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Abstract

Despite the increasing detection of emerging substances in the environment, the

identity of most are left unknown due to the lack of efficient identification methods.

We developed a non-target analysis method for identifying unknown substances in the

environment by liquid chromatography/high-resolution mass spectrometry (LC/HRMS)

with a product ion and neutral loss database (PNDB). The present analysis describes an

elucidation method with elemental compositions of the molecules, product ions, and

corresponding neutral losses of the unknown substance: (1) with the molecular formula,

possible molecular structures are retrieved from two chemical structure databases

(PubChem and ChemSpider); then (2) with the elemental compositions of product ions

and neutral losses, possible partial structures are retrieved from the PNDB; and finally,

(3) molecular structures that match the possible partial structures are listed in order of

number of hits. A molecular structure with a higher number of hits is more similar to

the structure of the analyzed substance. The performance of the non-target method

was evaluated by simulated analysis of 150 LC/HRMS spectra registered in MassBank.

First, all substances of the same mass data (41/41) and 68% (39/57) of the mass data of

the same substances not registered in the PNDB were elucidated. It was demonstrated

that 14% (7/52) and 31% (16/52) of the substances with no mass spectral data

registered in the PNDB were obtained at the first and within the fifth place, respec-

tively. Owing to the fact that 10 of the total hits occurred in product ions and neutral

losses, almost 50% of the substances evaluated with this method were placed at the

top 4 positions in the similarity ranking. Importantly, the proposed method is effective

for analyzing mass spectral data that has not been registered in the PNDB and thus is

expected to be used for a variety of non-target analyses.
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1 | INTRODUCTION

Currently, there are believed to be approximately 100,000 kinds of

chemical substances in commercial use globally.1 Because these

chemicals may adversely affect human health and their surrounding

ecosystem, their concentrations and associated environmental

consequences must be evaluated for performing risk assessments on

the chemicals.

In Japan, the Ministry of the Environment has surveyed more

than 1452 designated chemicals between FY 1974 and 2018 and

detected 877 (60%) in the general environment across the nation.2

These results suggested that emerging substances are being detected

with increasing frequency in the environment and that many

chemicals with adverse effects on human health and the ecosystem

may remain undetected. Thus, efficient analysis methods for simulta-

neously surveying and identifying these substances are needed. In

particular, liquid chromatography/mass spectrometry (LC/MS) has the

potential to identify and survey a large portion of these chemicals.

To efficiently survey the chemical substances in the environment,

the so-called “screening” methods, including suspect screening, non-

target screening, and target screening, have been widely studied using

LC/high-resolution MS (LC/HRMS)3–9 and an early warning system

for emerging chemical risks, especially by the European Commission.5

The results of various surveys have also been reported3,5,7,10,11

including the International Joint Danube Survey project.4 On the

other hand, non-target analysis, which has been provisionally defined

as an elucidation of the structure of a chemical substance that

analyzes the accurate mass spectrum, remains challenging to apply to

a variety of chemical substances; however, some related efforts have

been made. Hundreds and thousands of LC/HRMS spectra have been

provided by multiple sources, including MassBank,12,13 Global Natural

Products Social Molecular Networking (GNPS),14 and MassBank of

North America (MoNA),15 and some tools elucidating molecular

structures are available for metabolite prediction. MetFrag,16,17 an in

silico fragmentation analysis software for annotating high-precision

tandem mass spectra of metabolites, is effective for identifying certain

kinds of chemical substances such as pharmaceuticals and personal

care products; however, it is ineffective for identifying pesticides.18

CFM-ID 3.019 is another in silico fragmentation software that has

been used for lipids and related substances; it has also been compared

with MetFrag.20 Overall, studies on non-target analysis methods are

gradually progressing,21,22 and the fields combining biology,23,24

bioinformatics,25 epidemiology,26–28 and other subjects are also

progressing.

Despite the progress in non-target (non-targeted) metabolomics

approaches, no non-target analysis methods for efficiently identifying

chemical substances in the environment have yet been developed.

Herein, we introduce a non-target analysis method for identifying

unknown substances in the environment. It uses a unique structure

elucidation method with a database (PNDB) that was empirically

developed with product ions and neutral losses of LC/HRMS.29 Only

a mass spectrometry approach for non-target analysis has been

described here; therefore, in practical analysis, a much higher

identification efficiency might be expected by integrating information

regarding the liquid chromatography, sample preparation, sampling

procedure, and the sample itself.

2 | MATERIALS AND METHODS

2.1 | Product ion and neutral loss database (PNDB)
creation

A characteristic feature of non-target analysis is that neutral losses as

well as product ions in the PNDB are used for elucidating partial

structures. The source data of the PNDB were derived from 323 of

our own mass spectra of 272 standard substances, 120 of the mass

spectral data of 108 standard substances in MassBank, and four mass

spectral data of two substances of which one half were data of our

own and the other half were data of MassBank. From MassBank, mass

spectral data of substances specified by the governments of Japan

and the European Council (EC), those of isomers of the specified

substances, those of substances of recent environmental concern, and

those of substances with characteristic substructures have been

registered. Figure S1 shows the composition rates of the source mass

spectral data and those of the substances specified in Japan and/or

the EC in the PNDB. To focus on the elucidation of the structures of

substances with regard to their environmental impact, 185 out of

384 were specified by either or both Japan and the EC.30

For the LC/HRMS measurement, it is important to measure the

precursor ion (herein, “precursor ion” in bold represents a molecule

that has been charged due to the attachment of an ion or the removal

of a proton) and the corresponding product ions simultaneously.

Therefore, the mass spectra were obtained by alternating low-collision

energy and high-collision energy acquisitions in the same experiment

using three mass instruments (Agilent 6530B Q-TOF LC/MS system

with mass resolving power of 20,000 FWHM and mass accuracy of

less than 3 ppm RMS, Agilent 6545 Q-TOF LC/MS system with mass

resolving power of 20,000 FWHM and mass accuracy of less than

2 ppm RMS, or Waters Xevo G2-S QTof LC/MS system with mass

resolving power of 32,500 FWHM and mass accuracy of less than

1 ppm RMS). The mass spectral data downloaded from MassBank

were chosen to supplement the PNDB. Four hundred forty-seven

mass spectral data of 382 chemical substances were analyzed for

elucidating the structures of precursor ions and product ions as well

as the corresponding neutral losses associated with the PNDB. The

structures of 1873 product ions were registered as partial structures

of the intact molecules in the PNDB; similarly, the same number of

neutral losses were registered.

