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Abstract 

The European Union (EU) Cosmetics Regulation established the ban on animal testing for 
cosmetics ingredients. This ban does not assume that all cosmetics ingredients are safe, but that the 
non-testing procedures (in vitro and in silico) have to be applied for their safety assessment. To this 
end, the SEURAT-1 cluster was funded by EU 7th Framework Programme and Cosmetics Europe. The 
COSMOS (Integrated In Silico Models for the Prediction of Human Repeated Dose Toxicity of 
COSMetics to Optimise Safety) project was initiated as one of the seven consortia of the cluster, with 
the purpose of facilitating the prediction of human repeated dose toxicity associated with exposure 
to cosmetics-related compounds through in silico approaches.  

A critical objective of COSMOS was to address the paucity of publicly available data for 
cosmetics ingredients and related chemicals. Therefore a database was established containing (i) an 
inventory of cosmetics ingredients and related structures; (ii) skin permeability/absorption data 
(route of exposure relevant to cosmetics); and (iii) repeated dose toxicity data. This thesis describes 
the ǇǊƻŎŜǎǎ ƻŦ άƪƴƻǿƭŜŘƎŜ ŘƛǎŎƻǾŜǊȅ ŦǊƻƳ ǘƘŜ Řŀǘŀέ, including collation of the content of the 
COSMOS database and its subsequent application for developing tools to support the prediction of 
repeated dose toxicity of cosmetics and related compounds. 

A rigorous strategy of curation and quality control of chemical records was applied in 
developing the database (as documented in the Standard Operating Procedure, chapter 2). The 
chemical space of the cosmetics-related compounds was compared to food-related compounds from 
the U.S. FDA CFSAN PAFA database using the novel approach combining the analysis of structural 
features (ToxPrint chemotypes) and physicochemical properties. The cosmetics- and food- specific 
structural classes related to particular use functions and manifested by distinct physicochemical 
properties were identified (chapter 3). 

The novel COSMOS Skin Permeability Database containing in vivo and in vitro skin 
permeability/absorption data was developed by integrating existing databases and enriching them 
with new data for cosmetics harvested from regulatory documents and scientific literature (chapter 
4). Compounds with available data on human in vitro maximal flux (JMAX) were subsequently 
extracted from the developed database and analysed in terms of their structural features (ToxPrint 
chemotypes) and physicochemical properties. The profile of compounds exhibiting low or high skin 
permeability potential was determined. The results of this analysis can support rapid screening and 
classification of the compounds without experimental data (chapter 5). 

The new COSMOS oral repeated dose toxicity database was established through 
consolidation of existing data sources and harvesting new regulatory documents and scientific 
literature. The unique data structure of the COSMOS oRepeatToxDB allows capturing all toxicological 
effects observed at particular dose levels and sites, which are hierarchically differentiated as organs, 
tissues, and cells (chapter 6). Such design of this database enabled the development of liver toxicity 
ontology, followed by mechanistic mining of in vivo data (chapter 7). As a result, compounds 
associated with liver steatosis, steatohepatitis and fibrosis phenotypic effects were identified and 
further analysed. The probable mechanistic reasoning for toxicity (Peroxisome Proliferator-Activated 
Receptor gamma (PPAR) activation) was formulated for two hepatotoxicants, namely 1,3-bis-(2,4-
diaminophenoxy)-propane and piperonyl butoxide. 

Key outcomes of this thesis include an extensive curated database, Standard Operating 
Procedures, skin permeability potential classification rules, and the set of structural features 
associated with liver steatosis. Such knowledge is particularly important in the light of the 21st 
Century Toxicology (NRC, 2007) and the ongoing need to move away from animal toxicity testing to 
non-testing alternatives.  
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Chapter 1 

Introduction 

1.1. The EU COSMOS project as a response to the current European Cosmetics Regulation 

Since the beginning of time, humans have applied various substances to the skin for 

multiple reasons: medicinal, religious, and to enhance beauty. Nowadays, the term 

άcosmeticsέ refers to a range of everyday hygiene and luxury products. According to the 

official definition of the European Union (EU), a cosmetic is άŀƴȅ ǎǳōǎǘŀƴŎŜ ƻǊ ǇǊŜǇŀǊŀǘƛƻƴ 

intended to ōŜ ǇƭŀŎŜŘ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǾŀǊƛƻǳǎ ŜȄǘŜǊƴŀƭ ǇŀǊǘǎ ƻŦ ǘƘŜ ƘǳƳŀƴ ōƻŘȅ όΧύ ƻǊ 

with the teeth and the mucous membranes of the oral cavity with a view exclusively or 

mainly to cleaning them, perfuming them, changing their appearance and/or correcting 

body odƻǳǊǎ ŀƴŘκƻǊ ǇǊƻǘŜŎǘƛƴƎ ǘƘŜƳ ƻǊ ƪŜŜǇƛƴƎ ǘƘŜƳ ƛƴ ƎƻƻŘ ŎƻƴŘƛǘƛƻƴέΦ ¢ƘŜ term 

άcosmetic ǇǊƻŘǳŎǘέ refers to any cosmetic or mixture of cosmetics, as defined above. The 

final formulation of the cosmetic product, which is placed on the market and made available 

to the consumer, is named ǘƘŜ άŦinished cosmetic productέ (EC, 2003).  

Cosmetics and cosmetic products are regulated at the EU level. The Cosmetics 

Regulation (which replaced the Cosmetics Directive as of 11 July 2013) established two bans 

on animal testing for cosmetics purposes, namely: the testing ban (referring to the testing of 

the finished cosmetic products and cosmetic ingredients on animals, completed as of 11 

March 2009), and the marketing ban (related to the marketing in the EU of the finished 

cosmetic products and ingredients which have been tested on animals, completed as of 11 

March 2013) (EC, 2003; EC, 2009). The ban on testing does not assume that all cosmetics 

ingredients are safe, but that non-testing procedures (in vitro and in silico) may have to be 

applied to assess their safety.  

An EU cluster of seven projects, brought together under a Research Cluster entitled 

ά{ŀŦŜǘȅ 9Ǿŀƭǳŀǘƛƻƴ ¦ƭǘƛƳŀǘŜƭȅ wŜǇƭŀŎƛƴƎ !ƴƛƳŀƭ ¢ŜǎǘƛƴƎέ (SEURAT-1), was formed as a direct 

response to this legislation, with the vision of the replacement of traditional animal-based 

experiments with predictive toxicology tools. Starting in January 2011, the five-year project 

άLƴǘŜƎǊŀǘŜŘ In Silico Models for the Prediction of Human Repeated Dose Toxicity of 

/ƻǎƳŜǘƛŎǎ ǘƻ hǇǘƛƳƛǎŜ {ŀŦŜǘȅέ (COSMOS) was launched within the framework of SEURAT-1, 

as a collaboration between major international agencies (the European Commission (EC) 
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Joint Research Centre (JRC) and the U.S. Food and Drug Administration (FDA)), and a range 

of partners from industry and academia (including Altamira LLC, Columbus, OH, USA; 

Bulgarian Academy of Science (BAS), Sofia, Bulgaria; Molecular Networks GmbH, 

Nüremberg, Germany; Soluzioni Informatiche (S-IN), Vicenza, Italy), and was coordinated by 

Prof. M. Cronin from Liverpool John Moores University (LJMU, Liverpool, UK). The COSMOS 

project was funded jointly by the EC 7th Framework Programme and Cosmetics Europe (the 

ƛƴŘǳǎǘǊȅΩǎ ǘǊŀŘŜ ŀǎǎƻŎƛŀǘƛƻƴ ŦƻǊ ŎƻǎƳŜǘƛŎǎΣ ǘƻƛƭŜǘǊƛŜǎ ŀƴŘ perfumes, formerly Colipa), and 

was completed as of December 2015. 

The main focus of the COSMOS project was the development of innovative non-

testing (computational) tools and their subsequent integration into publicly available, 

transparent workflows to facilitate the complex process of predicting human repeated dose 

toxicity associated with exposure to cosmetics and related compounds. At that time, and 

still today, the SEURAT-1 cluster was the largest EU initiative undertaken to develop 

alternatives to animal-based toxicity testing for the safety assessment of chemicals. The 

current PhD program, conducted within the frame of the COSMOS project, supported these 

general efforts. 

1.2. Computational alternatives to animal-based toxicity testing 

In the field of predictive toxicology a range of diverse computational methods is 

applied in order to identify, characterise, and evaluate the hazards and risks posed by 

chemicals to human health and the environment (Yang et al., 2008; Yang et al., 2009; Hardy 

et al., 2012). These methods can be divided into two general categories, namely: prediction 

systems (statistical or knowledgebase expert ones) and data mining (Matthews & Contrera, 

1998; Johnson et al., 2001; Greene, 2002; Benigni & Zito, 2004; Helma et al., 2004; Yang et 

al., 2006). The general principles of the methods relevant to the current thesis are 

introduced in the present section1. 

Generally, prediction systems are based on the premise that the physicochemical 

properties and biological activities of a chemical depend on its intrinsic nature and can be 

                                                       
1 The provided description of the computational methods has been limited to those related to the research 
conducted within the current PhD program and does not cover all approaches utilised in the COSMOS project 
(e.g. Threshold of Toxicological Concerns, Physiologically Based Pharmacokinetic Modelling, etc.)  
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predicted directly from molecular structure or inferred from similar compounds whose 

properties and activities are known (Mostrag-Szlichtyng et al., 2010; Worth & Mostrag-

Szlichtyng, 2010). These methods include a range of approaches, such as Structure-Activity 

Relationships (SARs), Quantitative Structure-Activity Relationships (QSARs), or chemical 

grouping and read-across. 

The SAR-based approaches refer to the qualitative identification of the relationship 

between molecular structure (or a fragment thereof, i.e. an atom, or group of adjacently 

connected atoms in a molecule) and the presence of a particular biological activity, which 

may subsequently lead to the determination of structural alerts. SAR can also refer to the 

determination of the combination of steric and electronic features of the chemical 

compound considered necessary to ensure its intermolecular interaction with a specific 

biological target molecule, which results in the manifestation of a particular biological 

effect. In this case, SAR may be referred to as a άо-dimensional (3D) SARέ or 

άpharmacophoreέ (Worth & Mostrag-Szlichtyng, 2010). 

QSAR-based methods express the relationship quantitatively (frequently in a form of 

a regression model) between a biological activity (which may be categorical or continuous) 

and one or more molecular descriptor(s), which describe chemical structure in numerical 

terms and serve as biological endpoint predictors (Worth & Mostrag-Szlichtyng, 2010; 

Todeschini & Consonni, 2009). The principles of the validation of QSAR models were 

published by the Organisation for Economic Co-operation and Development (OECD) (OECD, 

2005). Guidance on the regulatory application of QSARs were published by the OECD and 

European Chemicals Agency (ECHA) providing a framework for using the data derived from 

the models as opposed to those derived experimentally (OECD, 2007a; ECHA, 2008).  

It has to be highlighted that, traditionally, a range of statistically-based QSAR models 

were developed to describe the chemical information for the compounds investigated by 

employing a range of molecular descriptors representing relevant structural features. 

However, QSAR methods limit the information relating to the associated complex biology by 

collapsing it into a single value representing the predicted endpoint which, very often, 

imprecisely defines, or covers several different, mechanisms of action. As a consequence, 

the association between chemistry and biology, being the basis of the predictive toxicology, 

remains unclear and makes the resulting predictions difficult to interpret. 



Chapter 1 

4 
 

In order to overcome the limitations of traditional, chemistry-oriented QSAR 

modelling, identification of groups of chemicals with similar or related biological modes of 

action (MoA) can be performed, e.g. through chemical grouping/read-across, or systematic 

data-mining of the available biological data (both approaches have been discussed below). 

QSAR modelling within MoA-based categories of compounds (MoA QSAR) allows the linkage 

of the biological attributes underlying toxicity pathways with chemical structure 

frameworks, and addresses, in part at least, the limitations of statistical models. 

