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lonic liquids (ILs) are structurally tunable salts with applications ranging from chemical synthesis to
batteries, novel materials and medicine. Despite their potential, the toxicity of ILs poses significant
environmental and biological challenges. This study introduces a comprehensive dataset of cytotoxicity
of 1227 ILs, compiled from 151 research papers and encompassing 3837 data entries. For each entry,
the following information is provided: substance name, empirical formula, CAS, SMILES, molecular
weight, cytotoxicity value, details on the experimental setup (incubation time, cell line, assay used,
etc.), and reference to the original publication. This dataset can be used for deriving structure-activity
relationships and establishing the major structural elements that govern the cytotoxic effects of ILs on
eukaryotic cells. The dataset is available freely to all researchers.

Background & Summary

Ionic liquids (ILs) are famous organic salts with low melting points and unique physicochemical and biochemi-
cal properties'~>. Members of this class of substances have applications in diverse scientific and industrial fields,
such as organic synthesis*, catalysis®, biomass processing®, and biological’~® and medical research'®!!. The wide
range of applications of ILs is related to their extraordinary structural changeability. The number of hypothetical
combinations of cations and anions in a given IL is virtually unlimited, suggesting that any desired properties
can be combined in one molecule'2.

Since the beginning of the 21st century, the investigation and application of ILs have progressed steadily,
representing notable advancements in the fields of chemistry and materials science'*!%. According to the Scopus
database', since the early 1990s, there has been pronounced growth in the number of scientific studies on the
toxicity of ILs (see Fig. 1).

Because of their low flammability, very low vapor pressure, and high thermal stability, some ILs have been
considered ‘green’ solvents by the scientific community. Nevertheless, many ILs can have a significant impact on
living organisms because of their considerable water solubility and ability to spread into the environment'®'”. In
addition, ILs demonstrate the ability to penetrate lipid bilayers, which constitute the cellular membranes of all
living organisms'®-2!. This amphiphilic nature can be the primary factor determining the rather high biological
activity of many ILs. Several other structural factors that can govern the biological activity of ILs have been
established thus far??. In particular, the length of the alkyl side chain in the cation is thought to be the major
attribute to which the toxicity can be related.

Understanding the mode of the biological effects of ILs is a key requirement for their approval for widespread
practical use. It is also important to develop efficient models for the prediction of IL toxicity toward various
organisms. According to the Scopus database, in the last two decades, several thousand studies concerning
some type of biological activity of ILs have been published (see Fig. 1). Because of the very large number of
ILs available, the development of reliable methods for predicting their toxicity is essential. Considering the
time required to carry out experimental studies, computational modeling (in silico) methods can become a
convenient and less expensive alternative for the assessment of IL-related environmental risks. Computer-aided
calculations are indispensable tools in modern research, offering invaluable assistance in the exploration of the
vast array of chemical structures found in ILs?. By leveraging computational methods, scientists can efficiently
analyze and understand the intricate properties and behaviors of ILs, facilitating the development of predictive
models?*~%. These models, in turn, can serve as powerful instruments for predicting the IL behavior under
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Fig. 1 The evolution of research on ionic liquids over the last three decades (according to the Scopus database
as of March 2024). The y-axis corresponds to the number of individual articles presented on a log scale. The
following search queries were used: “ionic liquids” OR “molten salts” (studies on ILs, pink), “ionic liquids” AND
*toxic* (studies on the toxicity of ILs, green), and “ionic liquids” AND cytotoxic* (studies on the cytotoxicity of
ILs, blue).

different conditions and in diverse applications, thus driving innovation and advancement in the fields ranging
from chemistry to materials science and beyond. For this purpose, databases on IL-related biological activity are
in high demand. Systematization of the already obtained data on IL toxicity will improve the knowledge of the
potential hazards of ILs and help define the directions of future research on this topic.

There are some databases on the physicochemical properties of ILs, among which ILThermo?, the IPE Ionic
Liquid Database?, and DDBST GmbH (Dortmund data bank)* should be noted. However, only a few dedicated
databases on the toxicity of ILs have been developed thus far, and currently, only the ILTOX?® database is availa-
ble to researchers. ILTOX contains information on the cytotoxicity of ILs measured in five cell lines - that is, the
CaCo-2, HeLa, HepG2, IPC-81, and HT-29 cell lines - but it does not provide full details on the methodology,
which is essential for comparing the cytotoxicity values presented in different works. The whole dataset for this
database cannot be downloaded, limiting its usage to the functionality of its web interface. According to the
website, the last update of ILTOX was in February 2022; thus, it does not provide data published in the last two
years.