Figure 1 shows the procedure for creating the PNDB. In “Elemen-

tal composition determination” (gray-colored boxes in the upper

middle of the figure), the elemental composition of each precursor ion

was determined using the chemical structure of the analyte and the

accurate mass value. The elemental composition of a product ion was

determined by analyzing its accurate mass value; however, for most

cases of the MassBank data, the composition already registered was
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confirmed or corrected with the accurate mass value. The elemental

composition of a neutral loss was calculated by subtracting the ele-

mental composition of the corresponding product ion from that of the

precursor ion. For cases when elemental composition candidates

could not be determined, MsMsFilter31,32 often determined the ele-

mental composition uniquely by the following algorithm: elemental

composition candidates of a precursor ion that were not consistent

with any of the corresponding candidate product ion neutral loss pairs

were eliminated. In “Structure analysis & USMILES translation”
(corresponding to the boxes with solid and broken lines in the middle

of the figure, respectively), all the structures of the precursor ion and

the pairs of product ion and neutral loss were estimated as parts of

the molecular structure by analyzing the spatial arrangement of atoms,

chemical bonds, partial charges, and molecular orbitals with

ChemBio3D,33 and evaluating the fragmentation with the mass shift

rule.34,35 The estimated structures were transferred to unique SMILES

(simplified molecular-input line-entry system) notations of

“USMILES,36” and the exact mass values were calculated by not con-

sidering the mass of an electron. The elemental compositions,

USMILESs, and exact masses were registered in the PNDB with other

data such as “Method chain” (in the bottom of the figure). The

“Method chain” is a string of regular expressions for retrieving the

USMILESs of the molecular structure candidates, which includes

USMILESs of a specified partial structure (shown in “Partial structure
in the molecule (bold)” in Figure 2).

Figure 2 shows a partial view of the detailed version of the

PNDB. As shown in the upper left speech bubble, the components of

each mass spectral data are arranged in rows in the following order:

intact molecule, precursor ion, and pairs of product ions and

corresponding neutral losses. In the “Copyright” column, the names of

the copyright holders were registered with Creative Commons

licenses in the “License” column. For only the intact molecules and

precursor ions, the structures were registered in the “Structure in

USMILES format” column, while the structures of product ions and

neutral losses were not registered due to difficulties in determining

the absolute structures for some product ions and neutral losses.

Then, each product ion and neutral loss structure was registered as a

partial structure for the corresponding intact molecule, which

describes almost the entire structure of the product ion and the neu-

tral loss. The partial structures of product ions and neutral losses are

bolded in the “Partial structure in the molecule” column. When pairs

of product ion and neutral loss could be generated from multiple par-

tial structures, all possible structures were registered in the “Partial
structure in the molecule” column. In the “Method chain” column, a

string of regular expressions was registered in order to retrieve molec-

ular structures including a partial structure in the “Partial structure in

the molecule” column. A partial structure in the column can principally

be referred either by the formulae in the “Formula” column or by the

mass values in the “Exact mass” column. However, for the mass

values in the “Exact mass” column, accurate and precise values are

required so as to not refer to another formula.

2.2 | Workflow of the non-target analysis

The non-target analysis presented here uses chemical formulae of

precursor ions, product ions, and neutral losses of LC/HRMS spectra,

which are determined with software provided by the instrument man-

ufacturer or any chemical formula identifier.37 In the case of difficul-

ties faced in determining the chemical formulae of precursor ions such

F IGURE 1 Procedure for creating the product ions and neutral losses database (PNDB)
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as [M + H]+, [M + NH4]
+, [M + Na]+, [M-H]−, [M + Cl]−, and so on, it is

effective to confirm the retention times and peak shapes of the

extracted ion chromatograms (EICs) of precise and accurate masses,

both of which are confirmed or corrected respectively within

1–2 mDa and/or within 3–4 ppm with not only lock mass(es) but also

masses of known substances observed in the mass spectra, such as

phthalates or siloxanes. The precursor ion is usually chosen in masses

in the EICs of which the chromatographic retention time and peak

shapes are similar. In case of further difficulties in determining a pre-

cursor ion and the corresponding product ions using the method

above, MsMsFilter (at the top right region of Figure 3) might be effec-

tive to classify candidate masses of a precursor ion with those of the

corresponding pairs of product ion and neutral loss by the algorithm

described in Section 2.1 and elsewhere,38 which also means that

MsMsFilter might be useful in eliminating masses wrongly annotated

as precursor ions of [M + H]+, [M-H]−, and so on. We do not use a

particular method to determine the formulae. We usually determine

them by using the high-resolution EICs described above, the isotope

ratios (C, Cl, Br, Si, and some metals), nitrogen rule, double bond

equivalents, and mass deconvolution (rarely used) followed by elimi-

nating formulae inconsistent to those of product ions and neutral

losses by MsMsFilter.

Figure 3 shows the workflow of the non-target analysis. The algo-

rithm for the non-target analysis employs the sum of the possible

whole and partial structural matches of the precursor ion and product

ions as well as the corresponding neutral losses of the substance

being analyzed to the molecular structures retrieved from chemical

structure databases. The number of the matches is currently used as

the hit score, namely, the structure similarity ranking. This is based on

an idea that more structural matches for product ions and neutral

losses provide a more detailed structural information, even if some of

the matches are due to other structures.

By utilizing the formula of the substance being analyzed, the

chemical structures in SMILES can be retrieved from PubChem and

ChemSpider and simultaneously translated into USMILESs. By using

the formulae of product ions and the corresponding neutral losses,

possible partial structures (in USMILES) that match the respective for-

mulae are retrieved from the PNDB. Then the molecular structure

candidates (in USMILES) are evaluated by using the number of

matches with the possible partial structures (in USMILES) and listed in

the order of the number of match hits as shown in “Display of

USMILES list scored by similarity verification” at the bottom left of

Figure 3. This is because a structure candidate with more matches is

generally thought to be more similar to the structure of the molecule

being analyzed; the corresponding results have been listed.

2.3 | Evaluation of the applicability of the PNDB to
non-target environmental analysis

In order to evaluate the applicability of the PNDB to non-target envi-

ronmental analysis, a simulated non-target analysis was conducted

with using mass spectral data from MassBank as data of the blinded

substances. The evaluation method is the same as in Section 2.2 To

focus on evaluating the performance for environmental analysis,

143 mass spectral data of 121 substances out of the total 150 mass

spectral data of 128 substances were those of the substances speci-

fied by the Ministry of the Environment, Government of Japan. The

mass spectral data were classified into three categories, namely,

(1) 41 spectral data were the same as those in the PNDB to evaluate

F IGURE 2 Partial view of the detailed version of the product ions and neutral losses database (PNDB). 1 Precursor ion in bold letters
represents a molecule charged by the attachment of an ion or the removal of a proton. 2 Online SMILES Translator and Structure File Generator,
National Cancer Institute, National Institutes of Health. https://cactus.nci.nih.gov/translate
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how the non-target analysis method exactly elucidates the structures

of substances with the same mass spectral data; (2) 57 were “other
mass spectral data” of the same substances from those registered in

the PNDB to evaluate non-target analysis availability; and (3) 52 were

of the non-registered substances in the PNDB to evaluate the exten-

sibility of the non-target analysis with the current PNDB.