 In order to support the results of QSAR analysis, or to generate estimated data in 

the absence of suitable models, the chemical grouping and read-across approaches can be 

used. Guidance documents on the application of this method have been published by the 

OECD (OECD, 2007bύ ŀƴŘ 9/I! ό9/I!Σ нллуΤ 9/I!Σ нлмлύΦ ¢ƘŜ ǘŜǊƳ άǊŜŀŘ-ŀŎǊƻǎǎέ ǊŜŦŜǊǎ ǘƻ 

ǘƘŜ ǳǎŜ ƻŦ ŜƴŘǇƻƛƴǘ ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ όάǎƻǳǊŎŜέύ chemical(s) to make a prediction of the same 

ŜƴŘǇƻƛƴǘ ŦƻǊ ŀƴƻǘƘŜǊ όάǘŀǊƎŜǘέύ ŎƘŜƳƛŎŀƭ, for which no, or inadequate, data may exist. With 

respect to the essential concept underlying predictive toxicology, i.e. that similar 

compounds (analogues) are expected to yield similar biological activity (Johnson & 

Maggiora, 1990), the source and target chemicals have to be considered similar according to 

(a set of) relevant characteristic(s) (e.g. structural, mechanistic, metabolic). Depending on 

the general data availability for a given endpoint, it may be possible that only a few suitable 

analogues can be identified, or, conversely, that a larger group of compounds can be found 

ŀƴŘ ǳǎŜŘ ŦƻǊ ŀ άŎƘŜƳƛŎŀƭ ŎŀǘŜƎƻǊȅέ formation. The physicochemical properties and 

biological activities of the chemical category constituents are likely to be similar or follow a 

regular pattern as a result of relevant similarity characteristics and a common underlying 

mechanism or mode-of-action. In general, the application of read-across between analogues 

in a mechanistically supported, MoA-based chemical category is considered to be more 

reliable than the application of read-across in a smaller group of structural analogues based 

on a homologous series (Worth & Mostrag-Szlichtyng, 2010).  

MoA-based predictive toxicology supports, and is supported by, the general Adverse 

Outcome Pathway (AOP) framework (OECD, 2013). AOPs are a predictive paradigm based on 

the upstream sequence of biological events that are determinants of the apical adverse 

outcome. An AOP typically starts from the Molecular Initiating Event (MIE), which triggers 

the progression of the pathway towards the higher level responses (Key Events, KEs), and 



Chapter 1 

5 
 

leads to the perturbations observed at the whole organism level. The MoA/AOP approach is 

increasingly applied to understand adverse health effects caused by repeated exposure to 

chemicals. The MIE delivers mechanistic information on chemical-biological interactions at 

the molecular level that can be further associated with structural and physicochemical 

characteristics of the chemical compound (Ankley et al., 2010). 

The successful application of meaningful MoA-based tools, including chemical 

grouping, read-across, and QSAR models, is related to (and heavily relies on) systematic 

data-mining of the available biological data. 5ŀǘŀ ƳƛƴƛƴƎ όŀƭǎƻ ǘŜǊƳŜŘ άŘŀǘŀκǇŀǘǘŜǊƴ 

ŀƴŀƭȅǎƛǎέΣ άŘŀǘŀ ŀǊŎƘŀŜƻƭƻƎȅέ ƻǊ άŘŀǘŀ ŘǊŜŘƎƛƴƎέύ Ŏŀƴ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ǇǊƻŎŜǎǎ ƻŦ 

discovering patterns and retrieving knowledge from massive amounts of raw data, or 

άƪƴƻǿƭŜŘƎŜ ŘƛǎŎƻǾŜǊȅ ŦǊƻƳ Řŀǘŀέ όY55ύΦ ¢Ƙƛǎ ƛƴǘŜǊŘƛǎciplinary process is situated at the 

crossroads of database technology, statistics, and artificial intelligence and is an iterative 

sequence of the following steps (Bramer, 2007; Han et al., 2012): 

¶ Data preprocessing ς preparation of the raw data for the actual data mining, 

involving: 

o Data cleaning ς identification and removal of inconsistent data, 

o Data integration ς merging multiple data sources, 

o Data selection ς retrieval of the data relevant to the scientific question in hand, 

o Data transformation ς data aggregation and summarisation; 

¶ Data patterns discovery ς actual data mining involving application of artificial 

intelligence techniques to uncover and extract hidden patterns in the data; 

¶ Data patterns evaluation ς identification of the patterns truly relevant to the 

investigated issue; 

¶ Presentation of the knowledge developed by utilising visualisation and knowledge 

representation techniques. 

Data mining allows for the identification of the concealed relationships and patterns 

in the data. Thus, it can be utilised as a predictive technique facilitating the objectives of 

computational toxicology (Yang et al., 2006).  



Chapter 1 

6 
 

The usefulness of QSAR- and predictive data mining- based tools to support 

regulatory safety assessments has been evaluated and demonstrated over the past decade 

(Yang et al., 2006; Yang et al., 2008; Benz, 2007; Mayer et al., 2008). Regardless of the 

method applied (i.e. predictive system or data mining), any computational technique relies 

to a great extent on the size, quality and availability of the biological data (Yang et al., 2006; 

Yang et al., 2009). 

1.3. The role of a database in reaching the goals of predictive toxicology 

In general, tƘŜ ǘŜǊƳ άŘŀǘŀōŀǎŜέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ interrelated data. 

Together with a set of software programs for data access, management, organisation 

(defining the logical structure of the data, i.e. the data model), and update, it forms a 

database management system (DBMS) (Han et al., 2012). With respect to the database 

design, the commonly used data model is a relational model invented by Edgar F. Codd 

(Codd, 1970). The relational database can be defined as a collection of uniquely named, 

interrelated tables (relations), consisting of a set of attributes (columns, fields) and storing a 

set of tuples (rows, records). Each record (described by a set of field values) represents a 

database object identified by a unique key. Frequently, for relational databases semantic 

data models are also developed, e.g. the entity-relationship (ER) data model representing 

the database as a set of entities and their relationships (Chen, 2002; Han et al., 2012). The 

data in the relational database can be accessed via the database queries. 

From a predictive toxicology standpoint, a database with a relational structure, 

capable of storing chemical structures and toxicity information which can be searched and 

retrieved, is a fundamental form of data for mining applications, computational model 

development, and read-across of diverse sources and endpoints. Connecting biological 

effects and chemicals involved in toxicity pathways can be performed exclusively after 

systematic data mining. This requires a database to be equipped with specifically designed 

ontologies and controlled vocabularies. 

The term ontology refers to the explicit formal representation of a set of concepts 

and their relationships within particular domain, linking facts to the related terms in a causal 

order (Sowa, 1999; Noy & McGuiness, 2001). The iterative process of ontology development 

involves (and leads to) formulating and extending the domain knowledge by interactive 
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integration of knowledge from diverse domains. It requires (and allows for) abstracting and 

generalising information, extracting and formulating rules, and identifying associations with 

fundamental principles. An example of a successful mature ontology covering the cell 

biology area is the Gene Ontology (GO), widely used in biological databases, annotation 

projects, computational analyses for annotating newly sequenced genomes, text mining and 

modelling (Hardy et al., 2012).  

A mature chemical-toxicological ontology is necessary for the KDD process in 

predictive toxicology. The toxic effects and underlying mechanisms can be identified 

through precisely categorised terms, which provide the rationale and the basis for further 

toxicity prediction (by chemical grouping and MoA QSAR modelling, for instance). Chemical-

toxicological ontology supports existing knowledge applications (by sharing the common 

understanding of the information in the scientific community) and extensions (by providing 

a well-structured framework).  

A chemical-toxicological database meeting the outlined requirements is a pre-

requisite to achieve any of the objectives of predictive toxicology in terms of modelling, 

knowledge creation and data management (Yang et al., 2006; Yang et al., 2008; Yang et al., 

2009; Han et al., 2012; Hardy et al., 2012).  

1.4. COSMOS database 

One of the most critical considerations in reaching the objectives of the COSMOS 

project was the paucity of publicly available data for cosmetics and related chemicals. As 

such, the construction of a new, high quality chemical-toxicological database with a 

cosmetics-oriented domain was crucial.  

The majority of publicly available repeated-dose toxicity data refer to the oral route 

of exposure and thus do not include cosmetics (and rarely cover cosmetics-related 

compounds), which are usually applied topically. However, since the scientific community 

has sufficient understanding of oral absorption and skin permeability processes, an 

approach using extrapolation (referred to as άƻǊŀƭ-to-ŘŜǊƳŀƭ ŜȄǘǊŀǇƻƭŀǘƛƻƴέ) utilising this 

knowledge and oral repeated-dose toxicity data has been applied to realise the goals of the 

COSMOS project. There is an identifiable need to expand knowledge to cosmetics 
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ingredients and related substances. The content requirements for constructing the COSMOS 

database can therefore be summarised as follows2:  

¶ An inventory of cosmetics and cosmetics-related compounds populated with high 

quality chemical structures and available regulatory information, such as daily intake 

estimates or regulation history; 

¶ Skin permeability/absorption data for cosmetics and related compounds; 

¶ Oral repeated dose toxicity data for cosmetics and related compounds. 

The process of collating the required COSMOS database content, as well as the 

strategy of dealing with the difficulties and challenges associated with particular information 

types, are presented in the current thesis. 

In order to serve as a foundation to develop computational tools to predict the 

repeated dose toxicity of cosmetics and related chemicals, the COSMOS database had to 

accommodate various types of biological data. The data model, capable of handling such a 

diverse information types, has been inherited from the risk assessment database of the 

Chemical Evaluation and Risk Estimation (CERES) project at the United States Food and Drug 

Administration (U.S. FDA) Center for Food Safety and Applied Nutrition (CFSAN). The CERES 

database houses the internal regulatory information of the CFSAN, as well as other toxicity 

databases, including the chemical records and toxicity data from the legacy U.S. FDA 

Priority-based Assessment of Food Additives (PAFA) database (Benz & Irausquin, 1991). The 

COSMOS and CERES databases share the same data model, technology, software programs, 

and a very similar user interface.  

The COSMOS database data model consists of two interconnected data domains 

(Figure 1.1): a chemical domain and a biological domain. A very high-level overview of the 

main entities is provided in this section.  

The central entity of the COSMOS ŘŀǘŀōŀǎŜ ŎƘŜƳƛŎŀƭ ŘƻƳŀƛƴ ƛǎ ά/ƻƳǇƻǳƴŘέΣ 

meaning that all other entities stored in this part of the database are Compound-related. An 

entity άCompoundέ (a chemical compound or substance) is identified by a unique system 

identifier, CMS ID, and represents a chemical composition which may consist of one or more 

                                                       
2 The outlined data needs are limited to the data relevant for the presented PhD program, and do not 
exhaustively coverthe requirements of the entire COSMOS project 
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molecules, i.e. άSǘǊǳŎǘǳǊŜέ ŜƴǘƛǘƛŜǎΣ ǊŜŦŜǊǊƛƴƎ ǘƻ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ǎǘǊǳŎǘǳǊŜǎΦ Compound may 

thus be formed of multiple Structure entities, and, at the same time, a single Structure may 

appear in multiple Compounds (many-to-many relationship). Depending on its chemical 

composition, Compound may not be related to any Structure (this is discussed more in-

depth in chapter 2). Regardless of the association of the Compound with Structure entities, 

multiple Compound-related information items can be stored in the COSMOS database, 

including Names, Identifiers, Use Functions, along with attributes further defining their 

source, type, etc. 

The toxicological part of the data model reflects the diverse and heterogeneous 

layout of the COSMOS database content. At the very higƘ ƭŜǾŜƭ ƛǘ ŘŜŦƛƴŜǎ ǘƘŜ Ŝƴǘƛǘȅ ά{ǘǳŘȅέΣ 

corresponding to a toxicological study, which may consist of a ǾŀǊƛƻǳǎ ƴǳƳōŜǊ ƻŦ ά¢Ŝǎǘέ 

ƛƴǎǘŀƴŎŜǎΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ǎŜǊƛŜǎ ƻŦ ŜȄǇŜǊƛƳŜƴǘǎ ŀǇǇƭƛŜŘ ǘƻ ŀ άTest SȅǎǘŜƳέ όǿƘƛŎƘ ƳƛƎƘǘ ōŜ ŀ 

series of animals, tissues, etc.). The Test System instances reflect all the peculiarities of the 

recorded Tests. Each Test entity references a Test Result, reporting the outcomes of the 

relevant toxicity experimental series. Finally, a Study references its own Study Result, 

aggregating the Test Results. The Study Result is a final outcome of the toxicity endpoint, 

which is based on all Test outcomes within a study. Such fine data granularity allows for the 

storage of the information regarding each single experimental series and observed 

toxicological effects on the one hand, and the summarised, higher-level information (final 

Study conclusion, e.g. compiled by the human expert) on the other. It also supports the 

development of the ontology sets facilitating the mechanistic data mining of the COSMOS 

database (which is discussed more in-depth in chapters 6 and 7). 

