
assigned to an element in the array if the chemical has that
substructure; otherwise a value of 0 is assigned.

After removing duplicates, 1264 unique compounds com-
prised the MS test set for ENTACT mixtures #499–#506.
Twelve available OPEn structure-activity Relationship App
(OPERA) predicted physicochemical property estimates were
obtained using Distributed Structure-Searchable Toxicity
(DSSTox) substance identifier (DTXSID) for the spiked sub-
stances via the U.S. EPA CompTox Chemicals Dashboard
(https://comptox.epa.gov/dashboard) [19, 20]. MS-Ready
monoisotopic mass, melting point (MP), Kow, and water sol-
ubility were selected as properties potentially affecting type of
ionization (APCI, ESI) and polarity of ionization (+, −). Based
on the different modes of ionization used for analysis, results
from NTA experiments were classified into six unique chem-
ical categories. Specifically, each MS-Ready compound was
classified into the following groups: (1) observed using mul-
tiple methods; (2) observed using APCI+ only; (3) observed
using APCI− only; (4) observed using ESI+ only; (5) ob-
served using ESI− only; or (6) not observed using any method.
Physicochemical property estimates for MS-ready com-
pounds for groups 2–6 were compared using the Kruskal-
Wallis test [21]. Post hoc pairwise comparisons were then
performed using Dunn’s multiple comparisons test [22].
Statistical testing was performed using GraphPad Prism 7
(San Diego, CA); significant differences were reported when
p < 0.05.

Results and discussion

Ionization mode summary

The detection results for the eight (#499 to #506) ENTACT
mixtures analyzed by APCI and ESI were compared. A com-
plete listing of all ENTACT chemicals found, and the corre-
sponding ionization mode and polarity with which they were
observed, can be found in Table S1 in the Electronic
Supplementary Material (ESM). The percent of compounds
that can be detected in each mixture is shown in ESM Fig. S1
and ranges between 60 and 78% for APCI and 78–88% for
ESI and did not appear to be systematically impacted by the
complexity of the mixture. A Venn diagram of the breakdown
for ionization modes and polarities is shown in Fig. 1. For
APCI, 935 (74%) substances were observed, including 44
compounds unique to APCI. For ESI, 1072 (85%) substances
were observed, including 181 compounds unique to ESI,
about four times that which were unique to APCI. Out of the
total 1264 ENTACT substances analyzed, 148 were not

detected in any mode/polarity, and 185 were observed in all
four tested modes. Non-detection in the context of this work
can either mean that (a) the compound is not detectable using a
specific ionization mode at environmentally relevant concen-
trations or (b) the limit of detection is higher than the sample
concentration. As the samples in this work were prepared
approximately at the higher end of environmentally relevant
concentrations with environmental applications in mind, the
compounds for which no peak was observed were considered
not detected.

As expected, more compounds ionized in positive polarity
(blue bar) than in negative polarity (orange bar; ESM Fig. S1).
Considering only positive mode results, 22 and 119 unique
compounds were detected using APCI and ESI, respectively.
Considering only negative mode results, 19 and 37 unique
compounds were detected using APCI and ESI, respectively.
Finally, considering detections across both polarities, 3 unique
compounds were detected using APCI and 25 unique com-
pounds were detected using ESI.

Assessing results in the context of both types of ionization
Reactions (3 and 5) was imperative to prevent data misinter-
pretation. Upon initial investigation, 30 chemicals appeared to
ionize only via Reaction 3 ([M]+· formation); however, further
inspection revealed that most of these compounds have a per-
manent positive charge due to having a quaternary N or P, or
trivalent O atom. Once compounds with a permanent positive
charge were removed from the list, we identified eight
chemicals that ionize through Reaction 3 instead of Reaction
5 . T h e s e c h em i c a l s i n c l u d e : c h l o r p r o p h am
(DTXSID7020764), lactofen (DTXSID7024160), 1, 3-
dinitronaphthalene (DTXSID9025164), 3-hydroxy-2-
naphthoic acid (DTXSID3026560) , a loe-emodin
(DTXSID2030695), nitrothal-isopropyl (DTXSID5037579),