3 | RESULTS AND DISCUSSION

3.1 | PNDB

A variety of mass spectral data were obtained to register a range of

partial structures in the PNDB. Of the total 447 mass spectral data,

105 and 342 were obtained by LC/MS and flow injection/MS, respec-

tively; further, 311 were obtained by positive ionization and 136 by

negative ionization; 443 by ESI and 4 by APCI; and 344 by a quadru-

pole time-of-flight MS, 54 by a quadrupole Fourier-transform ion

cyclotron resonance MS, and 49 by an ion-trap Fourier-transform ion

cyclotron resonance MS. The mass spectra were obtained on instru-

ments from four manufacturers: Agilent (201), Bruker,8 Thermo (102),

and Waters (136). The PNDB includes 1873 product ions, the same

number of neutral losses, 1393 positive ions, and 480 negative ions.

The PNDB for non-target environmental analysis is shown in

Table S1 (see Supporting Information). Intact molecule, precursor ion,

and pairs of product ion and corresponding neutral loss for each

dataset are arranged in rows in the following order: the non-target

analysis uses the data in the columns “Formula” and “Method chain.”
Data in the “Partial structure in the molecule (bold)” column describe

the partial structures in a molecule producing product ions and neutral

losses; data in the “Exact mass” column can be used instead of the

data in the “Formula” column.

3.2 | Evaluation of the applicability of the PNDB to
non-target environmental analysis

3.2.1 | Non-target analysis for substances of the
same spectral data as those in the PNDB

The first evaluation was conducted by elucidating the structures of

substances with the same mass spectral data as those of the sub-

stances registered in the PNDB. An example of the analysis is shown

in Figure 4. A MassBank data of Simetryn (as blinded substance) was

applied for the non-target analysis. All the formulae of eight of the

product ions, the same number of neutral losses, and the precursor

ion of the MassBank data (left-hand side of the figure) were found in

the PNDB. As the candidates for the formula of “C8H15N5S,” 580 and

670 of substances were, respectively, retrieved from PubChem and

ChemSpider, and the structures of all the candidates were translated

to USMILESs via Online SMILES Translator37 (shown in flow chart in

Figure 3). After merging the duplicates, all the candidate structures

(in USMILES) were evaluated using the number of matches of the

eight product ions, eight neutral losses, and precursor ion with the

F IGURE 3 Workflow of the non-target analysis. 1 MsMsFilter.exe: Environmental Research Institute, Osaka. http://www.eri.co.jp/MsMs/. 2

Precursor ion in bold letters represents a molecule charged by the attachment of an ion or the removal of a proton. 3 Online SMILES Translator
and Structure File Generator, National Cancer Institute, National Institutes of Health https://cactus.nci.nih.gov/translate
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Method chains. As shown in Figure 4, the candidate with the highest

number of matches (Hit Count) was CCNc1nc(NCC)nc (SC)n1, the

USMILES of Simetryn; 17 total matches were obtained in this case,

among which 8, 8, and 1 were of the product ions, neutral losses, and

the precursor ion, respectively.

Table 1 shows a summary of the evaluation. The number of

candidate substances for the chemical formulae (column “Formula”)
ranged from 6 to 1939 (column “N.O. of candidates”) with the

mean of 797 and the median of 779. All the substances (41/41)

were elucidated as the first result in the similarity ranking

(column “Place in similarity”) with no other candidates with the

same number of hits (column “Candidates in the same place”). The
results suggested that substances with their mass spectral data

registered in the PNDB could be elucidated as the first result in

the similarity ranking with the non-target analysis method

presented here.

3.2.2 | Non-target analysis availability for “other
mass spectral data” of the same substances from
those in the PNDB

In soft ionization, mass spectral profiles are influenced by several

factors such as the instrument and measurement conditions and so

on. The second evaluation was conducted to determine the

non-target analysis availability for other mass spectral data of the

same substances, which were obtained with other instruments and

other measurement conditions from those registered in the PNDB.

Table 2 shows a summary of the evaluation results. The number of

candidate substances for the 53 chemical formulae of 57 mass

spectral data ranged from 4 to 1842 with the mean of 665 and the

median of 508. The numbers of substances elucidated as only the

first, within the top five, within the top 10, and over the top 10 results

in the similarity ranking were 39 (68%), 51 (90%), 52 (91%), and

5 (9%), respectively. Figure 5 shows a result for a case wherein the

retrieved substance did not rank in the top 10 scores. The blinded

mass spectral data of N,N-dimethyltetradecylamine-N-oxide (CAS

3332-27-2) of the MassBank (the neutral losses were calculated with

the formulae of the precursor ion and the product ions) and in the

PNDB are shown in the left region of Figure 5. A total 19 of the ele-

mental compositions of the precursor ion, the product ions, and the

neutral losses in MassBank were applied to the non-target analysis.

Only four were found in the PNDB, of which six of them in total of

the precursor ion, the product ions, and the neutral losses were regis-

tered. It is suggested that the low count of four hits was due to the

small number of product ion neutral loss pairs in the PNDB. The hit

count detail of a top scored candidate is shown in the upper center

and right regions of the figure. All the hits were due to the neutral

losses, which are thought to be less characteristic than product ions.

Because neutral loss is not always one species, it might be produced

from more variety of precursor ions. The other four cases where the

blinded substances did not rank within the top 10 were also due to

the small number of product ion neutral loss pairs in the PNDB; that

is, the numbers for substances of CAS 16752-77-5, 78-30-8, 87-62-7,

and 61-82-5 were 6, 6, 4, and 2, respectively (Table 2).

The results suggested the following: for substances with the same

formula and other mass spectrum from those registered in the PNDB,

�70% and �90% could be elucidated as the first result and within the

F IGURE 4 Example of the non-target analysis for the substances with the same mass spectral data as those in the product ions and neutral
losses database (PNDB)
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TABLE 1 Results of the non-target analysis simulation for mass spectra registered in the product ions and neutral losses database (PNDB)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