 

Figure 1 .1 
Simplified schematic diagram of the COSMOS database data model 
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The first version of the COSMOS database (COSMOS DB v1.0) was made publicly 

available in December 2013 and its dump is currently downloadable from 

http://cosmosspace.cosmostox.eu. The final version of the COSMOS database (COSMOS DB 

v2.0) was released in April 2016 and can be accessed at: 

https://cosmosdb.eu/cosmosdb.v2/.  

1.5. The present PhD program and its association with the COSMOS project 

The main aim of the present PhD program, conducted in conjunction with the 

COSMOS project, was the collation of the content, in terms of chemical structures, skin 

permeability and toxicological data, within a relational chemical-toxicological database, 

and its subsequent application for the development of knowledge to support the 

prediction of repeated dose toxicity of cosmetics and related compounds.  

This multi-faceted goal has been broken down into the following objectives, realised 

in collaboration with other COSMOS partners (please refer to Annex 1 for the detailed 

contribution of the author of present thesis), and discussed in depth in the subsequent 

chapters of the thesis:  

Objective 1: The quality control of the COSMOS database chemical domain, with 

particular emphasis on cosmetics ingredients and related compounds 

This objective (discussed in chapter 2) has been realised through: 

¶ Development of the sets of controlled vocabularies for chemical compounds and 

structures annotations, with a specific goal to address the problematic issues related to 

the representation and identification of cosmetics related substances. It was a dynamic 

process associated with curation of part of the COSMOS database chemical domain (U.S. 

EPA DSSTox inventory); 

¶ Preparation of the Standard Operating Procedure (SOP) for conducting the Quality 

Control/Quality Assurance (QC/QA) process of the COSMOS database chemical domain; 

¶ Conducting the QC/QA process. 

Objective 2: Characterising the chemical space occupied by cosmetics ingredients 

and related chemicals 

This objective (discussed in chapter 3) was realised through: 
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¶ Performing structural features (ToxPrint chemotypes) and physicochemical 

properties space analysis of the COSMOS Cosmetics Inventory profiled for the most 

abundant use functions within cosmetics domain; 

¶ Comparing the chemical space occupied by the cosmetics-related compounds with 

the food-related compounds from the U.S. FDA CFSAN PAFA database. 

Objective 3: The development of a high quality COSMOS Skin Permeability 

Database enriched with cosmetics ingredients and related compounds 

This objective (discussed in chapter 4) was realised through: 

¶ Curation and integration of existing skin permeability/absorption data sources, 

namely the EDETOX and University of Kent databases; 

¶ Development of the SOP for harvesting new data; 

¶ Harvesting new skin permeability data for cosmetics ingredients and related 

compounds from the regulatory and literature sources according to the SOP developed; 

¶ Integration of the newly harvested data with the EDETOX and University of Kent 

content; 

¶ Preparation of a data entry tool for QC of the COSMOS Skin Permeability Database. 

Objective 4: Classification of skin permeability potential following dermal exposure 

to chemicals to support the safety assessment of cosmetics related chemicals 

This objective (discussed in chapter 5) was realised through: 

¶ Data mining of the Skin Permeability Database that was constructed, leading to the 

collation of the set of compounds with available experimental data on maximal flux (JMAX); 

¶ Structural (with ToxPrint chemotypes) profiling of the collated dataset combined 

with the analysis of the physicochemical properties of its compounds; 

¶  Determination of a set of rules classifying a chemical compound into the category of 

low or high skin permeability potential. 

 Objective 5: Construction of a high quality database for oral repeated dose toxicity 

with dose/concentration level information for cosmetics and related compounds 

This objective (discussed in chapter 6) was realised through: 
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¶ Harvesting new oral repeated dose toxicity data for cosmetics and related 

compounds from regulatory and literature sources according to the predefined SOP; 

¶ Conducting the QC/QA process on the resultant COSMOS oRepeatToxDB that was 

constructed. 

Objective 6: Mechanistic (ontology-based) liver toxicity data mining of the 

COSMOS oRepeatToxDB on the basis of the ontology developed from the collated data 

This objective (discussed in chapter 7) was realised through: 

¶ Validation of a liver toxicity ontology developed on the basis of the data collated 

when the COSMOS oRepeatToxDB was constructed; 

¶ Ontology-based liver toxicity (steatosis) data mining of the COSMOS oRepeatToxDB; 

¶ Structural (ToxPrint chemotype) analysis of the sets of chemical compounds 

obtained and identification of the structural fragments associated with the investigated 

endpoint; 

¶ Formulation of the mechanistic reasoning for the toxicity of selected compounds on 

the basis of an evaluation of the published literature and the results of molecular 

modelling analysis (supplied by the collaborating COSMOS project partners from BAS). 

As the current PhD program was undertaken within the auspices of the COSMOS 

project, it supported the general objectives of the Project to develop alternative (non-

testing) tools to facilitate the safety assessment of cosmetics ingredients and related 

chemicals within the European Union. The outcomes of the current PhD program provide a 

solid foundation for further knowledge discovery. 
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Chapter 2 

Quality Control of the COSMOS Database Chemical Domain 

2.1. Background 

2.1.1. General aspects of the quality of chemical information and structures 

The COSMOS database is a chemo-centric system integrating data from various 

sources into a unified data model (please refer to chapter 1.4). For the development of a 

chemistry-aware database, the correct, unambiguous representation of chemical 

compounds encoded in a way enabling convenient storing, searching and integrating with 

other systems, is of major significance. The power of any cheminformatics tool depends 

greatly on the accuracy of the representation of molecular structures and related data, so 

that they can be understood by both human scientists and machines. The importance of the 

accurate identification of chemical structures for in silico modeling has been also recognised 

(Young et al., 2008; Fourches et al., 2010). It has been demonstrated that QSAR models 

developed with incorrect structures, or with the structures incorrectly handled by the 

computational tools, yield significantly poorer predictive accuracies when compared to the 

models developed on the basis of training sets with high quality structures. 

 Currently, several approaches aiming to address chemical identification and 

representation issues are utilised in the chemoinformatics field. Their advantages and 

limitations are discussed below. 

2.1.1.1. Chemical nomenclature 

Chemical nomenclature refers to the set of formalised rules consistently applied to 

generate the names of chemical compounds within a particular convention, e.g. 

International Union of Pure and Applied Chemistry (IUPAC) names (IUPAC, 2016), or 

International Nomenclature of Cosmetic Ingredients (INCI) names (CIRS, 2016). In principle, 

chemical nomenclature should ensure unambiguous identification of a chemical compound, 

meaning that one chemical name should refer to a single substance. In practice, however, 

applying the nomenclature-imposed rules usually leads to very complex names, which 

cannot be commonly recognised or used to infer structural information without expertise. 

Thus, a variety of other names (trivial, trade, etc.) commonly recognised by the scientific 



Chapter 2 

14 
 

community is widely used. As they do not conform to any formal rules or system, they 

cannot directly serve as unambiguous identifiers of chemical compounds (Brecher, 1999; 

Fourches et al., 2010).  

2.1.1.2. Chemical identification codes 

 Chemical identification codes are source-specific identifiers (e.g. digital), without 

any chemical significance per se, which may be utilised at a very local scale (e.g. within the 

laboratory or a corporate database to identify the compounds tested), or may be recognised 

more broadly. An example of internationally used compound identification numbers (albeit 

proprietary in their nature) are Registry Numbers (RNs), assigned by American Chemical 

Society (ACS) Chemical Abstract Services (CAS) (CAS, 2016). CAS RNs are intended to be 

unique numeric identifiers designating only one specific chemical substance and linking 

information to it (e.g. references, names, structures). They constitute from up to ten digits, 

divided by hyphens into three parts. The right-Ƴƻǎǘ ŘƛƎƛǘ ƛǎ ŀ άŎƘŜŎƪ ŘƛƎƛǘέ used to confirm 

the legitimacy and uniqueness of the entire identifier. CAS RNs are not related to any 

system of chemical nomenclature, and, as such, can provide a common link between various 

nomenclatures used to describe substances. However, it should be noted that a single 

chemical compound can be associated with multiple CAS RNs, as several types of CAS RNs 

are currently in use. They include alternate, deleted, and generic RNs. An Alternate Registry 

Number refers to the second RN generated for a less preferred structural representation of 

a substance. A deleted Registry Number is a RN once assigned to a substance, but later 

changed to another RN. Such cases may refer to the compounds that once appeared in the 

literature with a trade name, but without associated structural information, and which are 

later associated with a substance that has been already registered (Stanford University 

Libraries, 2016). A generic Registry Number is a RN representing the whole class of 

compounds (e.g. /!{ wb ά1330-20-7έ ŦƻǊ άȄyleneέ) rather than pointing to the individual 

structure (e.g. 1,2-xylene ό/!{ wb ά95-47-6έύ, or 1,3-xylene ό/!{ wb ά108-38-3έύ.  

2.1.1.3. Line notations 

Line notations refer to the representation of chemical structures as linear strings of 

characters. The simplest example of a line notation would be the empirical molecular 

formula.  
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The most commonly used line notation system, the Simplified Molecular Line Input 

Entry System (SMILES) (Weininger, 1988), is based on a set of rules for converting the 

chemical structures into SMILES strings, which are accepted as an input format by the 

majority of chemistry software tools. The conversion process is fully automated. Both, 

stereochemistry and double bond geometry of molecular structures can be correctly 

handled by SMILES, however there are many errors involved in this format, due to the 

reality that some tools do not process SMILES correctly, or that many users are not 

sufficiently experienced to use them correctly. The other drawback of the SMILES 

representation is that multiple strings can be written for a single chemical. This limitation 

can be addressed by applying an algorithm for canonical atoms numbering, however it is 

successful only when used consistently as a single algorithm. In reality, different software 

tools utilise different canonical numbering algorithms, thus, the SMILES strings generated by 

them cannot be considered unique. 

Another line notation system is the IUPAC International Chemical Identifier (InChI) 

codes, developed to provide a standardised format for a formalised version of IUPAC names, 

which could be interpreted by humans and conveniently used for searching the chemical 

databases. In order to represent a chemical compound, an InChI code contains layers of 

information on the atoms, bonds, connectivity, tautomeric forms, isotopes, stereochemistry 

and charge (as appropriate to individual chemicals). InChI codes provide truly unique string 

identifiers of chemicals. However, interpretation of InChI codes by human scientists requires 

a lot of expertise, and InChI codes are currently not accepted by the majority of software 

tools. InChIKeys are a version of InChI codes hashed into keys, i.e. strings of characters, in 

order to further support the storage and searching in large chemical databases. InChIKeys 

comprise of 27 characters, and are not interpretable by humans (Heller et al., 2013). For 

InChIKeys, there is a theoretical (albeit statistically unlikely) possibility of duplicates. 

2.1.1.4. Coding constitutions 

Coding constitutions represent the constitutions of chemical structures explicitly. 

The atom-bond connection table (CTAB) is one of the forms of chemical structure 

representation, describing the structural relationships and properties of a collection of 

atoms. Molecular structure is presented as a topological graph with nodes representing the 

atoms linked by edges representing bonds. The atoms in the CTAB may be wholly or partially 
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connected by bonds. The atom block of the CTAB specifies the atom coordinates (2- or 3-

dimensional), atomic symbols, any mass difference (from mass in periodic table), charge 

(including radical state), stereochemistry and associated hydrogens. The bond block 

specifies the two atoms connected by the bond, the bond type (single, double, triple, 

aromatic), any bond stereochemistry and topology (chain or ring properties). The 

connection table is a fundamental part of the Molecular Design Limited (MDL) file format for 

the representation and communication of chemical information, including the Molecule 

(MOL) and Structure-Data (SD) files (MDL, 2005).  

Chemical Mark-up Language (CML) provides a general means to represent chemical 

compounds using the Extensible Mark-up Language (XML) schema, allowing for the storage 

of the annotations and properties for the chemical compound (CMLC, 2016). 

Of the various representation methods, the SD file is one of the most accurate and 

reliable for storing tautomer and stereochemistry information. In addition, the 3D chemical 

structures required to specify certain preferred conformations can be represented only by 

the xyz-coordinates in the connection table of the SD file or in CML atom blocks. 