Studies on the cytotoxicity of chemical compounds are usually considerably faster and more affordable than
experiments on multicellular organisms. Thus, there are significantly more scientific publications on the effects
of ILs on eukaryotic cells than on other biological objects. Moreover, cytotoxicity data are used at the initial steps
of the development of chemical agents with both high and low biological activities. Therefore, accumulating
and organizing the available data on the cytotoxicity of ILs will be necessary for designing ILs with high target
activity and low toxicity.

In this study, we present a comprehensive dataset of experimental data related to the cytotoxicity of ILs. A
total of 3837 entries for 1227 individual ILs were obtained by annotating 151 research papers. For each entry,
the following information is provided: substance name, empirical formula, Chemical Abstract Service (CAS)
number, simplified molecular input line entry system (SMILES) presentation, molecular weight, cytotoxicity
value and its range (standard error of the mean, confidence interval, etc.), incubation time, cell line, cytotoxicity
measurement method, and reference to the original publication. This dataset can be used for deriving structure—
activity relationships and establishing the major structural elements that govern the cytotoxic impact of ILs on
eukaryotic cells.

Methods
All annotated cytotoxicity data were manually extracted from scientific papers, which were selected according
to a literature search carried out in the Scopus database by using the following search query: “ionic liquids”
AND cytotoxic* (Search within Article title, Abstract, Keywords). A total of 750 papers published before March
2024 were selected and filtered according to the following conditions: (1) full-text accessibility; (2) unambigu-
ous information on the structure of a particular ionic liquid and the experimental conditions provided; and
(3) the exact cytotoxicity value present. Note that papers on API-ILs (active pharmaceutical compounds - ionic
liquids) were not considered because the active pharmaceutical ingredient present in the IL structure would, in
most cases, determine the cytotoxic effect observed and would eclipse any effects of other structural elements
ina given IL.

Finally, 151 articles were selected for annotation. For each IL, we extracted the following information: com-
pound name, empirical formula, CAS, SMILES, molecular weight, cytotoxicity value and range (standard error
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Section Column Description Data type
Compound name Generated in ChemBioDraw string
Empirical formula Generated in ChemBioDraw string
CAS Chemical Abstracts Service number (where available) string
Simplified Molecular Input Line Entry System, a chemical format that allows
. SMILES encoding a 3-D structure of a chemical in a string of symbols. Regular string
Chemical SMILES can have multiple valid representations for the same molecule.

A unique or standardized SMILES representation ensuring that each
molecule is assigned a distinct SMILES string. The specific output, however,

Canonical SMILES depends on the canonicalization algorithm employed, which may influence string
the final representation.
Mw Molecular weight numeric
ICs, ECs, CCsy” Half-maximal inhibitory, effective, or cytotoxicity concentration numeric
Range of IC~. EC-. or CC Confidence intervals, standard deviations, standard errors of the mean, etc., numeric
8 50 RS0 0| for the cytotoxicity values provided in the previous field
Biological Incubation time Time period, for which cells were exposed to a given IL numeric
Cell line Name of the cell culture used in a particular study string
Method Assay used for measuring ICs;, EC5, or CCs string
Notes Additional information on biological activity of a particular IL, if provided string
Reference Author, year, and journal text
Bibliographic
DOI Digital Object Identifier text

Table 1. Structure of entries in the dataset. * In the papers annotated for the dataset, the designation of the
value - ICs, ECs, or CCs, — depended mainly on the authors of a particular study. Here, the assay determines
the type of value, and we can compare the values from different studies obtained by the same assay. Thus, in
most cases, we made no marks in the dataset on the particular designations used by the authors.

of the mean, confidence interval, etc.), incubation time, cell line, cytotoxicity measurement method, and bibli-
ographic information. Additional tools and databases, such as ChemBioDraw Ultra 13.0!, SciFinder*?, ACD/
Labs 10.0 (ChemSketch)??, and PubChem?, were used to determine the molecular weight, SMILES and CAS.

Annotation rules. The annotation process was performed as follows.

o The abstracts and metadata from the Scopus database were retrieved via the following search query: “ionic
liquids” AND cytotoxic* (Search within Article title, Abstract, Keywords);

«  Upon screening the abstracts, the candidate papers for annotation were selected (750 in total);

o The full texts of the selected papers were obtained and subjected to secondary screening for the ILs fitting the
scope of the dataset (see criteria below; after this stage, approximately 20% of the initially identified publica-
tions remained for further processing).

o The relevant information was extracted from the publications;

o The annotated data were cross-validated manually by human curators (100% of the entries reviewed).