candidates in the

same rank

No. of

candidatesc
MS

instrumentd

1014-70-6 C8H15N5S ESI+ UFZ/Eawag 17 1 0 904 LC-ESI-QFT

112410-23-8 C22H28N2O2 ESI− Eawag 3 1 0 1939 LC-ESI-

ITFT

112410-23-8 C22H28N2O2 ESI+ Eawag 7 1 0 1939 LC-ESI-

ITFT

118-96-7 C7H5N3O6 APCI− Eawag 39 1 0 63 APCI-ITFT

119446-68-3 C19H17Cl2N3O3 ESI+ Eawag 12 1 0 1408 LC-ESI-

ITFT

1194-65-6 C7H3Cl2N ESI+ Eawag 3 1 0 26 LC-ESI-

ITFT

120068-37-3 C12H4Cl2F6N4OS ESI+ KWR 19 1 0 24 LC-ESI-

ITFT

121-14-2 C7H6N2O4 APCI− Eawag 31 1 0 573 APCI-ITFT

122-34-9 C7H12ClN5 ESI+ Eawag 21 1 0 101 LC-ESI-

ITFT

1420-07-1 C10H12N2O5 ESI− Eawag 47 1 0 1566 LC-ESI-QFT

1563-66-2 C12H15NO3 ESI+ Eawag 13 1 0 1762 LC-ESI-QFT

156-43-4 C8H11NO ESI+ KWR 9 1 0 1634 LC-ESI-

ITFT

15972-60-8 C14H20ClNO2 ESI+ Eawag 13 1 0 1739 LC-ESI-

ITFT

1806-26-4 C14H22O ESI+ Eawag 21 1 0 1843 LC-ESI-

ITFT

21725-46-2 C9H13ClN6 ESI+ Eawag 33 1 0 182 LC-ESI-

ITFT

2212-67-1 C9H17NOS ESI+ Eawag 19 1 0 1505 LC-ESI-QFT

23950-58-5 C12H11Cl2NO ESI− Eawag 11 1 0 849 LC-ESI-QFT

26102-02-3 C9H6N2O2 ESI+ UFZ/Eawag 31 1 0 952 LC-ESI-

ITFT

2921-88-2 C9H11Cl3NO3PS ESI+ Eawag 20 1 0 7 LC-ESI-QFT

40487-42-1 C13H19N3O4 ESI+ Eawag 15 1 0 1821 LC-ESI-QFT

51218-49-6 C17H26ClNO2 ESI+ Eawag 15 1 0 1678 LC-ESI-

QTOF

51-52-5 C7H10N2OS ESI− Athens_Univ 3 1 0 1581 LC-ESI-

QTOF

51-52-5 C7H10N2OS ESI+ Athens_Univ 7 1 0 1581 LC-ESI-QFT

52645-53-1 C21H20Cl2O3 ESI+ Eawag 19 1 0 102 LC-ESI-QFT

534-52-1 C7H6N2O5 ESI− Eawag 27 1 0 389 LC-ESI-QFT

55-38-9 C10H15O3PS2 ESI+ Eawag 35 1 0 19 LC-ESI-QFT

60-09-3 C12H11N3 ESI+ Athens_Univ 33 1 0 1684 LC-ESI-

QTOF

60-51-5 C5H12NO3PS2 ESI+ Eawag 15 1 0 14 LC-ESI-

ITFT

67747-09-5 C15H16Cl3N3O2 ESI+ Eawag 17 1 0 101 LC-ESI-QFT

6923-22-4 C7H14NO5P ESI+ Athens_Unive 7 1 0 188 LC-ESI-

QTOF

709-98-8 C9H9Cl2NO ESI+ Eawag 11 1 0 779 LC-ESI-QFT

709-98-8 C9H9Cl2NO ESI− Eawag 9 1 0 779 LC-ESI-

QTOF

(Continues)
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top five results of the similarity rankings, respectively, while <10%

could not be elucidated within the top 10 results due to differences in

the mass spectral data. The latter problem arises from a lack of prod-

uct ion neutral loss pairs data in the PNDB corresponding to those of

the analyzed substances. This issue will be solved by registering ions

and neutral losses of a greater variety of partial structures in

the PNDB.

3.2.3 | Extensibility of the non-target analysis for
the substances not registered in the PNDB

Although each precursor ion, product ion, and neutral loss in the

PNDB was obtained from a mass spectrum of a certain substance,

product ion and/or neutral loss common to other molecules were

frequently produced during the fragmentation, and many of them

might be from similar partial structures. Thus, precursor ions,

product ions, and neutral losses in the PNDB could be used to

elucidate the structures of non-registered substances. To evaluate

this possibility, substances not registered in the PNDB were identi-

fied by the analysis method used in this study; Table 3 shows a

summary of the results. The number of candidate substances for

52 mass spectral data ranged from 5 to 1878 with the mean of

914 and the median of 1018. The number of substances determined

to be first, within the top five, within the top 10, and over the top

10 in the similarity rankings were 7 (14%), 16 (31%), 22 (42%), and

30 (58%), respectively. Figure 6 shows a case wherein the blinded

substance (Lauryl diethanolamide) was determined to be first in the

similarity rankings. Eight formulae of the product ions and three for-

mulae of the neutral losses of the MassBank data were found in the

PNDB; conversely, that of the precursor ion was not found in

the PNDB because the MassBank data were not registered in the

PNDB. Only one molecular candidate in PubChem (the ID of

P-0001 in the Right of Figure 6) was at the first place with the

hit count of 11. Among the two candidates for the second

place, one was a structural isomer of the blinded substance, and the

other one was substance with partially similar structure. It has been

observed that the present non-target analysis method assigns higher

scores to structurally similar substances because the structural

elucidation is carried out by integrating the information of the

partial structures.

The above result suggests that the proposed non-target analy-

sis can potentially elucidate the structures of substances that are

not registered in the PNDB and currently retrieve almost one-third

of such substances to be within the top five results in the

similarity ranking. On the other hand, approximately 60% of the

substances currently exhibited low due to the low number of hits

in the PNDB, which is expected to be improved by registering a

greater variety of mass spectral data and making some improve-

ments to the algorithm.

TABLE 1 (Continued)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

candidates in the

same rank

No. of

candidatesc
MS

instrumentd

79277-27-3 C12H13N5O6S2 ESI+ Eawag 11 1 0 26 LC-ESI-

ITFT

79277-27-3 C12H13N5O6S2 ESI− Eawag 9 1 0 26 LC-ESI-

ITFT

79622-59-6 C13H4Cl2F6N4O4 ESI− Eawag 9 1 0 16 LC-ESI-

ITFT

83121-18-0 C14H6Cl2F4N2O2 ESI+ Eawag 7 1 0 7 LC-ESI-

ITFT

84-74-2 C16H22O4 ESI− Eawag 19 1 0 1000 LC-ESI-QFT

86-30-6 C12H10N2O ESI+ Eawag 7 1 0 1736 LC-ESI-QFT

950-37-8 C6H11N2O4PS3 ESI+ Eawag 11 1 0 6 LC-ESI-QFT

95-16-9 C7H5NS ESI+ Eawag 9 1 0 71 LC-ESI-

ITFT

97-00-7 C6H3ClN2O4 APCI− Eawag 5 1 0 52 APCI-ITFT

41 of MS data in MassBank All were only the 1st place 6 to 1939, Mean 797,

Median 779

aAthens_Univ: Department of Chemistry, University of Athens, Eawag: Eawag, Duebendorf, Switzerland, EMBL-EBI, The European Bioinformatics

Institute, FIOCRUZ: Oswaldo Cruz Foundation, Brazil, KWR: KWR watercycle research institute, RIKEN: a private research foundation in Japan, UFZ:

Helmholtz Centre for Environmental Research, UPAO: Antenor Orrego Private University, Synchem: Synchem UG & Co.
bNumber of hits of ions and neutral losses registered in the product ions and neutral loss database (PNDB).
cNumber of candidate substances of the same formula retrieved from chemical structure databases, that is, PubChem and ChemSpider.
dAPCI-ITFT: ionization by APCI and mass analysis by ITFT, LC-ESI-ITFT: separation by LC, ionization by ESI and mass analysis by ITFT, LC-EST-QFT:

separation by LC, ionization by ESI and mass analysis by QFT, LC-ESI-QTOF: separation by LC, ionization by ESI and mass analysis by QTOF.
eAs the SMILES in MassBank was incorrect; the results were obtained after correcting the SMILES.
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TABLE 2 Results of the non-target analysis simulation for other mass spectra of the same substances in the product ions and neutral losses
database (PNDB)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

Candidates in the

same rank

No. of

candidatesc
MS

instrumentd

100-02-7 C6H5NO3 ESI− RIKEN 5 1 0 441 LC-ESI-

QTOF

102-71-6 C6H15NO3 ESI+ RIKEN 7 1 0 498 LC-ESI-

QTOF

104-67-6 C11H20O2 ESI+ FIOCRUZ 8 1 0 1801 LC-ESI-

QTOF

106-41-2 C6H5BrO ESI− UFZ/Eawag 2 1 0 43 LC-ESI-QFT

106-47-8 C6H6ClN ESI+ UFZ/Eawag 10 1 1 48 LC-ESI-QFT

108-91-8 C6H13N ESI+ Athens_Univ 6 1 0 429 LC-ESI-

QTOF

108-95-2 C6H6O ESI+ Helmholtz Zentrum

Muenchen

3 1 3 167 LC-ESI-

QTOF

115-96-8 C6H12Cl3O4P ESI+ Athens_Univ 3 1 0 18 LC-ESI-

QTOF

117-81-7 C24H38O4 ESI+ UFZ/Eawag 14 1 1 1421 LC-ESI-QFT

117-84-0 C24H38O4 ESI+ Helmholtz Zentrum

Muenchen

7 1 1 1421 LC-ESI-

QTOF

118-79-6 C6H3Br3O ESI− UFZ/Eawag 1 1 0 9 LC-ESI-QFT

119-93-7 C14H16N2 ESI+ Athens_Univ 12 1 0 1842 LC-ESI-

QTOF

120-71-8 C8H11NO ESI+ KWR 7 1 0 1634 LC-ESI-

ITFT

120-80-9 C6H6O2 ESI− RIKEN 6 2 0 375 LC-ESI-

QTOF

120-80-9 C6H6O2 ESI− Helmholtz Zentrum

Muenchen

5 2 0 375 LC-ESI-

QTOF

122-39-4 C12H11N ESI+ UFZ/Eawag 17 1 0 792 LC-ESI-QFT

128-37-0 C15H24O ESI+ Athens_Univ 5 1 0 1840 LC-ESI-

QTOF

131-11-3 C10H10O4 ESI+ Helmholtz Zentrum

Muenchen

7 1 0 1607 LC-ESI-

QTOF

137-26-8 C6H12N2S4 ESI+ Eawag 5 1 0 20 LC-ESI-QFT

1643-20-5 C14H31NO ESI+ UFZ/Eawag 9 1 0 1673 LC-ESI-QFT

16752-77-5 C5H10N2O2S ESI+ Eawage 3 9 18 575 LC-ESI-

ITFT

1912-24-9 C8H14ClN5 ESI+ UFZ/Eawag 28 1 0 180 LC-ESI-QFT

23950-58-5 C12H11Cl2NO ESI+ Eawag 13 1 0 849 LC-ESI-QFT

298-81-7 C12H8O4 ESI+ Washington State

University

13 1 0 436 LC-ESI-

QTOF

330-54-1 C9H10Cl2N2O ESI− UFZ/Eawag 5 1 0 727 LC-ESI-QFT

330-54-1 C9H10Cl2N2O ESI+ Eawag 7 1 0 727 LC-ESI-QFT

330-55-2 C9H10Cl2N2O2 ESI− Athens_Univ 12 1 0 699 LC-ESI-

QTOF

330-55-2 C9H10Cl2N2O2 ESI+ Eawag 10 1 0 699 LC-ESI-

ITFT

33089-61-1 C19H23N3 ESI+ Athens_Univ 6 1 0 1355 LC-ESI-

QTOF

3332-27-2 C16H35NO ESI+ Athens_Univ 4 264 314 921 LC-ESI-

QTOF

333-41-5 C12H21N2O3PS ESI+ Athens_Univ 12 1 0 22 LC-ESI-

QTOF

(Continues)
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TABLE 2 (Continued)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