2.1.2. Compilation of the COSMOS database chemical domain 

As described in section 1.4, the COSMOS database includes two interconnected 

ǇŀǊǘǎΥ ŀ ά/ƻƳǇƻǳƴŘέ-centred part, referred to ƘŜǊŜƛƴ ŀǎ άŎƘŜƳƛŎŀƭ ŘƻƳŀƛƴέ, ŀƴŘ ά{ǘǳŘȅέ-

centred biological/toxicological part. The chemical domain of the COSMOS database can be 

therefore regarded as a collection of compounds (CMS IDs) with specific attributes: registry 

numbers, names, structures (and their attributes) and use functions. 

2.1.2.1.  Chemical structure sources in COSMOS database 

The chemistry part of the COSMOS database has been built through integration of 

several inventories of compounds (Table 2.1), donated for the COSMOS project by the U.S. 

FDA CFSAN CERES, the U.S. EPA DSSTox (ca. 12,000 records), and businesses related to the 

COSMOS project (e.g. Procter and Gamble contributed ca. 25,000 structures as a result of its 

membership of the Scientific Advisory Board). Multiple structures have been also retrieved 

manually by COSMOS consortium partners. At the time of data integration, each available 

connection table was asǎƛƎƴŜŘ ŀ άǉǳŀƭƛǘȅ ǎŎƻǊŜέ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ƛǘǎ ƻǊƛƎƛƴΦ ¢ƘŜ ǾŀƭǳŜǎ ƻŦ ǘƘŜ 

quality scores ranged from 100 (for the highest quality structures from respectable, curated 
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sources, e.g. the U.S. FDA CFSAN) to 5 (for the structures retrieved from publicly available, 

non-curated sources, e.g. the internet). The CAS structures donated from the U.S. FDA 

/C{!b /9w9{ ƘŀǾŜ ōŜŜƴ ŎƻƴǎƛŘŜǊŜŘ ŀ άƎƻƭŘ ǎǘŀƴŘŀǊŘέΦ 

Table 2.1 
The source inventories of the COSMOS database chemical domain 

Inventory (Owner, Name, 
Reference) 

Inventory content 

The U.S. FDA CFSAN CERES, 
including the Priority-
Based Assessment of Food 
Additives Database (PAFA) 

(Benz & Irausquin, 1991) 

The U.S. FDA donation of about 70,000 public records from CERES, including 
the chemical part of the PAFA database.  

PAFA is a legacy database of regulatory-relevant chemical records, containing 
administrative, chemical and toxicological information on direct and indirect 
food additives, colour additives, and Generally Recognised As Safe (GRAS) and 
prior-sanctioned substances, as well as over 3,000 substances in an inventory 
called Everything Added to Food in the United States (EAFUS), being the list of 
ingredients added directly to food (FDA-approved as food additives), or listed 
or affirmed as GRAS.  

It is noteworthy that the PAFA Chemical Information includes historical data 
on: population exposure to chemicals, human consumption of the chemical, 
Acceptable Daily Intake (ADI) values set by the Joint FAO/WHO Expert 
/ƻƳƳƛǘǘŜŜ ƻƴ CƻƻŘ !ŘŘƛǘƛǾŜǎ όW9/C!ύΣ ŀƴŘ ŀ ά¢ŜŎƘƴƛŎŀƭ 9ŦŦŜŎǘέ descriptor to 
define chemical use categories. 

The U.S. EPA Distributed 
Structure-Searchable 
Toxicity Database (EPA 
DSSTox, 2016)  

Repository of publicly available chemical structures, accurately mapped to the 
associated bioassay and physicochemical property data. About 12,000 DSSTox 
structures were donated to the COSMOS project by the U.S. EPA. 

The U.S. EPA ToxCast 
Inventory (EPA ToxCast, 
2016) 

Toxicology in the 21st Century (Tox21) is a collaborative project among the 
U.S. EPA, NIH and FDA, aiming to develop enhanced methods for toxicity 
assessment. The Toxicity Forecaster (ToxCast) is one of the 9t!Ωǎ 
contributions to Tox21 and refers to the chemical screening results for over 
2,000 chemicals conducted in two research phases. The ToxCast inventory has 
been donated to the COSMOS project by the U.S. EPA. 

 

2.1.2.2. COSMOS Cosmetics Inventory 

A special emphasis was placed on cosmetics ingredients and cosmetics-related 

chemicals. The repository of them was compiled by merging the EC COSING database 

(COSING, 2016), and the U.S. PCPC list (Bailey, 2011) (Table 2.2) and is referred to as the 

άCOSMOS Cosmetics Inventoryέ, a fundamental part of the COSMOS database. 
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Table 2.2 
The source inventories of the COSMOS Cosmetics Inventory. The specified counts refer to the 
status of original, not curated inventories 

Inventory (Owner, 
Name, Reference) 

Inventory content 

The European 
Commission COSING 
Database  

Database of information on cosmetic substances and ingredients contained in the 
EC Cosmetics Regulation (EC, 2009), Cosmetics Directive (EC, 2003), and Inventory 
of Cosmetic Ingredients (EC, 2006), as well as covered by the opinions on cosmetic 
ingredients of the Scientific Committee for Consumer Safety, SCCS (SCCS, 2016).  

The COSING database was downloaded in April 2011 from the EC COSING database 
website. The inventory file included:  

o 19,391 COSING identifiers (REFNUMs), encoding the chemical compound 
together with its use functions (the single compound with multiple use 
functions has been represented by multiple REFNUMs) 

o 9,286 CAS RNs 

o 19,397 INCI names used in the EU 

The International Nomenclature of Cosmetic Ingredients (INCI) system was 
established in the early 1970s by the PCPC. The INCI names are assigned according 
to the defined standards by the PCPC and are used in the USA, the EU, China, 
Japan, and many other countries for listing ingredients on cosmetic product labels. 
With few exceptions, the INCI labeling names in all countries should remain the 
same. The current (as of April 2016) list of INCI names is maintained by the PCPC, 
and includes over 16,000 ingredients (CIRS, 2016). 

o 66 chemical use functions 

The extensive list of possible functions of ingredients used in cosmetic products 
and their definitions from the COSING database has been provided in Annex 1. 

The U.S. Personal Care 
Products Council 
(PCPC) List 

The U.S. PCPC inventory has been compiled from a book (Bailey, 2011) published 
from the PCPC containing a list of cosmetics ingredients available in U.S. market. 
The inventory contained:  

o 3,713 CAS RNs 

o 3,512 INCI names used in the U.S 

 

2.1.2.3. Curation needs and integration of the source inventories 

The integration of chemical inventories (Tables 2.1 and 2.2) required curating 

original records (and chemical structures), identifying and removing duplicate ones, and 

joining the inventories on the basis of the common identifier(s). Any of the chemical 

representation methods outlined in section 2.1.1 can potentially become a source of errors. 

With respect to the chemical structures, the errors may occur either due to the implicit 

limitations of line notations and coded constitutions, or due to their incorrect handling by 

the software tools, or humans lacking sufficient expertise.  
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For the COSMOS database, a range of additional quality-related issues had to be 

considered. The Cosmetics Inventory largely comprises botanical extracts, oils, mixtures, 

dyes, etc., which translate chemically into macromolecules (polymers, peptides), inorganic 

compounds, coordination and transition metal complexes, etc. Such compounds frequently 

require the Markush type of representation, which is not handled well by currently available 

cheminformatics tools. Particularly challenging (if not impossible) is assigning structures to 

Unknown or Variable Compositions, Complex Reaction Products and Biological Materials 

(UVCB) (EPA, 2016a). A number of such substances could not be represented by CTABs (or 

other line notations), and were ŎƻƴǎƛŘŜǊŜŘ άƴƻƴ-ǎǘǊǳŎǘǳǊŀōƭŜέΦ Crequently, many of these 

types of compounds have not been yet registered in the CAS Registry Database, making the 

task of their accurate representation and identification even more complicated.  

Due to the reasons outlined, the curation of records from the source inventories was 

demanding and required various types of processing. For instance, in case of the U.S. EPA 

DSSTox inventory (please refer to Annex 1), the main focus was placed on adopting the 

original annotations to the controlled vocabulary of the COSMOS database (dynamically 

developed during the curation efforts, please refer to sections 2.3.1 and 2.4.1). 

Considering the COSING and PCPC lists contributing to the COSMOS Cosmetics 

Inventory, additional processing was necessary. For instance, both INCI names and CAS RNs 

should, in principle, uniquely identify the chemical compounds between (and within) the 

COSING and PCPC. In practice, due to the generic representations (please refer to section 

2.1.1.2) of cosmetics ingredients and related chemicals, single compounds have been 

frequently associated with multiple CAS RNs, and conversely, single CAS RNs have been 

related to multiple compounds. Actual examples of many-to-many relationships between 

CAS RNs and INCI names in original records are presented in Table 2.3. Also, other 

nomenclature-related issues were commonly found, e.g. the lack of conformance between 

INCI names from COSING or PCPC lists with CAS Index Names, or differences between INCI 

names used in the U.S. and EU e.g. ōƻǘƘ Lb/L ƴŀƳŜǎ άoryza sativa bran ceraέ (COSING) and 

άoryza sativa (rice) bran waxέ (PCPC) refer to the same botanical compound. 

Whilst some inventories (e.g. the U.S. FDA CFSAN CERES, or EPA DSSTox) were 

processed into the COSMOS database in a relatively straightforward manner, the COSMOS 
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Cosmetics Inventory required the development of a specific integration procedure, 

presented schematically in Figure 2.1.  

 

 
Figure 2.1 
Integration of the EC COSING and the U.S. PCPC inventories leading to the construction of the 
COSMOS Cosmetics Inventory. The two lists were combined by two indices: INCI Names and CAS 
Registry Numbers. The compounds with common INCI Names were assigned a CMS ID in a fully 
automated process. For the compounds without common INCI Names, CAS RNs were analysed and 
used to text-mine the name nests. The INCI Names of these nests have been further examined and 
controlled. Due to many-to-many relationships, abundant between INCI Names and CAS RNs from 
the source lists, detections of duplicates in overlaps between the two inventories have been 
performed by direct comparison of InChIKeys for the compounds with available connection tables 
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Table 2.3 
An example of many-to-many relationships between CAS registry numbers and INCI Names found for the compounds from the surfactants class in 
unprocessed COSING and PCPC inventories*   

Source 
inventory 

INCI Name (from 
source inventory) 

CAS RN (from source 
inventory) 

Molecular formula 
(from source 
inventory) 

 

CAS index name (for CAS reported in the 
source inventory) 

CAS molecular formula (for CAS 
reported in the source inventory) 

COSING 
Sodium laureth-12 
sulfate 

9004-82-4 Not given 
Poly(oxy-1,2-ethanediyl)Σ ʰ-sulfo- -̟
(dodecyloxy)-, sodium salt (1:1) 

(C2H4O)nC12H26O4S.Na 

PCPC 
Sodium laureth-12 
sulfate 

66161-57-7 C36H74O16S.Na 
3,6,9,12,15,18,21,24,27,30,33,36-
Dodecaoxaoctatetracontan-1-ol, 1-(hydrogen 
sulfate), sodium salt (1:1) 

C36H74O16S.Na 

PCPC 
Sodium laureth-12 
sulfate 

9004-82-4 (generic) C36H74O16S.Na 
Poly(oxy-1,2-ethanediyl), h -sulfo- -̟
(dodecyloxy)-, sodium salt (1:1) 

(C2H4O)nC12H26O4S.Na 

COSING 
Sodium laureth-7 
sulfate 

9004-82-4 Not given 
Poly(oxy-1,2-ethanediyl)Σ ʰ-sulfo- -̟
(dodecyloxy)-, sodium salt (1:1) 