Fig. 1 Venn diagram showing observed mixture compound coverage
separated by ionization modes and polarities (n = 1264)
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bismaleimide (DTXSID8044381), and profluralin
(DTXSID2044559). Thus, the results demonstrate that more
compounds ionized through the conventional Reaction 5 ([M
+ H]+) mechanism rather than the molecular ion formation
(Reaction 3). Overall, less than 1% of the analytes present in
the ENTACT mixtures ionized by molecular ion formation
(M+·). Having such a low percentage of compounds ionizing
through [M]+· formation over a broad range of chemicals in-
dicates that simply screening for the [M + H]+ is when devel-
oping data analysis workflows is a reasonable assumption,
although both should be kept in mind.

Despite multiple ionization reaction possibilities in APCI
(see SI In-house mixture section, and references [23–29]
therein) the majority of compounds identified were ionized
by the acquisition or loss of a proton, [M + H]+ or [M −
H]−, respectively. While it is tempting to conclude that the
mechanism observed in ESI is the same driving force for ion
formation in APCI, the predominant process is affected by
many factors including but not limited to: choice of mobile
phase solvent, additives, spray conditions, and the inherent
properties of the molecule under study [30]. While specific
changes can be implemented to promote one reaction over
the other, it does not guarantee that all analytes in a mixture
or sample would undergo the reaction being promoted. One of
the conclusions from this work is that the experimenter must
keep both Reactions 3 and 5 in mind when interpreting APCI
data, in addition to other special cases, because of the un-
known extent by which each reaction may contribute to the
overall ionization process. While the reactions presented in
this work are not exhaustive of all potential ion formation
mechanisms, they demonstrate the importance of considering
reactions beyond those most common. This also highlights the
benefit of MS libraries to ease proper identification for real
world samples.

Structural properties determining observation in APCI
or ESI

The variety of chemical substructures along with their many
combinations are likely to play a role in determining if a com-
pound is observed by APCI and/or ESI. Enriched odds ratios
were calculated for substances that were identified via only
one of the two ionization methods as a way of determining if
there were significant structural differences between com-
pounds identified via only ESI (181 compounds) or via only
APCI (44 compounds). It is hoped that by studying these
enriched features, it will be possible to determine which ion-
ization method would be appropriate to use when seeking to
identify specific types of compounds in future analyses.

Chemotypic enrichment analysis of the chemicals in the
ENTACT data set that were observed only by a single ioniza-
tion type and polarity was performed using computed odds
ratios to identify functional groups or structural features that

were more likely to be observed in one ionizationmode versus
the other (ESM Table S2). Furthermore, the enrichment of
substructures with the odds ratios was determined by statisti-
cal testing which is further described in the SI (Odds ratio
calculation section). Only one ToxPrint was found to be
enriched in compounds only detected using APCI (Table 1).
Two fused benzene rings (i.e., a naphthalene group) were
more than seven times as likely to be found in compounds
detected only via APCI as compounds detected only via
ESI. There are 37 compounds containing this naphthalene
group out of 1263 compounds (DTXSID1047364 does not
have a structure available in DSSTox, which is required to
determine ToxPrints). Of those 37, 5 were identified only
via APCI, another 3 were identified only via ESI, and the
remaining 29 were identified using both ESI and APCI. The
naphthalene feature was considered enriched in APCI as ex-
plained by the equation for odds ratio (Equation SI1) and
noting that out of the 44 compounds observed in APCI alone,
5 of them have the naphthalene substructure. On the other
hand, only 3 out of 181 compounds observed only via ESI
had the naphthalene substructure. This then renders the naph-
thalene group as being considered enriched inAPCI compared
with ESI. These results are consistent with studies where
naphthalene-like chemicals, such as polyaromatic hydrocar-
bons, were detected using an APCI source [31, 32].