Candidates in the

same rank

No. of

candidatesc
MS

instrumentd

3380-34-5 C12H7Cl3O2 ESI− UFZ/Eawag 1 1 0 97 LC-ESI-QFT

50512-35-1 C12H18O4S2 ESI+ Mass Spectrometry

Society of Japan

9 1 0 187 ESI-ITFT

51218-45-2 C15H22ClNO2 ESI+ Eawag 5 1 0 1547 LC-ESI-

ITFT

51218-45-2 C15H22ClNO2 ESI+ UFZ/Eawag 5 1 0 1547 LC-ESI-QFT

51-28-5 C6H4N2O5 ESI− UFZ/Eawag 7 2 0 134 LC-ESI-QFT

51-78-5 C6H7NO ESI+ UFZ/Eawag 12 1 1 659 LC-ESI-QFT

55335-06-3 C7H4Cl3NO3 ESI+ Eawag 7 1 0 40 LC-ESI-

ITFT

5598-13-0 C7H7Cl3NO3PS ESI+ Eawag 13 1 0 5 LC-ESI-

ITFT

563-12-2 C9H22O4P2S4 ESI+ UFZ 12 1 1 4 LC-ESI-

ITFT

57-41-0 C15H12N2O2 ESI− Eawag 3 1 7 1786 LC-ESI-QFT

61-82-5 C2H4N4 ESI+ UFZ/Eawag 1 12 34 54 LC-ESI-QFT

62-44-2 C10H13NO2 ESI+ CPqRR/FIOCRUZ 9 1 0 1555 LC-ESI-

QTOF

62-53-3 C6H7N ESI+ UFZ/Eawag 9 1 0 177 LC-ESI-QFT

78-30-8 C21H21O4P ESI+ UFZ/Eawag 3 26 63 120 LC-ESI-QFT

78-42-2 C24H51O4P ESI+ Athens_Univ 19 1 0 81 LC-ESI-

QTOF

84-74-2 C16H22O4 ESI+ Eawag 7 1 0 1000 LC-ESI-QFT

85-44-9 C8H4O3 ESI+ FIOCRUZ 5 1 0 32 LC-ESI-

QTOF

872-50-4 C5H9NO ESI+ Athens_Univ 9 1 1 938 LC-ESI-

QTOF

87-62-7 C8H11N ESI+ Eawag 8 5 6 1117 LC-ESI-QFT

87-86-5 C6HCl5O ESI+ Eawag 2 1 0 5 LC-ESI-QFT

91-94-1 C12H10Cl2N2 ESI+ Athens_Univ 17 1 0 766 LC-ESI-

QTOF

94-74-6 C9H9ClO3 ESI− UFZ/Eawag 4 1 0 892 LC-ESI-QFT

94-75-7 C8H6Cl2O3 ESI− Eawag 4 1 0 189 LC-ESI-

ITFT

95-53-4 C7H9N ESI+ UFZ 6 3 1 508 LC-ESI-QFT

95-55-6 C6H7NO ESI+ UFZ/Eawag 9 1 2 659 LC-ESI-QFT

96-45-7 C3H6N2S ESI+ Eawag 8 1 0 137 LC-ESI-QFT

Total 57 of MS data in MassBank 1 to 28 1 to 264 0 to 314 4 to 1842, Mean 665,

Median 508

39 (68%) Only the 1st place

12 (21%) Within the 2nd to the 5th place

1 (1.8%) Within the 6th to the10th place

5 (8.8%) Over the 10th place

aAthens_Univ: Department of Chemistry, University of Athens, Eawag: Eawag, Duebendorf, Switzerland, EMBL-EBI, The European Bioinformatics

Institute, FIOCRUZ: Oswaldo Cruz Foundation, Brazil, KWR: KWR watercycle research institute, RIKEN: a private research foundation in Japan, UFZ:

Helmholtz Centre for Environmental Research, UPAO: Antenor Orrego Private University, Synchem: Synchem UG & Co.
bnumber of hits of ions and neutral losses registered in the product ions and neutral loss database (PNDB).
cnumber of candidate substances of the same formula retrieved from chemical structure databases, i.e. PubChem and ChemSpider.
dESI-ITFT: ionization by ESI and mass analysis by ITFT, LC-ESI-ITFT: separation by LC, ionization by ESI and mass analysis by ITFT, LC-EST-QFT:

separation by LC, ionization by ESI and mass analysis by QFT, LC-ESI-QTOF: separation by LC, ionization by ESI and mass analysis by QTOF.
eAs the SMILES in MassBank was incorrect, the results were obtained after correcting the SMILES.
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3.3 | Factors affecting the quality of the non-
target analysis

3.3.1 | Reference databases (PubChem and
ChemSpider) and the number of retrievable candidate
substances

Because the non-target analysis method retrieves candidate

substances that match the formula of the analyte from the

reference databases, almost all the candidates should be registered

in the reference databases. Generally, the number of retrievable

candidates affects the retrieval quality and speed. For example, by

using a program (smilesSearch.exe), which will be published for free

shortly, approximately 30 s was required to retrieve 1000 of the

candidates from PubChem or ChemSpider followed by translation to

USMILESs. Approximately 3 to 5 min were required for the retrieval

and translation of 8000–9000 SMILESs. In the study of the applica-

bility of the PNDB, as shown in the upper left region of Figure 3 at

“Display of molecular structure retrieval,” up to each of the top

1000 candidate SMILESs were retrieved from both databases.

Because the candidate SMILESs have been retrieved in order of

relevance (PubChem) or in order of the number of data sources

(ChemSpider), a major part of the substances of environmental

concern might be listed in the top 1000. The top 1000 retrievals

did not use up an excessive amount of memory and time.

Furthermore, the retrievable numbers might be limited by the data-

bases; for example, owing to the limitation of the database, we

could not retrieve more than 10,000 records from ChemSpider.

The simulation discussed resulted in 100% (150/150) of the

substances retrieved from PubChem and ChemSpider. However, there

were some inconveniences caused by the unannounced and

unavoidable changes in the online retrieval system, with which the

non-target analysis refers to the candidate molecules or translates the

molecular structures to USMILESs.

There might be another perspective to the use of smaller

and/or curated databases as the reference databases in the

workflow of the non-target analysis (Figure 3). The advantages of

this may be a shorter time for retrieving SMILES candidates from a

smaller database and the easier elucidation of the chemical

structure because of the smaller number of false positive data. The

disadvantage is an oversight with regard to the non-target environ-

mental analysis, which is a serious drawback during the process

searching of all the structures corresponding to the molecular

formula, despite the advantages outlined above. For example,

STOFF-IDENT39 has been provided as a curated database for non-

target “screening” and “suspected-target screening” analysis of

Substances of Very High Concern (SVHC).40 It should be keep in

mind that the database is efficient for determining the SVHC but

inefficient for determining non-SVHCs of environmental concern,

for example, 10605-21-7, 119-93-7, 584-84-9, 31093-47-4,

F IGURE 5 Example of the non-target analysis for the same substances with other mass spectral data as those in the product ions and neutral
losses database (PNDB): a case of retrieving the substance that does not rank within the top 10 scores
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TABLE 3 Results of the non-target analysis simulation for mass spectra not registered in the product ions and neutral losses database (PNDB)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