(C2H4O)nC12H26O4S.Na 

PCPC 
Sodium laureth-7 
sulfate 

9004-82-4 (generic) 
C26H54O11S.Na Poly(oxy-1,2-ethanediyl)Σ ʰ-sulfo- -̟

(dodecyloxy)-, sodium salt (1:1) 
(C2H4O)nC12H26O4S.Na 

* Inspecting the three records available for sodium laureth-мн ǎǳƭŦŀǘŜΣ /!{ wb άфллп-82-пέ όǇǊƻǾƛŘŜŘ ƛƴ ōƻǘƘΣ /h{LbD ŀƴŘ PCPC inventories) is a generic 
CAS, representing the whole class of polymeric surfactants with dodecyl or C10-C16 range of alkyl chain length with varying number of ethoxy ether groups. 
¢Ƙƛǎ άƎŜƴŜǊƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴέ ƛǎ ŎƭŜŀǊƭȅ ƛƴŘƛŎŀǘŜŘ ƛƴ ǘƘŜ /!{ ƳƻƭŜŎǳƭŀr formula by ill-defined number of repeating units (n), and in the CAS index name. On 
ǘƘŜ ŎƻƴǘǊŀǊȅΣ /!{ wb άссмсм-57-тέ ƛǎ ŀ ǎǇŜŎƛŦƛŎ ǊŜƎƛǎǘǊȅ ƴǳƳōŜǊΣ ǊŜŦŜǊǊƛƴƎ ǘƻ ǘƘŜ ǇƻƭȅƳŜǊƛŎ ǎǳǊŦŀŎǘŀƴǘ ǿƛǘƘ ŘƻŘŜŎȅƭ ŀƭƪȅƭ ŎƘŀƛƴ ŀƴŘ мн ŜǘƘƻȄȅ ŜǘƘŜǊ ƎǊƻǳǇǎΣ 
i.e. sodium laureth-12 sulfate. Whilst a compound with varying composition (such as a polymeric material having a distribution of chain lengths) can be 
represented by a generic CAS, a compound with specific composition/configuration within such a class should be associated with a specific CAS RN. 
Considering the example of sodium laureth-7 sulfate with the ŘŜŦƛƴŜŘ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀΥ ά/26H54O11{ΦbŀέΣ the ǎǇŜŎƛŦƛŎ /!{ ǿƻǳƭŘ ōŜΥ άссмфт-75-фέ ŀƴŘ ǘƘŜ 
corresponding CAS index name: άоΣ6,9,12,15,18,21-Heptaoxatritriacontan-1-ol, 1-(hydrogen sulfate)Σ ǎƻŘƛǳƳ ǎŀƭǘ όмΥмύέ 
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2.1.3. Final content of the COSMOS database chemical domain 

As a result of merging the inventories identified in Tables 2.1-2.2, the entire COSMOS 

v.2.0 database (https://cosmosdb.eu/cosmosdb.v2/accounts/login/?next=/cosmosdb.v2/) 

consists of 81,604 chemical records. Connection tables are available for 46,791 (48%) 

compounds. The remaining ones largely consist of natural products (biological 

macromolecules, botanical oils, extracts, mixtures, etc., minerals) and other non-

structurable substances. The InChI Keys analysis performed on 46,791 COSMOS structures 

indicated 44,773 unique CTABs. Structural duplicates in the COSMOS database were allowed 

in multiple cases requiring the use of representative structures (please refer also to Table 

2.4). Over 72% of all available connection tables were assigned the highest quality score of 

100 (section 2.1.2.1). The lowest quality structures, with a score of 5, comprise ca. 8% of all 

COSMOS CTABs. 

2.1.3.1. COSMOS Cosmetics Inventory 

The COSMOS Cosmetics Inventory, compiled from the EU COSING and U.S. PCPC list 

(Table 2.2; Figure 2.2), consists of 17,100 unique chemical records (by CMS IDs), associated 

with 9,278 unique CAS RNs and 16,111 unique INCI Names. The connection tables are 

available for 5,562 Cosmetics Inventory compounds.  

 

Figure 2.2 
Venn Diagrams showing the number of chemical records (by assigned CMS IDs, curated CAS RNs or 
INCI Names) present in both (EU COSING and U.S. PCPC) or only one (EU COSING or U. S. PCPC) of 
the source inventories 
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2.2. The aims of chapter 2 

As outlined, properly identified chemical compounds represented by high quality 

structures are crucial for the successful development of a chemical-biological relational 

database and for facilitating the development of any in silico tool for toxicity prediction.  

The aims of the present chapter realised in collaboration with the COSMOS 

consortium partners (please refer to Annex 1) relate to the objective 1 of the current PhD 

program (section 1.5), and include: 

¶ Development of the sets of controlled vocabularies for chemical compounds and 

structures annotations, with a specific goal to address the problematic issues related to 

the representation and identification of cosmetics related substances. It was a dynamic 

process associated with curation of part of the COSMOS database chemical domain (U.S. 

EPA DSSTox inventory); 

¶ Development of a Standard Operating Procedure (SOP) to conduct the Quality 

Control/Quality Assurance (QC/QA) process of the COSMOS database chemical domain; 

¶ Conducting the QC/QA process. 

2.3. Materials and methods 

2.3.1. Development of a controlled vocabulary for compounds and structures 
annotations 

In every case of information exchange and integration, it is fundamental to have a 

set of common standards with respect to both the format and content of the data. 

According to the COSMOS database data model (chapter 1.4), the chemical compounds 

registered in the COSMOS database (uniquely identified with CMS IDs) can be associated 

with no (for non-structurable compounds), or one or more (for structurable compounds) 

connection tables. For each unique CMS ID multiple, non-unique information items may be 

stored (e.g. names, use functions, external identifiers). The many-to-many relationships 

between compounds and structures have been allowed, e.g. between parent and related 

compounds, such as components of mixtures, monomers of polymers, representative 

structures, etc. Controlled vocabularies were designed as an integral part of the COSMOS 

database data model, providing the terminology and foundation to correctly organise and 
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handle the complex relationships within the content of the COSMOS database chemical 

domain, as well as to deal with a range of problematic cosmetics-related compounds, e.g. 

those that are non-structurable and could not be represented by empirical molecular 

formulae, other line notations, or connection tables (section 2.1.2.3). 

The process of the development of a controlled vocabulary was dynamic. The 

preliminary terminology was designed in collaboration with the U.S. FDA, the U.S. EPA, and 

Altamira LLC (please refer to Annex 1) at the initial stage of curating and integrating the 

source inventories. As the chemistry content curation progressed, the controlled 

vocabularies were refined and updated, as needed. The sets of the controlled vocabularies 

have been designed for the following compound- and structure-related elements: 

stereochemistry, double bond geometry, material type and composition type. 

2.3.2. Development of the Standard Operating Procedure for the Quality Control (QC) 
of the COSMOS database chemical domain 

In order to perform the Quality Control of the COSMOS database by several COSMOS 

partners with maintained consistency, it was necessary to develop a Standard Operating 

Procedure (SOP). It was compiled by Altamira LLC (Annex 1), and covered all the tasks 

planned to be conducted during the QC process (including the verification of correctness of 

chemical names, registry numbers, structures, and compound and structures annotations). 

The initial SOP was systematically updated during the ongoing QC procedure to cover newly 

identified issues. 

2.3.3. Conducting the Quality Control (QC) and Quality Assurance (QA) Processes of the 
COSMOS database chemical domain 

The Quality Control (QC) process can be defined as the verification of the accuracy of 

the database content with respect to the predefined standards, resolving the eventual 

deviations and modifying the process as needed. The QC of the COSMOS v.1.0 database 

chemistry content was led by LJMU, and has been completed with the effort of five 

COSMOS partners (Annex 1). Approximately 1% of structurable (i.e. containing connection 

tables) compounds included in the COSMOS database were sampled randomly and evenly 

distributed between the QC participants. QC was performed via the COSMOS database Data 

Entry System (DES), according to the previously developed SOP (section 2.3.2). 
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The Quality Assurance (QA) process maintains the quality standards of the database 

by sampling the observations at a given confidence level, such that the relevant statistics 

(error rates, i.e. the ratios of incorrect records to the total number of sampled records) can 

be reported. During the Quality Control process, the main emphasis was placed on assuring 

the connection tables, registry numbers and names correctness, as these elements were 

subsequently used for the calculation of the QA statistics. The QA statistics have been 

derived from the COSMOS DB DES audit trail and by comparing all the QC-ed records to the 

original, not QC-ed ones.  

2.4. Results 

2.4.1. Controlled vocabularies for chemical compounds and structures annotation 

Sets of controlled vocabularies were developed to annotate the following 

compound- and structure- related elements: stereochemistry, double bond geometry, 

material type and composition type. 

2.4.1.1.  Stereochemistry 

Stereochemistry annotations refer to the isomerism of the structure resulting from 

the differences in the spatial arrangement of atoms without accompanying differences in 

connectivity or bond multiplicity (IUPAC, 2016). The following controlled vocabulary was 

designed for the COSMOS database: 

¶ Absolute stereochemistry, referring to the chemical structures for which the 

absolute configuration of the chiral centre(s) is provided. The structures with a known, 

specific, single configuration have the direction of rotation specified, i.e. they were 

ŀƴƴƻǘŀǘŜŘ ŀǎ ά!bsolute stereochemistry, rotation (-)έΣ ƻǊ ά!bsolute stereochemistry, 

rotation (+)έΦ 

¶ Relative stereochemistry, applicable to the structures for which the relative 

configuration of two or more chiral centres was provided (i.e. the relationship to two or 

more centres was specified), but the absolute value in their relationship is unknown. 

¶ Relative stereochemistry, racemic mixture: The compound is a racemic mixture of 

the structure as drawn, and its identical mirror image. 
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¶ No stereochemistry, meaning that no stereochemistry is associated with the 

compound (i.e. the sterochemistry annotation was not applicable). 

2.4.1.2.  Double bond geometry 

Double bond geometry annotations include: 

¶ Double bond geometry (E-), referring to structures with single or multiple double 

bonds(s), all with trans- geometry. 

¶ Double bond geometry (Z-), referring to structures with single or multiple double 

bonds(s), all with cis- geometry. 

¶ Double bond geometry (E-,Z-), referring to structures with multiple double bonds(s) 

representing both (trans-, cis-) types of geometric isomerism. 

¶ Double bond geometry unspecified, referring to structures with double bond(s), but 

without geometric isomerism specified. 

¶ No double bond geometry, relevant for structures that are not associated with any 

double bond geometry (i.e. the double bond geometry annotation is not applicable). 

2.4.1.3.  Material type 

Material type refers to the chemical nature of the compound. The following material 

types have been recognised in the COSMOS database: 

¶ Biological, referring to macromolecules of biological importance, e.g. protein or 

nucleic acid sequences, lipids, enzymes, etc. for which it is (usually) difficult to define a 

structure, or they are non-structurable. 

¶ Botanical, referring to compounds of natural/plant origin, largely comprising of 

complex, structurally difficult to define (or non-structurable) mixtures, extracts, oils, etc. 

¶ IOM, denoting the entire category of compounds including: 

o Inorganic: Chemical structures without organic carbon atoms; elements including 

metal atoms and metalloid atoms (boron (B), silicon (Si), germanium (Ge), arsenic 

(As), antimony (Sb), tellurium (Te)); ions (e.g. borate, chromate); minerals. 

o Organometallic: Chemical structures containing organic carbon(s) directly bonded 

to any metal atom other than alkali (I) or alkaline earth (II) metals. 
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o Organometalloid: Chemical structures containing organic carbon directly bonded 

to any metalloid atom. 

o Metal complex: Chemical structures containing a central metallic atom covalently 

bonded to the total number of ligands, either larger or smaller than indicated by 

ǘƘŜ ŎŜƴǘǊŀƭ ƳŜǘŀƭ ŀǘƻƳΩǎ ƻȄƛŘŀǘƛƻƴ ǎǘŀǘŜ. 

o Metalloid complex: Chemical structures containing a central metalloid atom 

covalently bonded to the total number of ligands, either larger or smaller than 

ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ŎŜƴǘǊŀƭ ƳŜǘŀƭƭƻƛŘ ŀǘƻƳΩǎ ƻȄƛŘŀǘƛƻƴ ǎǘŀǘŜ. 

¶ Organic, to annotate the chemical compounds containing organic carbon atom(s) 

(i.e. not carbon monoxide, carbon dioxide, carbonates and cyanides), but not being 

classified as organometallics or organometalloids. 

¶ Polymer, referring to the chemical compounds with polydispersed composition, i.e. 

constituted by regularly or irregularly repeated units. 

¶ Unspecified, relevant in cases when little or no information was available for a 

compound (e.g. exhaust gases, complex reaction products obtained in industrial 

processess). 