Data Records

A complete version of the described dataset has been placed at and is publicly available for download from
figshare®. The general dataset forms are described in Table 1. Each data point contains a number of fields related
to the chemical and biological properties of ILs.

Structure of the dataset. In the current project, the source data on ILs include three main types of infor-
mation: chemical, biological, and bibliographic. Thus, each entry includes 14 sections, each of which contains
verified information on a particular IL.

The chemical section includes: name; empirical formula; CAS; SMILES; canonical SMILES; and molecular
weight. The names, empirical formulas and molecular weights of the ILs were obtained using ChemBioDraw
software (CambridgeSoft Corporation)®'. CAS numbers were obtained from the SciFinder database (American
Chemical Society)*’. SMILES were generated in ChemBioDraw?! or obtained from SciFinder®?. Canonical
SMILES were generated using RDKit*, an open-source toolkit designed for cheminformatics and machine
learning tasks.

The biological section includes: 1C5), ECs), or CCy, values (half-maximal inhibitory, effective, or cytotoxic
concentrations, respectively) and their ranges (standard errors of the mean, confidence intervals, etc.); the time
of exposure of a given cell line to a given IL; the cell line in which the effect was studied; the method of study; and
notes. This information was obtained from original research papers.

The bibliographic section includes: information on the corresponding publication, including the first
author’s name, publication year, journal title, and DOI (digital object identifier), where applicable. This section
serves as an unambiguous reference to the original research.

The datasets are provided in XLSX and CSV formats. In the XLSX file, the chemical information is
color-coded for enhanced clarity. For the compounds highlighted in green, the relevant chemical data were
extracted from ChemBioDraw’!. The SMILES notations that correspond to the associated CAS numbers are
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Fig. 2 Stepwise validation of the dataset.
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Fig. 3 Total records and unique structures for each group of ILs in the dataset (a) and unique structure,
cation and anion counts for imidazolium, polycharged, ammonium, and phosphonium ILs in the dataset (b).
Count = number of records in the dataset.
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Fig. 4 Most common anions found in (a) all groups of ILs present in the dataset and (b) imidazolium ILs.
(c) Cell lines most commonly used in studies on the cytotoxicity of ILs. (d) Cell lines most commonly used
in studies on the cytotoxicity of imidazolium ILs. Count = number of records in the dataset.

highlighted in pink, whereas the CAS numbers that do not correspond to the SMILES are highlighted in blue. In
addition, detailed data on the experimental methodologies and cell lines are provided in the supplementary tabs.

Technical Validation

The key objective of this study was to provide the scientific community with a reliable, high-quality dataset
on the cytotoxicity of ionic liquids. Thus, the obtained source data file was subjected to two-step validation by
expert curators. The scheme of the verification procedure is shown in Fig. 2.

Here, cross-validation is the error checking upon which a particular annotator checks the dataset entries
added by other annotators and compares them with the original publications, and the final validation is the error
checking performed by expert chemists and biologists (not annotators) using the original publications and addi-
tional services (such as SciFinder). Both of these procedures were carried out via point-by-point comparisons
of the fields in a given dataset entry with the corresponding original paper. All the entries in the dataset were
subjected to this two-step verification.

Revealing the main trends. In scientific work, statistical representation is crucial for understanding the
data distribution and patterns. It involves organizing, analyzing, and presenting the data by means of charts (e.g.,
histograms, scatter plots, etc.) and measures such as averages and standard deviations. Charts serve as indispen-
sable tools for elucidating the relationships within datasets, facilitating clearer interpretation and establishing
general trends.

In our study, we employed PostgreSQL?’, an open-source relational database management system, for stor-
ing and managing the structured data. PostgreSQL offers robust features for data organization, querying, and
transaction management. Additionally, we utilized Matplotlib***?, a comprehensive data visualization library in
Python, to generate plots and charts for data analysis and presentation.

First, we determined the total number of entries and unique structures in the dataset (Fig. 3a). Figure 3b
shows the distributions for the four most populated IL groups, which include imidazolium, phosphonium, and
ammonium ILs, as well as polycharged ILs.