Candidates in the

same rank

No. of

candidatesc
MS

instrumentd

100-02-7 C6H5NO3 ESI+ RIKEN 4 3 6 361 LC-ESI-

QTOF

10605-21-7 C9H9N3O2 ESI+ Eawag 4 3 23 1764 LC-ESI-QFT

106-48-9 C6H5ClO ESI− Eawag 1 3 29 31 LC-ESI-QFT

106-48-9 C6H5ClO ESI+ Eawag 2 5 2 31 LC-ESI-QFT

107534-96-3 C16H22ClN3O ESI+ Athens_Univ 2 1 23 1756 LC-ESI-

QTOF

111-42-2 C4H11NO2 ESI+ RIKEN 1 1 255 256 LC-ESI-

QTOF

112-18-5 C14H31N ESI+ Athens_Univ 2 1 848 1456 LC-ESI-

QTOF

115-86-6 C18H15O4P ESI+ Eawag 4 6 15 34 LC-ESI-QFT

120-40-1 C16H33NO3 ESI+ Athens_Univ 11 1 0 1060 LC-ESI-

QTOF

1222-05-5 C18H26O ESI+ Athens_Univ 2 558 473 1827 LC-ESI-

QTOF

123-30-8 C6H7NO ESI+ UFZ/Eawag 3 60 394 659 LC-ESI-QFT

124-04-9 C6H10O4 ESI− EMBL-EBI 2 50 845 1571 LC-ESI-

ITFT

126-71-6 C12H27O4P ESI+ Athens_Univ 0 0 0 165 LC-ESI-

QTOF

13311-84-7 C11H11F3N2O3 ESI+ Athens_Univ 2 495 327 822 LC-ESI-

QTOF

2605-79-0 C12H27NO ESI+ Eawage 8 1 1 1799 LC-ESI-

ITFT

28159-98-0 C11H19N5S ESI+ Athens_Univ 1 1 451 1041 LC-ESI-

QTOF

31093-47-4 C16H26O3S ESI− Eawag 2 65 176 371 LC-ESI-

ITFT

32809-16-8 C13H11Cl2NO2 ESI+ Eawag 3 264 253 995 LC-ESI-QFT

32809-16-8 C13H11Cl2NO2 ESI− UFZ/Eawag 3 153 664 995 LC-ESI-QFT

335-67-1 C8HF15O2 ESI− Eawag 4 1 0 49 LC-ESI-

ITFT

34622-58-7 C12H16ClNOS ESI+ Eawag 2 2 8 1306 LC-ESI-

ITFT

376-06-7 C14HF27O2 ESI− Athens_Univ 7 1 2 5 LC-ESI-

QTOF

470-90-6 C12H14Cl3O4P ESI+ UFZ/Eawag 1 1 18 19 LC-ESI-QFT

50-06-6 C12H12N2O3 ESI− Eawag 1 1 697 1817 LC-ESI-QFT

50-06-6 C12H12N2O3 ESI+ Eawag 4 220 827 1817 LC-ESI-QFT

504-29-0 C5H6N2 ESI+ UFZ/Eawag 2 1 6 199 LC-ESI-QFT

5274-68-0 C20H42O5 ESI+ Athens_Univ 3 1 15 77 LC-ESI-

QTOF

53-16-7 C18H22O2 ESI+ UFZ/Eawag 2 916 705 1878 LC-ESI-QFT

53-16-7 C18H22O2 ESI− Washington State

University

1 1291 586 1878 LC-ESI-

QTOF

55512-33-9 C19H23ClN2O2S ESI+ Eawag 5 1 1 1143 LC-ESI-QFT

56-75-7 C11H12Cl2N2O5 ESI− UFZ/Eawag 1 24 62 96 LC-ESI-QFT

56-75-7 C11H12Cl2N2O5 ESI+ UFZ/Eawag 1 15 81 96 LC-ESI-QFT

60207-90-1 C15H17Cl2N3O2 ESI+ Eawag 2 1 21 1130 LC-ESI-QFT

(Continues)
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51218-49-6, 51-78-5, 5274-68-0, 61-82-5, and 630-93-3, which

are designated by the Ministry of the Environment of Japan. The

advantage of using smaller and/or curated databases might be

small because only the SMILESs have been referred to in PubChem

and ChemSpider, in which no misdescription has been found in

382 SMILESs used here. On the other hand, the advantages of

using large databases such as PubChem and ChemSpider are that

SMILES candidates have less oversight and that a number of

supplement SMILES candidates, such as isomers are useful for

suspecting the structures unregistered in the database. Thus,

PubChem and ChemSpider were chosen as the reference databases

for non-target environmental analysis.

TABLE 3 (Continued)

CAS NO. Formula

Mass

ionization Copy righta
No. of

hitsb
Similarity

rank

Candidates in the

same rank

No. of

candidatesc
MS

instrumentd

62-73-7 C4H7Cl2O4P ESI− Eawag 0 0 0 21 LC-ESI-QFT

62-73-7 C4H7Cl2O4P ESI+ UFZ/Eawag 2 1 1 21 LC-ESI-QFT

630-93-3 C15H12N2O2 ESI+ Eawag 9 1 0 1786 LC-ESI-QFT

63-25-2 C12H11NO2 ESI− Eawag 3 1 35 1664 LC-ESI-QFT

63-25-2 C12H11NO2 ESI+ UFZ/Eawag 3 4 4 1664 LC-ESI-QFT

64359-81-5 C11H17Cl2NOS ESI+ Eawag 7 1 0 78 LC-ESI-

ITFT

738-70-5 C14H18N4O3 ESI+ Eawag 5 23 221 1839 LC-ESI-

ITFT

78-59-1 C9H14O ESI+ Helmholtz Centre 5 303 347 1752 LC-ESI-

ITFT

80-05-7 C15H16O2 ESI+ Eawag 0 0 0 1805 LC-ESI-

ITFT

83121-18-0 C14H6Cl2F4N2O2 ESI− Eawag 0 0 0 7 LC-ESI-

ITFT

834-12-8 C9H17N5S ESI+ Eawag 10 1 1 783 LC-ESI-QFT

88-85-7 C10H12N2O5 ESI− Athens_Univ 16 2 9 1566 LC-ESI-

QTOF

90-15-3 C10H8O APCI+ Eawag 5 1 0 281 APCI-ITFT

90-15-3 C10H8O APCI− Eawag 1 1 0 281 APCI-ITFT

94-13-3 C10H12O3 ESI+ Athens_Univ 2 27 181 1570 LC-ESI-

QTOF

94-13-3 C10H12O3 ESI− Athens_Univ 5 9 72 1570 LC-ESI-

QTOF

95-76-1 C6H5Cl2N ESI+ Athens_Univ 7 1 0 51 LC-ESI-

QTOF

99-76-3 C8H8O3 ESI+ Athens_Univ 2 3 206 1153 LC-ESI-

QTOF

99-76-3 C8H8O3 ESI− Athens_Univ 8 2 7 1153 LC-ESI-

QTOF

Total 52 of MS data in MassBank 0–16 0 to 1291 0 to 848 5 to 1878, Mean 914,

Median 1018

7 (14%) Only the 1st place

9 (17%) Within the 2nd to the 5th place

6 (12%) Within the 6th to the 10th place

30 (58%) Over the 10th place

aAthens_Univ: Department of Chemistry, University of Athens, Eawag: Eawag, Duebendorf, Switzerland, EMBL-EBI, The European Bioinformatics

Institute, FIOCRUZ: Oswaldo Cruz Foundation, Brazil, KWR: KWR watercycle research institute, RIKEN: a private research foundation in Japan, UFZ:

Helmholtz Centre for Environmental Research, UPAO: Antenor Orrego Private University, Synchem: Synchem UG & Co.
bNumber of hits of ions and neutral losses registered in the product ions and neutral loss database (PNDB).
cNumber of candidate substances of the same formula retrieved from chemical structure databases, that is, PubChem and ChemSpider.
dESI-ITFT: ionization by ESI and mass analysis by ITFT, LC-ESI-ITFT: separation by LC, ionization by ESI and mass analysis by ITFT, LC-EST-QFT:

separation by LC, ionization by ESI and mass analysis by QFT, LC-ESI-QTOF: separation by LC, ionization by ESI and mass analysis by QTOF.
eAs the SMILES in MassBank was incorrect, the results were obtained after correcting the SMILES.
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3.3.2 | Similarity rank and Number of hits in
the PNDB

The relationships between the similarity rank of substances and the

number of hits of ions and neutral losses registered in the (PNDB)

were evaluated using the total number of ions and neutral losses of

the mass spectral data. A total of 105 results of 91 substances in

Tables 2 and 3 were analyzed by excluding four instances where no

results were obtained. Figure 7 shows the similarity ranking of the

blinded substances among the 105 mass spectral data, which is

depicted by using the total hits of the precursor ion, product ions, and

neutral losses. The following observations were made following non-

target analysis. With a total hit score of 10 in the precursor ion, prod-

uct ion, and neutral loss total: (1) almost 50% of the substances were

found in the top four results, and (2) more that 30% of the substances

were found in the first result. With over 15 hits, almost all the

F IGURE 6 Example of the non-target analysis for the substances not registered in the product ions and neutral losses database (PNDB): a
case of the substances ranked first in the similarity rankings