2.4.1.4. Composition type 

Composition type corresponds to the chemical constitution of the compound, i.e. the 

elements listed in its molecular formula. In the majority of cases, the composition type can 

be inferred solely from the molecular formula. However, the information on the 

configuration of the chemical compound (e.g. geometric or positional isomers, 

stereoisomers) cannot be derived from the molecular formula and has to be inferred from 

the compound name or connection table, if applicable. The composition type has been 

controlled by the following vocabulary: 

¶ Defined formula, referring to chemical compounds with chemical structure fully 

represented in the molecular formula (except configuration information, please refer to 

the descripton above and to the annotation έvarying isomersέ ōŜƭƻǿ) 

¶ Ill-defined formula, relevant in many cases when chemical structure is only partially 

represented in the molecular formula. This composition type can include varying 

compositions and/or varying number of repeating units (polydispersion) 
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o Varying composition, refers to chemical structures in which one or more 

components are unknown (unspecified), or the stoichiometric ratios (e.g. in salts) 

are unknown.  

o Polydispersion, refers to the varying number of repeating units. This term is 

relevant for polymers and is usually reflected in the molecular formula (()n), 

and/or in the name of the compound (poly-). For instance: C8H8 is a molecular 

formula of styrene, whereas (C8H8)n represents polystyrene.  

¶ Formulation, for annotating well-defined (usually commercial, possibly proprietary) 

compositions of two or more substances. 

¶ Unspecified, applicable in cases when little or nothing is known about the 

composition of the chemical and, as such, no molecular formula can be derived (e.g. 

complex reaction products). 

¶ Varying isomers, referring to any type of relevant isomerism (may be geometric, 

positional, or stereoisomerism) and is applicable to both, defined and ill-defined 

compositions. The information on the isomerism cannot be inferred from the molecular 

formula and has to be decided upon after inspection of the name or the structure of the 

chemical compound. 

2.4.1.5. Application of the annotations scheme 

Examples of application of the above controlled vocabularies in the COSMOS 

database are presented in Table 2.4. The COSMOS annotations facilitate the compilation of 

computational datasets (i.e. the datasets that can be used for the computational analysis; 

described in more details in chapter 3). 
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Table 2.4 
An example of application of composition and material type annotations in the COSMOS database. The records 1-2 and 3-5 refer to cases where the 
composition type of the compound cannot be inferred from the molecular formula alone and the positional isomerism has to be inferred from the 
compound name. Record 6 demonstrates the case when annotations can be assigned from the molecular formula alone. Cases where the 
representative structures have been used are also presented 

Rec # 
Molecular 
Formula 

CAS RN CAS Index Name Composition Type Material Type Structure Image Structure note 

1 (C2H4O)nC15H24O 26027-38-3 
Poly(oxy-1,2-ŜǘƘŀƴŜŘƛȅƭύΣ ʰ-(4-
nonylphenyl)- -̟hydroxy- 

Ill-defined formula ς 
polydispersed 

Organic - 
polymer  

Representative structure 
for polymer (n=1) 

2 (C2H4O)nC15H24O 9016-45-9 
Poly(oxy-1,2-ŜǘƘŀƴŜŘƛȅƭύΣ ʰ-
(nonylphenyl)- -̟hydroxy- 

Ill-defined formula ς 
polydispersed ς varying 
isomers 

Organic - 
polymer  

Representative structure 
for polymer (n=1) and 
positional isomer (as 4-
nonylphenyl) 

3 C8H10 1330-20-7  Benzene, dimethyl- 
Defined formula ς varying 
isomers 

Organic 
 

Representative structure 
for positional isomer (as 
1,3-dimethyl) 

4 C8H10 108-38-3 Benzene, 1,3-dimethyl- Defined formula Organic 
 

Actual structure 

5 C8H10 95-47-6 Benzene, 1,2-dimethyl- Defined formula Organic 

 

Actual structure 

6 (C8H17N5)n.xClH 32289-58-0 
Poly[iminocarbonimidoyliminocar
bonimidoylimino-1,6-hexanediyl], 
hydrochloride 

Ill-defined formula ς 
polydispersed ς varying 
composition 

Organic - 
polymer 

 

Representative structure 
for polymer (n=1) and 
composition (x=1) 
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2.4.2. Standard Operating Procedure for the Quality Control (QC) process 

The final SOP (updated and finalised after the QC) is provided in Annex 2. The entire 

QC procedure consisted of several steps, as presented in Figure 2.3.  

 

Figure 2.3 
An overview of the Quality Control procedure conducted of the COSMOS database chemical domain 
through Data Entry System. The QC procedure consisted of the following steps:  

(1) Logging-in to the COSMOS database Data Entry System with the personal access credentials; 
(2) Accessing the Data Entry System; 
(3) {ŜƭŜŎǘƛƴƎ ǘƘŜ άwŜǾƛŜǿ ŀƴŘ v/ 9ȄƛǎǘƛƴƎ {ǘǊǳŎǘǳǊŜǎ ŀƴŘ 5ŀǘŀέ ƻǇǘƛƻƴ ǳƴŘŜǊ ǘƘŜ ά/ƘŜƳƛǎǘǊȅέ 

section of Data Entry System; 
(4) Searching for the query compound (i.e. the one subjected to the QC) in the COSMOS 

database chemical domain; 
(5) {ŜƭŜŎǘƛƴƎ ǘƘŜ ŎƻƳǇƻǳƴŘ ŦƻǊ v/ ŦǊƻƳ ǘƘŜ ǎŜŀǊŎƘ ǊŜǎǳƭǘǎ ƭƛǎǘ όǘƘŜ ƻǳǘƳƻǎǘ ǊƛƎƘǘ άv/-ŜŘέ ōƻȄ ƛǎ 

not checked yet); 
(6) Selecting the tab corresponding to the QC-ŜŘ ŜƭŜƳŜƴǘΥ ά{ǘǊǳŎǘǳǊŜ !ƴƴƻǘŀǘƛƻƴέΣ ά/ƻƳǇƻǳƴŘ 
!ƴƴƻǘŀǘƛƻƴέΣ άwŜƎƛǎǘǊȅ bǳƳōŜǊǎ ŀƴŘ L5ǎέΣ ƻǊ άbŀƳŜǎέΣ ŀƴŘ ǇŜǊŦƻǊƳƛƴƎ ǘƘŜ ŀŎǘǳŀƭ ǉǳŀƭƛǘȅ 
control tasks. Subsequently saving the results; 

(7) Receiving the confirmation of the successful completion of the QC process on the final 
screen (the outmost rƛƎƘǘ άv/-ŜŘέ ōƻȄ ƛǎ ƴƻǿ ƳŀǊƪŜŘύ 
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The actual tasks performed during the QC of particular elements are discussed in the 

following paragraphs. 

2.4.2.1.  Structure annotation 

The Quality Control of ά{ǘǊǳŎǘǳǊŜ !ƴƴƻǘŀǘƛƻƴέ (Figure 2.4A) covered the verification 

(and correction, if needed) of the following elements: 

¶ Connection table (ŀƴŘ ŘŜǇƛŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΩǎ ƛƳŀƎŜύ. For each connection table 

the COSMOS database automatically calculates the InChIKey using the RDKit 

chemoinformatics library (RDKit, 2016). For the purpose of the QC process, the άcorrected 

connection tableέ has been defined as a connection table which has been sufficiently 

modified in the QC process, as to result the creation of a new InChIKey; 

¶ Stereochemistry annotation (with respect to the developed controlled vocabularies); 

¶ Double bond geometry annotation (with respect to the developed controlled 

vocabularies); 

¶ The source provided for each structure. This element was subject to correction in 

addition to making any changes in the connection table during the QC procedure. 

2.4.2.2.  Compound annotation 

¢ƘŜ vǳŀƭƛǘȅ /ƻƴǘǊƻƭ ƻŦ ǘƘŜ άCompound !ƴƴƻǘŀǘƛƻƴέ (Figure 2.4B) focused on 

checking of the correctness of the following elements: 

¶ Molecular formula; 

¶ Material type annotation (with respect to the developed controlled vocabularies); 

¶ Composition type annotation (with respect to the developed controlled 

vocabularies). 

 2.4.2.3. Registry numbers and IDs 

¢ƘŜ v/ ƻŦ άwŜƎƛǎǘǊȅ Numbers ŀƴŘ L5ǎέ όCƛƎǳǊŜ нΦ4C) focused on the verification (and 

resolving any conflicts, if necessary) of: 

¶ The correctness of Registry Number(s) assigned to the compound (structure/name 

pair correctness); 

¶ The correctness of specified RN types (active, alternate, deleted, generic, etc.) 

(please refer to section 2.1.1.2); 
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¶ The correctness of other (external) identifiers, e.g. the EC COSING REFNUMs, the 

DSSTox CIDs, etc., by querying them in the source inventories. 

2.4.2.4.  Names 

¢ƘŜ vǳŀƭƛǘȅ /ƻƴǘǊƻƭ ƻŦ ǘƘŜ άNamesέ (Figure 2.4D) covered the verification (and 

correction, if needed) of:  

¶ The correctness of the chemical names provided for the query compound (also with 

respect to the structure, Registry Numbers, identifiers); 

¶ The correctness of άbŀƳŜ ¢ȅǇŜέΣ as specified, e.g. Lb/L bŀƳŜΦ ¢ƘŜ άtǊŜŦŜǊǊŜŘ bŀƳŜέ 

in the COSMOS database was not subjected to any changes; 

¶ The correctness ƻŦ άName SƻǳǊŎŜέΣ ŀǎ ǎǇŜŎƛŦƛŜŘΦ ¢ƘŜ άbŀƳŜ {ƻǳǊŎŜέ ǎƘƻǳƭŘ ŎƻǊǊŜŎǘƭȅ 

coǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ άbŀƳŜ ¢ȅǇŜέΣ e.g. for the INCI Name type, the correct sources could 

ƛƴŎƭǳŘŜ ά/h{LbDέ ƻǊ άt/t/έΦ 

 

Figure 2.4 
Quality Control of the COSMOS database chemical domain though the COSMOS DES: (A) Structure 
Annotation; (B) Compound Annotation; (C) Registry Numbers and IDs; (D) Names 
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2.4.3. Results of the QC/QA of the COSMOS database chemical domain 

The QC/QA process of the COSMOS v.1.0 database chemistry content was performed 

for ca. 1% of structurable (i.e. containing connection tables) compounds randomly sampled 

from the database, giving a total number of 442 structures subjected to the QC. The QC 

tasks were accomplished through the COSMOS DB Data Entry System (DES), with particular 

emphasis placed on the QC of connection tables, Registry Numbers, and compound names, 

as these elements were used for the QA statistics determination. 

2.4.3.1. Connection tables quality control 

The QC of the 442 structures led to the correction of a total of 43 connection tables, 

giving an overall error rate of 9.7%. Three specific types of corrections were performed: 

¶ Correction of the connectivity and stereochemistry, or protonation state, of the 

structure; 

¶ Correction of the stereochemistry and protonation state (connectivity unchanged); 

¶ Correction of the protonation state (connectivity and stereochemistry unchanged). 

Overall, 16 connectivity changes have been made (giving the connectivity error rate 

of 3.6%), 24 stereochemistry changes (the error rate of 5.4%) and 3 changes for protonation 

states (the error rate of 0.7%).  

2.4.3.2. Registry numbers quality control 

During the QC cycle only two (out of 442) CAS RNs were identified as being 

incorrectly assigned and were thus corrected, giving an error rate of 0.45%. Additionally, 

151 new CAS RNs were added to the compounds inspected. 

2.4.3.3. Chemical names quality control 

The QC process has resulted in correcting ten (out of 442) chemical names, giving an 

error rate of 2.2%. Additionally, 732 new names were added to the databases. 

Based on the results of the QA on chemical structures, the approximate percentage 

of inaccurate structures in COSMOS v.1.0 is 4.3% (if stereochemistry is ignored), and 9.7% (if 

stereochemistry is considered). Approximately 2.2% of the names may contain errors and 

0.5% of the records may have incorrect registry numbers. The COSMOS database is, by far, 
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the only publically available database, which chemistry content has been carefully QC-ed 

and for which the QA statistics are available. 

2.5. Discussion 

This chapter describes the process of collation of the COSMOS database chemistry 

content, including the COSMOS Cosmetics Inventory. It involved integration of several 

chemical inventories into a unified data model, and systematic curation and quality control 

of chemical records.  