Second, we estimated the counts of unique IL structures, specific anions and cations, cell lines and exper-
imental methods across all the groups of ILs and in the four most populated groups (see Table S1 in the
Supporting Information). Information about the remaining IL groups is provided in Table S2. Among these
groups, imidazolium ILs constitute 36% of the entries in the dataset, representing 314 unique molecular struc-
tures, which consist of 130 unique cations and 63 unique anions. The cytotoxicity of these imidazolium ILs was
studied in 104 cell lines by using 13 different methods. Phosphonium ILs constitute 15% of the entries; there
are 98 unique structures consisting of 66 cations and 21 anions that were tested in 104 cell lines by 11 different
methods. Polycharged compounds constitute 12% of the entries; they are represented by 184 unique structures
including 94 cations and 51 anions. Polycharged materials were tested in 27 cell lines by seven methods. Finally,
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Fig. 5 Methods most commonly used for studying the cytotoxicity of (a) ILs in whole and (b) imidazolium ILs.
Count =number of records in the dataset.

ammonium ILs constituted 8% of the entries (127 unique structures). These ILs consist of 67 unique cations and
36 unique anions. The cytotoxicity of the ammonium ILs was studied in 93 cell lines by 11 methods.

At the next stage, we assessed the distribution of the unique anions in the ILs present in the dataset. For this
purpose, a dedicated dataset containing information on anions and their respective counts was created. In par-
ticular, we detected anions with counts exceeding 99, thereby identifying the most prevalent compounds within
the dataset. The obtained distribution was visualized by means of Matplotlib (see Fig. 4a). The most prevalent
anions were those of the halide family, namely, bromide and chloride. Other popular anions included bis((tri-
fluoromethyl)sulfonyl)imide, tetrafluoroborate, hexafluorophosphate, trifluorotris(perfluoroethyl)phosphate,
and iodide.

The imidazolium ILs, the most populated subclass in the dataset, predominantly contained chloride or bro-
mide anions (see Fig. 4b). In addition, a significant number of imidazolium ILs contained tetrafluoroborate,
hexafluorophosphate, and bis((trifluoromethyl)sulfonyl)imide anions.

We also analyzed the distributions of the cell lines and methods utilized for studies on the cytotoxicity of
ILs. The choice of a particular cell line and experimental method is important for evaluating the cytotoxic-
ity of chemical substances. Using appropriate cell lines is crucial for ensuring the relevance and applicability
of the findings to more complex biological systems*’. Furthermore, the method employed for the cytotoxicity
assessment, whether it involves cell viability assays, cell proliferation assays, or other techniques, significantly
influences the accuracy and reliability of the results. Therefore, careful consideration of both cell lines and meth-
odologies is essential for robust and unambiguous conclusions regarding the cytotoxic effects of ILs.

The complete dataset comprises 17 groups of ILs and 155 cell lines. Figure 4c shows the distribution of ILs
by the cell lines, in which the cytotoxicity tests were conducted more than five times. The colors in the figure
represent the number of measurements. Consequently, our analysis revealed nine groups of ILs and identified
13 types of cell lines that were most commonly used for these experiments. All these cell lines were found in the
entries of imidazolium ILs, with IPC-81 being the most frequently utilized cell line (see Fig. 4d; only those cell
lines, in which the tests were carried out more than 16 times, are shown).

The appropriate selection of the method is fundamental in the cytotoxicity assessment because it can have a
considerable impact on the comprehensiveness and accuracy of the results*’. Various assays, such as cell viability
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Fig. 6 Comparison of 24-h CCs, values of 3-alkyl-1-methylimidazolium (C,MIm) ILs with chloride or
tetrafluoroborate anions measured by various scientific groups using various assays. The y-axis corresponds to
the Log,, of the CCs/IC5/ECs, values in mM. CaCo-2, CaCo-2 cell line; IPC-81, IPC-81 cell line; MTS, MTS
assay; MTT, MTT assay; WST-1, WST-1 assay (see the legend below the plot).

assays (e.g., 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and lactate dehydro-
genase (LDH) assay), cell proliferation assays (e.g., bromodeoxyuridine (BrdU) assay and carboxyfluorescein
succinimidyl ester (CFSE) assay), and apoptosis assays (e.g., propidium iodide (PI)-Annexin V assay and termi-
nal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay), offer distinct insights into different
aspects of the cellular response to chemical substances*. The choice of the most suitable assay depends on the
research objectives, the mechanisms of action of the tested compounds, and the desired endpoints. Thus, by
carefully selecting both the appropriate cell line and methodology, researchers can gain deeper insights into
the cytotoxic effects of chemical substances and better understand their potential impact on biological systems.