Eight ToxPrint substructures were enriched for compounds
detected only via ESI (Table 1). Of these substructures, four
ToxPrints indicate that compounds with alcohol groups (name-
ly primary, secondary, or generic alcohol groups) are 3 to 8
times more likely to be identified with ESI than other com-
pounds, depending on which type of alcohol group is present.
In addition to alcohol groups, three alkane chain ToxPrints had
infinite odds of being identified via only with ESI:
chain:alkaneCyclic_pentyl_C5, chain:alkaneLinear_hexyl_C6,
and chain:alkaneLinear_octyl_C8. Additionally, compounds
with the chain:alkaneCyclic_ethyl_C2(connect_noZ) were 6
times more likely to be detected only via ESI. While ~ 80%
of the compounds with these four ToxPrints were identified
using both ESI and APCI (199/244), only one of the 244 com-
pounds was detected only with APCI. This could indicate that
detection of compounds with these ToxPrint features is heavily
favored by ESI. As with compounds containing a fused naph-
thalene structure in APCI, a large number of compounds iden-
tified using both methods do not necessarily discount the en-
richment of the feature in only one mode or the other.
Substances containing fused naphthalene rings (APCI) or al-
kane chains or rings (ESI) are not the only ToxPrints in these
compounds. It is likely that another part of the substance’s
structure contributes to identification in the other ionization
mode, rather than the enriched feature contributing to detection
in both modes. It should be noted, however, that while applica-
tion of feature enrichment highlights ToxPrints that are more
abundant in compounds identified in one method compared
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with another, it does not mean that an enriched feature is the
cause of a compound being identified via one method over
another.

Physicochemical properties determining ionization

Cognizant of the chemical diversity of the ENTACTmixtures,
physicochemical properties were obtained from the U.S. EPA
CompTox Chemicals Dashboard. Table S1 (see ESM) pro-
vides a statistical summary and Fig. 2 shows box and whisker
plots of the results for MS-ready monoisotopic mass, MP,
water solubility, and Kow values across the two different ion-
ization modes (APCI/ESI), two different polarities (+/−) and
non-detected substances. There was no overall effect of

measurement group on monoisotopic mass. Median monoiso-
topic mass values across the five groups spanned 228 Da (for
ESI− only) to 270 Da (for APCI− only), and individual
chemicals ranged from 85.0 to 642 Da. An overall significant
group effect was observed forMP (p = 0.009), with significant
pairwise differences observed between ESI+ only and ESI−
only, and between ESI− only and not observed. The highest
MP values were observed for ESI− only compounds (medi-
an = 170 °C), and the lowest values for ESI+ only (median =
122 °C) and not observed (median = 121 °C). MP is a reflec-
tion of the strength of a molecule’s intermolecular forces of
attraction in its pure state and thus it is counterintuitive why
there is some correlation with the ionization mode. Having
said that, the intermolecular forces of attraction that govern

Table 1 Enriched ToxPrints for compounds identified with only APCI or with only ESI. The enriched ToxPrint substructure is highlighted in gray for
an example compound