The need for a strategy addressing concerns over the quality of chemical information 

and structures was clearly demonstrated. As such, a novel set of controlled vocabularies was 

developed with respect to the specific features of cosmetics and related compounds. It 

provides the unified terminology systematising the complex relationships within the 

cosmetics domain and the framework to deal with a range of non-structurable (or difficult 

to structure) compounds. The designed COSMOS annotations may facilitate the compilation 

of computational datasets (i.e. the datasets that can be used for the computational analysis) 

by enabling fast and convenient identification of non-structurable compounds (e.g. 

unspecified compositions or material types), or compounds that are not handled well by the 

computational tools (inorganics, metal complexes, organometalloids, polymers, mixtures, 

etc.).  

The systematic quality control procedure established during the COSMOS database 

development was captured as the Standard Operating Procedure (SOP) document (Annex 

2), which can serve as a point of reference during future efforts of chemical structures 

collation. 

The precise identification of chemical compounds within COSMOS Database 

supports the populating of the associated toxicological content by enabling accurate 

referencing of chemical and biological records. This, in turn, supports the development of 

meaningful in silico tools, as their performance is dependent on the accuracy of the 

representation of molecular structures and related data. 

The COSMOS Database contains 81,604 chemical records. The COSMOS Cosmetics 

Inventory is particularly important part of the COSMOS database. It consists of 17,100 
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unique chemical records, associated with 5,567 chemical structures and is, by far, the 

largest publicly available inventory of cosmetics and related compounds. During the 

COSMOS project it served as a foundation to realise multiple objectives. After the COSMOS 

project, it still has numerous scientific and regulatory applications. As a publicly available, 

ready-to-use repository of cosmetics-related compounds with associated toxicological data 

it can support data mining, in silico methods development, risk assessment and read-across 

tasks (by, for example, enabling identification of structural analogs within cosmetics 

domain). The COSMOS Cosmetics Inventory was used in the analysis described in chapter 3, 

including the determination of structural features and physicochemical properties 

associated with different types of cosmetics and comparison of these characteristics with 

food-related compounds.  
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Chapter 3 

Chemical Space Analysis of the COSMOS Cosmetics Inventory 

3.1. Background 

The chemical space of an inventory of chemicals (or a toxicity database) can be 

regarded as the ranges of physicochemical properties and structural features covered by its 

constituents. It is an important piece of information for many reasons (Yang et al., 2008; 

Worth & Mostrag-Szlichtyng, 2010):  

¶ Analysis of chemical space may be a first step towards the development of 

meaningful computational methods accurately predicting toxicity by verifying and assuring 

sufficient coverage of the relevant chemical space. Utilising relevant means of describing 

the physicochemical and structural characteristics of the chemicals across various 

inventories ensures that the basic concept underlying predictive chemistry and toxicology 

that similar molecules are expected to exhibit similar properties and biological activities is 

fulfilled (Johnson and Maggiora, 1990); 

¶ The structural and physicochemical properties space of a dataset, analysed together 

with the biological activity of its members, may provide insights improving the 

understanding of complex toxicological phenomena. It may lead to the identification of the 

chemistry-biology associations and facilitate the discovery of structural features linked to 

toxicity. Thus, it supports the development of mode-of-action knowledge from the data; 

¶ Information on the chemical space covered by the inventory or a dataset is also 

particularly important for the successful application of existing computational tools. In 

silico models should be applied only to the chemical compounds situated within their 

applicability domains, since outside this they are unlikely to give reliable predictions. When 

the predictive performance of model is assessed by challenging it with an independent 

(external) validation (test) set, it is useful to compare the chemical space of the test set 

with that of the training set. When the predictive performance of a model is assessed 

against a limited test set, and the conclusions are generalised to a wider dataset (or 

chemical inventory), it is important to compare the chemical space of the test set with that 

of the wider inventory;  
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¶ The comparison of the chemical space occupied by diverse inventories representing 

various types of compounds (e.g. cosmetics- vs food-related, as in the research discussed 

in the present chapter) enables the investigation of the physicochemical and structural 

features of the molecules with respect to their specific use types in specific environments. 

It allows for the context of where and how the particular molecular characteristics have 

been manifested to be investigated.  

Performing computational analysis of the chemical space of an inventory of 

compounds or a dataset requires the following steps: (i) preparing molecular structures for 

the purpose of computational analysis; (ii) calculating relevant molecular descriptors; (iii) 

applying appropriate statistical techniques to make the results of calculations interpretable. 

Each of these steps is discussed below. 

3.1.1. Curation of chemical structures 

The importance of appropriate preparation of molecular structures for 

computational analysis, so that they can be correctly interpreted and handled by the 

software used to compute molecular descriptors, has been widely recognised (Young et al., 

2008; Fourches et al., 2010; Waldman et al., 2015) and outlined in chapter 2. No 

standardised sets of procedures that should be applied to curate structures have so far been 

formulated, as the computational generation of structures should be always performed with 

regard to the aim of the analysis. For instance, the investigation of general structural classes 

represented in a given inventory or a dataset requires a different approach than the 

calculation of quantum mechanical descriptors for individual compounds. In the first case, 

2D structures may be sufficient, whereas in the second one, 3D coordinates of the 

investigated molecules have to be provided. General aspects related to the preparation of 

computational datasets are listed and discussed in depth in Table 3.1. 
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Table 3.1 
General aspects associated with preparation of molecular structures for computational analysis 
(Young et al., 2008; Fourches et al., 2010) 

Task Description 

Identification of IOM 
compounds (please refer 
to chapter 2) 

The majority of molecular descriptors were designed for organic compounds for 
which valence-bond structures can be formulated and, as such, cannot be 
calculated for inorganics. For organometallics and organometalloids, 
calculations may be also not possible, due to the common lack of necessary 
calibration for rare earth metals. 

Identification of salts The majority of software tools cannot process organic salts, which contain 
metal counter ions. The properties of salts can vary from the properties of 
parent compounds. However, in cases when the organic part of the molecule is 
responsible for its biological activity, the metal counter ions should be removed 
and the remaining carbo- cations or anions should be neutralised. 

Identification and 
processing of mixtures 

Although some approaches to deal with mixtures have been suggested, the 
majority of available software tools are not capable of handling these types of 
compounds (consisting of multiple structures) in a transparent and appropriate 
way. The most common approach is based on automated removal of the 
mixture constituent(s) with the lowest molecular weights or the smallest 
number of atoms. However, in cases when the entire mixture has been tested 
for toxicity, the associated data do not necessarily correspond to the toxicity of 
ƛƴŘƛǾƛŘǳŀƭ ŎƻƳǇƻƴŜƴǘǎΦ ¢ƘŜ άǎƳŀƭƭŜǎǘ ŦǊŀƎƳŜƴǘέ ǎƘƻǳƭŘ ōŜ ǘƘŜǊŜŦƻǊŜ ǊŜƳƻǾŜŘ 
ƻƴƭȅ ƛƴ ŎŀǎŜǎ ǿƘŜƴ ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ άƭŀǊƎŜǎǘ ŦǊŀƎƳŜƴǘέ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ 
biological activity of the whole mixture. Such cases refer, for example, to 
hydrates and hydrochlorides consisting of a large biologically active organic 
molecule and small inorganic one(s). In case of mixtures consisting of several 
organic constituents with similar molecular weight, the decision on the 
fragment removal should be made after careful review. 

Validation of chemical 
structures with respect to 
the representation of 
mesomeric (resonance) 
forms, tautomeric forms 
and aromatic rings 

Resonance structure and aromaticity should be represented in a consistent way 
as any differences in representation may significantly change the values of 
calculated properties. For tautomers, the mechanism of action (if known) 
should be considered prior deciding on the appropriate representation of the 
compound. 

Detection and removal (if 
desired) of duplicates 

Due to nomenclatures, digital identifiers, or SMILES strings limitations 
repetitions of the same compound (and hence the same structure) in large 
inventories are relatively common (chapter 2). To detect duplicate structures, 
InChIKeys comparison can be successfully applied (section2.1.1.3). However, it 
should be stressed that duplicate structures may also appear as a result of 
performing some of the above mentioned structure processing steps. For 
instance, counter ion(s) removal, and subsequent neutralisation of the 
remaining organic part of the molecule, or small fragments removal, may both 
ƭŜŀŘ ǘƻ ŀ ǎƛƴƎƭŜ άŎƻƳǇǳǘŀǘƛƻƴŀƭέ ǎǘǊǳŎǘǳǊŜΣ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀ ǎƛƴƎƭŜ Lƴ/ƘLYŜȅΣ 
which actually is a (neutralised) part or a substructure of several tested 
compounds. On occasions, the experimental results for those records may vary. 
This could mean that the structure curation procedure had led to the removal 
of a significant molecular fragment which may be responsible for the activity of 
the compound tested. Such cases should be reviewed manually by human 
experts. Generally, the process of the removal of duplicates should be 
controlled and it should be always possible to relate the resulting 
computational structure back to the original compound tested. 
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3.1.2. Calculation of molecular descriptors 

άThe molecular descriptor is the final result of a logic and mathematical procedure 

which transforms chemical information encoded within a symbolic representation of a 

molecule into a useful number or the result of some standardised experimentέ (Todeschini & 

Consonni, 2009).  

The selection of relevant molecular descriptors with regard to the aim(s) of the 

analysis is essential. In case of chemical space analysis, the selected molecular descriptors 

should be capable of capturing the variability of investigated compounds in as broad as 

possible manner. As such, several types of descriptors should, ideally, be utilised. Various 

descriptors generated by different computational algorithms are, in principle, expected to 

derive diverse types of information for the compared sets of molecules. The selected 

descriptors should be also transparent and easy to interpret.  

Molecular descriptors can be categorised in a range of different ways, for example 

with regard to the molecular representation used for the calculations (into zero- to three- 

dimensional descriptors), or to the nature (and complexity) of the calculations (into 

constitutional, topological, geometrical, electronic, or quantum-mechanical approaches) 

(Fara & Oprea, 2016). The example of generic categories of molecular descriptors is 

provided in Table 3.2.  

Table 3.2 
General categories of molecular descriptors 

Molecular descriptor category Description 

Zero-Dimensional (0D) Descriptors derived directly from the molecular formula of the compound 
(e.g. molecular weight, number of atoms in the molecule, etc.) 

One-Dimensional (1D) Fragment counts (e.g. number of H-bond donor and acceptor atoms) 

Two-Dimensional (2D) Topological descriptors, referring to the manner in which the atoms are 
connected in the molecule and calculated from mathematical graph theory 
(e.g. topological polar surface area) 

Three-Dimensional (3D) Geometrical, electronic and quantum-mechanical descriptors derived from 
the results of empirical schemes or molecular orbital calculations requiring 
the 3D structure of the molecule (e.g. dipole moment) 

 

Structural fingerprints comprise another type of descriptors, encoding the molecular 

structure in a form of binary digits (bit-strings) representing the presence or absence of 
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particular substructures in the molecule (Fara & Oprea, 2016). The molecular fragments for 

fingerprints generation are, in principle, designed to encode particular chemical 

information, which can be interpreted by human scientists. The molecules can be thus 

compared through the comparison of their fingerprints. 

The 0- to 3-D molecular descriptors, along with the structural fingerprints, provide a 

large portion of the information about the molecule. They are well-defined by the available 

cheminformatics tools and have been broadly applied throughout the present thesis (in 

chapters 3, 5 and 7).  

3.1.3. Application of relevant statistical methods 

The subsequent step of chemical space analysis requires applying relevant statistical 

method(s) to transform the multidimensional space occupied by the studied inventories into 

a lower dimensional space, and to visualise it, so it can be interpreted by a human scientist. 

Multiple statistical approaches have been successfully applied to this end, including Cluster 

Analysis (Cattell, 1943), Artificial Neural Networks (ANN) (Kohonen, 1982; Zupan & 

Gasteiger, 1999), or Principal Components Analysis (PCA). The technique broadly utilised in 

the present thesis is PCA (this chapter and chapter 5), which is discussed below.  