Figure 5a shows the experimental approaches most commonly used in studies on the cytotoxicity of ILs.
These assays include the MTT, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS), Sulforhodamine B (SRB) and water-soluble tetrazolium salt (WST-1) assays. Figure 5b
shows the methods most commonly used in studies on the cytotoxicity of imidazolium ILs. Among the two
most popular assays, the SRB assay relies on the binding of a dye to cellular proteins under acidic conditions,
whereas the MTT assay measures the reduction of a yellow reagent to a purple formazan product by mitochon-
drial enzymes*!. The SRB assay is generally more sensitive and faster than the MTT assay, making it suitable for
high-throughput screening and drug discovery studies. Additionally, the SRB assay provides straightforward
quantification using spectrophotometry*>. The MTT assay, while widely used and reproducible, may be less
sensitive and requires additional steps for solubilization of the formazan product.

Usage Notes

Before 2019, most attempts****-! to predict the biological activity of ILs using QSAR models relied on the UFT
Merck Ionic Liquids Biological Effects Database, which has been discontinued. In some works, authors also used
the OCHEM (Online Chemical Modeling Environment)*>. OCHEM is a collection of chemical structures and
measured biological activities and properties of ILs. In this repository, the structure of ILs can be entered as a
mixture of separate ions encoded by SMILES. The database contains some ILs with antimicrobial data points
(minimum inhibitory concentration (MIC) values). It is used mainly for QSAR predictions®** but not as a mul-
tipurposed repository of information. The results of predictions using QSAR modeling showed that three types
of molecular fingerprints were able to represent the structural features of ILs properly®. Furthermore, deep
learning models did not demonstrate better predictive ability than traditional machine learning models, which
was attributed mainly to the relatively small datasets used*.

Thus, the main aim of this work is to provide researchers in the field with a new multipurposed data repos-
itory on standardized experimental values of the cytotoxicity of common ILs used in chemistry and biotech-
nology. This repository will be useful both as a source of information on studies on IL cytotoxicity carried out
thus far and as a basis for building prediction models. The secondary aim concerns the need to understand
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Fig. 7 Impact of the alkyl side chain length and anion on the IL cytotoxicity by the example of 3-alkyl-1-
methylimidazolium ILs tested in (a) IPC-81 using the WST-1 assay and (b) CaCo-2 cells using the MTT or MTS
assays. The color of the circles corresponds to the CCs)/IC5o/ECs, value for a given IL (see the legends on the
right). ILs with 3-alkyl-1-ethylimidazolium cations are designated by asterisks.

the biological activity of ILs in more detail. Unraveling the mechanisms of action of ILs in living systems is a
very complex undertaking. At the moment, this area is in stagnation. Further analysis of the available data will
require the use of artificial intelligence algorithms, which will possibly lead to a prominent and perceptible revo-
lution. However, no publicly available database exists to be processed by artificial intelligence. For the first time,
we present such a repository with full access to the annotated data.

An overview of the “cell line-method” combinations derived from the dataset is provided in Table S3 in the
Supporting Information. Note that, according to Fig. 6, there are pronounced differences between the meas-
urements carried out for the same ILs by different research groups. Since the experimental setup — even such as
cultural media and plastics used - can have a significant impact on the results, such discrepancies are inevitable.
This is why we think it is necessary to supply the measured IC5,/EC5,/CCs values with appropriate statistics,
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preferably confidence intervals. In each doubtful case, we advise the users to refer to original publications to gain
their own impression of the quality of the data.

The effects of the alkyl side chain length and anion are demonstrated by the example of 3-alkyl-1-
methylimidazolium ILs studied in the IPC-81 and CaCo-2 cell lines (see Fig. 7a and b, respectively). According
to the data obtained in IPC-81 cells, long alkyl side chains in the cation (six carbon atoms or more) were the
major structural factor governing the cytotoxicity, whereas the impact of the anion was lower in comparison
(see Fig. 7a). However, there were two anions - that is, trifluorotris(perfluoroethyl)phosphate(V) (PF;(C,F;)3)
and trifluorotris(perfluoropropyl)phosphate(V) (PF;(C;F,);) - which rendered the ILs highly cytotoxic. On the
contrary, the chloride anion seemed the least harmful among all the anions tested.

Similar observations could be made on the basis of the data obtained in CaCo-2 cells, in which case the ace-
tate anion had the greatest impact on the cytotoxicity of the 3-butyl-1-methylimidazolium ILs studied, whereas
the methyl sulfate anion contributed to the least toxic IL (see Fig. 7b).

Code availability
No custom code was used for the curation and validation of the dataset. Entries in the dataset do not require
additional code for accessing the data.
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