Ionization 
Method

ToxPrint Substructure Odds 
ratio

True 
Positives

Example 
Compound

Structure with ToxPrint

APCI ring:fused_[6_6]_naphthalene 7.607 5 DTXSID3020918

ESI chain:alkaneCyclic_pentyl_C5 15 DTXSID6020779

ESI chain:alkaneLinear_hexyl_C6 20 DTXSID0041197

ESI chain:alkaneLinear_octyl_C8 17 DTXSID0042454

ESI bond:COH_alcohol_sec-alkyl 8.543 30 DTXSID1047360

ESI bond:COH_alcohol_pri-alkyl 6.891 25 DTXSID9022817

ESI chain:alkaneCyclic_ethyl_C2_(connect_noZ) 6.891 25 DTXSID5023322

ESI bond:COH_alcohol_generic 3.256 69 DTXSID4047252

ESI bond:COH_alcohol_aliphatic_generic 3.116 43 DTXSID3044625

a) There were no compounds found only via APCI containing these features which, computationally, led to infinite odds.
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MP might shed more light on the ionization process and
should be further investigated. Acid disassociation constants
(pKa) are known to impact whether a molecule is ionized by
APCI or ESI [30]; however, pKa was not one of the OPERA
predicted properties that was available from the U.S. EPA
CompTox Chemicals Dashboard at the time of this analysis.

Water solubility was observed to significantly vary across
groups (p < 0.0001), with pairwise differences between ESI+
only and ESI− only, and between ESI− only and not observed.
Here, the lowest values were clearly observed for ESI+ only
(median = 0.789 mmol/L) and the highest values for ESI−
only (median = 34.07 mmol/L). Results for Kow were very
similar to those for MP, and the inverse of those for water
solubility. Specifically, we observed an overall significant
group effect (p = 0.0006), as well as pairwise differences be-
tween ESI+ only and ESI− only, and between ESI− only and
not observed. The highest and lowest median values were
observed for ESI+ only (Kow = 2.69) and ESI− only (Kow =
0.73), respectively. No pairwise difference for any physico-
chemical properties were observed for the APCI+ only or
APCI− only groups. This result likely stems, in part, from
the lower number of observations in these groups (n ≤ 22)
relative those in ESI+ only (n = 118) and not observed (n =
148) groups. Despite having a low number of observations
specific to APCI, the data suggests that for the subsets of
ENTACT chemicals examined, there was no significant dif-
ference between the physicochemical properties of the mole-
cules for which APCI or ESI are amenable. The lack of sig-
nificant difference between the ionization-relevant physico-
chemical properties for the subsets of ENTACT chemicals
examined, and the large number of compounds detected by
both ionization types suggests comparable performance of

ESI and APCI for NTA for the ENTACT mixtures examined.
As other physicochemical properties (i.e., pKa [33]) become
available through the U.S. EPA CompTox Chemicals
Dashboard, similar analyses can be performed to identify ad-
ditional relevant factors for determining a chemical’s favored
ionization mode.

Benefits of APCI for non-targeted analysis studies

This work has provided a unique opportunity to characterize
APCI ionization qualitatively with a diverse set of 1264
known chemicals. In this way, it was possible to explore the
chemical space revealed by using APCI ionization and the
mechanisms involved in ionization. Initial analyses of chem-
ical substructures as well as physicochemical properties have
revealed potential factors contributing to the likelihood of ion-
ization of a compound by either ESI or APCI, in either nega-
tive or positive mode. The incorporation of additional proper-
ties such as pKa into the analyses may lead to further under-
standing and prediction of preferred ionization mode and po-
larity for a given compound. While ESI has the very strong
benefit of detecting a larger number of compounds, APCI
offers additional chemical space coverage, particularly for
negative polarity. An increase of 44 (4%) more chemicals
were detected by including APCI, compared with using ESI
alone. Using APCI in addition to ESI when performing NTA
comes with experimental analysis costs, as well as ionization
and data analysis complexities. While dual APCI/ESI sources
are available for some instruments, these tend to be more
expensive than one ionization source. While APCI may not
be essential to all NTA because the hypotheses and chemical
space of interest may not warrant additional analyses and

Fig. 2 Box and whisker plots for physicochemical properties of ENTACT chemicals detected in one of four ionization modes or not detected
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effort, the current work shows the advantages of inclusion,
and gives examples of substructures and physicochemical pa-
rameters to consider in future research. Future work could
include an investigation into the quantitative similarities and
differences of APCI and ESI to provide a deeper comparison
of the two techniques.
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