F IGURE 7 Similarity rankings of the
105 blinded substances1 depicted by total
hits of the precursor ion,2 product ions,
and neutral losses as a simulation of the
non-target environmental analysis.1 A
case of excluding the substances of the
same mass spectral data registered in the
product ions and neutral losses database
(PNDB) and the four substances with no
hits.2 Precursor ion in bold letters
represents a molecule charged by the
attachment of an ion or the removal of a
proton
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substances were expected to be only the first result. In order to

improve the quality of the hit score, further research needs to be con-

ducted for increasing the data size of the PNDB, obtaining

information-rich fragmentation data, and improving the similarity cal-

culations. For the similarity calculation, the current non-target analysis

assigns the same importance to each precursor ion, product ions, and

neutral losses; however, their weight should be dependent on the

uniqueness of the elucidation. The similarity calculation should be

improved by introducing a weighted factor in the future because it is

ineffective to do so with the current size of the PNDB.

3.3.3 | Description of the “Method chain”

The molecular structure is determined by retrieving structure candi-

dates that satisfy the description in the “Method chain.” However,

this can occur in multiple ways. For example, for describing the partial

structure in bold of “CO[P@@](=O)(NC(C)=O)SC,” the descriptions

“!DEL(@)!RE(\(NC\(C\).*?\)),” “!DEL(@)!RE(\(NC\(C\).*?.\)),” and
even “!DEL(@)!RE(\(NC\(C\)\=.\))” could be written as the

“Method chain,” and their differences could result in small variations

in the retrieval. All the results of the evaluation presented here were

obtained using the descriptions in the “Method chain” in Table S1.

Slight improvement may be achievable by changing the descriptions.

In addition, another non-target analysis method with the PNDB might

be available by another structural elucidation approach41 without

using the Method chain.

3.3.4 | The number of data and the mass values
registered in the PNDB

The number of data registered in the PNDB should affect the quality

of the non-target analysis. As an example for the number of data, we

introduce a case of non-target analysis of 29 blinded substances (not

registered in the following PNDB) with a previously used PNDB

derived from 325 mass spectral data of.253 substances. In the analy-

sis, 34% (10/29) of the substances were narrowed down into 10 or

less structural candidates. The case above is similar to the situation of

“ (3) Extensibility of the non-target analysis for the substances not

registered in the PNDB” in the present study, in which 42% (22/52)

of the substances were narrowed down into 10 or less structural can-

didates with the PNDB derived from 447 mass spectral data of.382

substances. Although the above represents very limited knowledge,

registration of a greater number (e.g., approximately 1000) of mass

spectral data to the PNDB is preferable.

As Supporting Information, a mass values distribution of the mol-

ecules registered in the PNDB is summarized in Figure S2. As shown

in the figure, small mass molecules such as 100–300 are dominant,

which might be because the substances of environmental concern are

mostly small molecules. Small molecules are preferably registered in

the PNDB in order to obtain fundamental partial structures. As addi-

tional information, no relationship was observed between the mass

values and numbers of structure candidates narrowed down

(r2 < 0.01) for the substances evaluated in (2) Non-target analysis

availability for “other mass spectral data” of the same substances from

those in the PNDB and (3) Extensibility of the non-target analysis for

the substances not registered in the PNDB described in Section 3.2.

3.3.5 | Difference in type of mass analyzer or
manufacturer

The results described in Section 3.2 suggest that the present analysis

method is fairly effective, despite the data having been obtained

under a variety of measurement conditions with a variety of mass

spectrometers. In this section, we have discussed whether the differ-

ence in the type of mass analyzer and manufacturer affect the similar-

ity rankings of the substances analyzed. Mass spectra of LC/MS are

generally affected by several factors such as samples, measurement

conditions (including mobile phase, ionization, collision, mass accu-

racy, and precision), and instrument characteristics (including ion

source structure, type of mass analyzer, and collision cell structure). In

the present evaluation, the mass spectral data used as the blinded

substances in MassBank were supposed to be obtained under fairly

common measurement conditions. In addition, because the present

non-target analysis uses only the formulae of the precursor ion, prod-

uct ions and neutral losses, the results of the evaluation might be less

affected by the measurement conditions. Therefore, it might be mean-

ingful to compare the similarity rankings with the type of mass ana-

lyzer used and manufacturer. Figure S3 shows the abundance

percentages of the elucidated substances according to type of mass

analyzer (left) and manufacturer (right), which are respectively ranked

into 1st, 2nd, 3–4th, 5–8th, 9–16th, 17–32nd, 33–64th, 65–128th,

129–256th, 257–512th, 513–1024th, and 1025–2048th places in the

similarity ranking. The abundance profiles for the three types of mass

analyzers and two manufacturers are in close resemblance, suggesting

that the present analysis method is almost independent of the type or

manufacturer of the mass instrument.

3.3.6 | Use of mass values instead of formulae

In principle, mass values can also be used for the non-target analysis.

For this purpose, exact mass values have been registered in the PNDB

as shown in Table S1. In this case, additional programming is needed

to translate the mass values to formulae, and accurate and precise

mass spectra are essential to determine elemental compositions of

the product ions and neutral losses.

3.3.7 | Quality of mass spectrum analyzed by the
non-target analysis

One of the most important factors in the non-target analysis is effec-

tively eliminating impurities in the mass spectra. Although this is not
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the subject of the present report, it is important to analyze the EICs of

precise and accurate masses, both of which are confirmed or

corrected to, for example, within 1–2 mDa and/or within 3–4 ppm,

respectively, with not only lock mass(es), but also the masses of

known substances observed in the mass spectra such as phthalates or

siloxanes. MsMsFilter may be useful to determine the formulae of the

precursor ion, product ion, and neutral loss.

4 | CONCLUSIONS

The presented non-target environmental analysis is a unique structure

elucidation method with precursor ions, product ions, and neutral

losses of LC/HRMS in the PNDB. An excellent performance was

obtained in simulations for substances with other mass spectral data

from those registered in the PNDB and extensibility for substances

with mass spectral data not registered in the PNDB. In a practical

non-target analysis, a higher identification efficiency might be

obtained by combining liquid chromatographic retention with other

information about the sample. As a response to the increasing detec-

tion of emerging substances in the environment, non-target analysis

covering all the scientific fields is desired. Although developing a com-

prehensive non-target analysis method is challenging, the present

method will contribute to such efforts together with a variety of

approaches.12,13,16,17,19,23–28 On the other hand, considering the

current requirements for non-target environmental analysis, it will be

important to publish the present method and small PNDB with the

discussed in-house programs. We intend to make the latest version

freely available.
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