Principal Components Analysis (Pearson, 1901; Wold et al., 1987; Jolliffe, 2002; 

Begam & Kumar, 2014) is a multivariate method belonging to the group of statistical 

multidimensional factorial methods (Cordella, 2012) that provides a compact view of 

variation in a data matrix by defining the orthogonal directions of maximum variance. The 

Principal Components-based decomposition of the original data matrix is presented 

schematically in Figure 3.1. Briefly, PCA can be performed by eigenvalue decomposition of 

the covariance (or correlation) matrix of the data and the first Principal Component (PC) is 

ǘƘŜ ŜƛƎŜƴǾŜŎǘƻǊ όǎƘƻǿƛƴƎ ǘƘŜ άŘƛǊŜŎǘƛƻƴέ ƻŦ ǘƘŜ ƘƛƎƘŜǎǘ ǾŀǊƛŀƴŎŜ ƛƴ ǘƘŜ Řŀǘŀύ ǿƛǘƘ ǘƘŜ 

highest eigenvalue (specifying the amount of variance in the data in this direction). The 

following Principal Components are the directions maximising variance among all directions 

orthogonal to the previous Principal Components. Frequently, PCA results are interpreted in 

terms of the loadings (the covariance/correlation between the particular Principal 

Components and the original variables, providing information on how much of the variation 

in a variable is explained by the PC) and scores (defining the positions of each observation in 
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the new space of the Principal Components). Generally, a large proportion of the total 

variability in a dataset can be explained by a small number of the Principal Components. 

PCA is one of the most frequently employed techniques for visualising and exploring the 

space occupied by large chemical/ toxicological datasets. 

 

Figure 3.1 
Linear decomposition of original data matrix (consisting of n compounds and m variables) by 
Principal Components Analysis. The columns in matrix S correspond to the score vectors of the 
Principal Components (PCs), whereas the columns in the matrix L to the loading vectors of the PCs. 
The matrix R represents any residual information not included in the S and L decomposition. PCA 
orders the loading and score vectors in decreasing order of variance (on the basis of (Burger & 
Gowen, 2011; Begam & Kumar, 2014) 

3.2. The aims of chapter 3 

The process of compiling the chemistry part of the COSMOS database and COSMOS 

Cosmetics Inventory was described in detail in chapter 2. The aims of the present chapter 

are related to the objective 2 of the current PhD program (section 1.5), and include: 

¶ Analysis of the chemical space covered by the COSMOS Cosmetics Inventory in terms 

of the structural features (ToxPrint chemotypes) and physicochemical properties, with 

particular focus put on the most abundant use functions within the cosmetics domain; 

¶ Comparison of chemical space occupied by cosmetics- to the food- related 

compounds from the U.S. FDA CFSAN PAFA. 
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3.3. Materials and methods 

3.3.1. Analysed inventories  

The chemical space analysis was performed for the two following inventories:  

¶ COSMOS Cosmetics Inventory containing 5,562 structures (the collation of the 

COSMOS Cosmetics Inventory was described in chapter 2); 

¶ Food-related compounds from the U.S. FDA CFSAN PAFA database (Table 2.1) 

including 4,337 structures. 

The structures comprising both inventories were obtained from the COSMOS 

ŘŀǘŀōŀǎŜ ŀǎ н5 {5 ŦƛƭŜǎ όǊŜŦŜǊǊŜŘ ǘƻ ƘŜǊŜƛƴ ŀǎ άн5-ǘŜǎǘŜŘέ {5CǎύΦ The chemical space analysis 

was performed with respect to both, structural features and physicochemical properties. 

Each part of the analysis was based on a different methodology, thus required a different 

type of original SD files pre-processing. 

3.3.2. Use functions of cosmetics-related compounds 

Prior to the chemical space analysis, the COSMOS Cosmetics Inventory was 

characterised with respect to the 66 chemical use functions associated with cosmetics-

related compounds from the EU COSING database (Table 2.2). The entire list of COSING use 

functions along with their definitions is provided in Annex 3. It was expected that specific 

use functions will be reflected in the structural characteristics and physicochemical 

properties of individual molecules. 

3.3.3. Structural features (chemotypes) analysis 

The analysis of general structural features represented by cosmetics and food 

related compounds was performed using novel approach based on the ToxPrint chemotypes 

(Yang et al., 2015), belonging to the structural fingerprints type of descriptors. The term 

άŎƘŜƳƻǘȅǇŜέ ǊŜŦŜǊǎ ǘƻ ŀ ƳŜŀƴǎ of representing the chemical entities as structural fragments 

encoded for connectivity (which may extend beyond a single connected fragment). If 

needed, chemotypes may be also encoded for physicochemical properties of atoms, bonds, 

fragments, electron systems and even whole molecules. The conceptual graph of the 

chemotype is presented in Figure 3.2. 
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Figure 3.2 
Schematic definition of a chemotype 

The ToxPrint chemotypes (Yang et al., 2015), which were developed from over 

100,000 chemicals present in publicly available chemical inventories and toxicity databases, 

cover a range of hierarchically organised structural classes (Table 3.3) and capture broad 

chemical spaces of food ingredients, food direct additives, food-contact substances, 

pharmaceuticals, agrochemicals, cosmetics ingredients and industrial chemicals. The library 

of 729 ToxPrint chemotypes is publicly available at www.toxprint.org and can be 

downloaded as a .csrml (Chemical Subgraphs and Reactions Markup Language) file (Yang et 

al., 2015). 

Table 3.3 
Classes of ToxPrint chemotypes (from Yang et al., 2015) 

Top 
class 

1st level classes 
Total # of 
chemotypes 

Atom 
main group element, metal (group I, II, III, transition metals, metalloid, poor 
metals) 

 

Bond 

C#N, C(ḐZ)ḐCḐQ, C(=O)N, C(=O)O, C=N, C=O, C=S, CC(=O)C, CN, CNO, COC, COH, 
/{Σ /·Σ ƳŜǘŀƭΣ bόҐhύΣ bώΗ/ϐΣ bҐώbҌϐҐώbҍϐΣ bҐ/ҐhΣ bҐbΣ bҐhΣ b/ҐhΣ bbΣ bbҐbΣ 
NO, OZ, P(=O)N, P=C, P=O, PC, PO, QQ(QḐO_S), quaternaryN, quaternaryP, 
quaternaryS, S(=O)N, S(=O)O, S(=O)X, S=O, SeḐQ, X(any), X[(any)_!C], XḐZ 

411 

Chain 
alkaneBranch, alkaneCyclic, alkaneLinear, alkeneBranch, alkeneCyclic, 
alkeneLinear, alkyne, aromaticAlkane, aromaticAlkene, oxy-alkaneBranch, oxy-
alkaneLinear 

95 

Group aminoAcid, carbohydrate, ligand, nucleobase 69 

Ring aromatic, fused, hetero, polycycle 144 

 

In the current analysis, the ToxPrint chemotypes were used to explore and compare 

the structural space occupied by cosmetics- and food- related compounds. For 

comprehensive investigation, it was particularly important to preserve all chemical classes 
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occurring in both inventories, including inorganics, organometallics, organometals and 

metal complexes. Generating the fingerprints using ToxPrint chemotypes in this analysis did 

not require 3D computational structures. The salts and IOM compounds were therefore 

retained, and άн5-ǘŜǎǘŜŘέ {5 ŦƛƭŜǎ were used as input. 

The analysis was performed with the publicly available (www.chemotyper.org) 

software application, ChemoTyper (Altamira LLC, Columbus, OH, USA; Molecular Networks 

GmbH, Nüremberg, Germany). Using the ChemoTyper, the input structures (imported from 

ǘƘŜ άн5-ǘŜǎǘŜŘέ SD files) were mapped against the predefined ToxPrint library 

(toxprint_V2.0_r711.xml file downloaded at www.toxprint.org). The features describing the 

query compounds were subsequently exported in the form of a table of binary chemical 

fingerprints. The rows in this data matrix corresponded to particular molecules (structures) 

and the columns to particular ToxPrint chemotypes: a value of 1 indicated that the 

compound contained a given feature, whereas a value of 0 that it did not. 

The frequencies of particular ToxPrint chemotypes (i.e. ǘƘŜ ƴǳƳōŜǊ ƻŦ άƳŀǘŎƘŜǎέ 

between ToxPrint chemotypes and the query structures) have been investigated. The 

structural domains of the analysed inventories were presented in terms of distributions of 

the compounds across specified generic structural classes.  

3.3.4. Analysis of physicochemical properties  

The physicochemical properties space covered by the two inventories was 

investigated using diverse types of molecular descriptors. Therefore, this part of the analysis 

required pre-ǇǊƻŎŜǎǎƛƴƎ ƻŦ ƻǊƛƎƛƴŀƭ άн5-ǘŜǎǘŜŘέ ŦƛƭŜǎ ŀƴŘ ƎŜƴŜǊŀǘƛƴƎ о5-computational 

structures. All these steps, as well as descriptors calculations, were conducted in the Corina 

Symphony software tool (Molecular Networks GmbH, Nüremberg, Germany). 

The salts and IOM compounds identified through the material type and composition 

type annotations (section 2.4.1) have been excluded from investigation. The input files 

containing only organic compounds were pre-processed with the following options: 

desalting and small fragments removal, neutralising charged compounds, detecting and 

removing duplicate structures. Subsequently, the 3D coordinates have been generated and 

oriented according to their maximal moments of inertia. The resulting SD files (referred to 
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ƘŜǊŜƛƴ ŀǎ άо5-ŎƻƳǇǳǘŀǘƛƻƴŀƭέ {5 ŦƛƭŜǎύ ǿŜǊŜ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ άƎƭƻōŀƭ ƳƻƭŜŎǳƭŀǊέ ŀƴŘ 

άǎƛȊŜ ŀƴŘ ǎƘŀǇŜέ ŘŜǎŎǊƛǇǘƻǊǎ ƛƴ /ƻǊƛƴŀ {ȅƳǇƘƻƴȅΦ 

The data matrix containing (n) rows corresponding to the chemical compounds and 

(m) columns corresponding to the calculated descriptors was subsequently used as input in 

the Principal Components Analysis (PCA) performed in the JMP Pro 12.2.0 software tool 

(JMP, SAS Institute Inc.). For m standardised original variables (transformed to have zero 

mean and unit variance), m PCs were calculated. The first PC was the linear combination of 

the standardised original variables that had the greatest possible variance. Each subsequent 

PC was the linear combination of the variables that had the greatest possible variance and 

was uncorrelated with all previously defined components. The PCs explaining the large 

portion of variance in the analysed datasets and having the eigenvalues >1 were considered 

in the final analysis. Their scores were projected into 3D plots to visualise the 

physicochemical properties space. The most influential properties were identified. 

3.4. Results 

3.4.1. COSMOS Cosmetics Inventory ς use functions analysis 

The COSMOS Cosmetics Inventory was characterised with respect to the 66 chemical 

use functions from the EU COSING database. The Cosmetics Inventory is very diverse, with 

the majority of its constituents associated with multiple (up to 18) functions (for 72% of 

Cosmetics Inventory compounds up to three functions have been reported). The most 

populated use functions include skin protection and skin conditioning agents, surface-active 

agents (surfactants, emulsifiers, emulsion stabilisers, foaming agents and foam boosters), 

perfuming agents, and hair fixing and conditioning substances (Figure 3.3). The most 

populated use functions in the cosmetics domain have been further characterised with 

respect to their structural features and physicochemical properties in the following sections 

of this chapter. 
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Figure 3.3 
The most populated COSING use functions in the COSMOS Cosmetics Inventory 

3.4.2. Structural (chemotypes) space analysis  

The structural features (ToxPrint chemotypes) analysis was performed for cosmetics 

related compounds from the COSMOS Cosmetics Inventory (5,562 compounds) and food 

related compounds from the U.S. FDA CFSAN PAFA (4,337 compounds). The overlap 

ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ƛƴǾŜƴǘƻǊƛŜǎ όƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ǘƘŜ /a{ L5ǎ ŀƴŘ Lƴ/ƘL YŜȅǎ ƎŜƴŜǊŀǘŜŘ ŦƻǊ άн5-

ǘŜǎǘŜŘέ ǎǘǊǳŎǘǳǊŜǎύ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ оΦпΦ  

 

Figure 3.4  
Venn Diagrams demonstrating the overlap between the COSMOS Cosmetics Inventory and food 
related compounds from the U.S. FDA CFSAN PAFA:  

(A) The inventories were compared by CMS IDs of compounds with available structures; 1,773 
(out of 8,126) compounds appeared in both inventories; 3,552 was found only in COSMOS 
Cosmetics Inventory; 2,429 ς only among PAFA members; 

(B) The original (not processed) 2D structures from both inventories were compared by the 
InChI Keys. A total of 7,509 unique InChI Keys was present in both inventories (the 617 
structural duplicates resulted from using representative structures; please refer also to Table 
2.4); 1,725 InChi Keys were common in both inventories  




































































































































































































