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ABSTRACT 

The increasing utilization of polymeric materials, elastomeric 

assemblies, single-use systems, pharmaceutical packaging 

components, and biomedical devices has intensified concerns 

regarding the release of material-derived chemical entities into 

products and biological environments. Extractable species 

encompass a chemically diverse spectrum of compounds 

including residual monomers, catalysts, antioxidants, 

oligomers, plasticizers, processing aids, degradation products, 

and manufacturing-related impurities. Traditional extractables 

investigations have largely relied on targeted analytical 

methodologies that focus on predefined compounds, often 

failing to capture the full extent of chemical complexity present 

within modern material systems. Consequently, a paradigm 

shift toward comprehensive, systems-level characterization is 

required. This review introduces Extractomics, a novel 

multidisciplinary framework designed to investigate extractable 

species through the integration of advanced analytical chemistry, high-resolution 

instrumentation, cheminformatics,  
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toxicological assessment, data science, and regulatory intelligence. Extractomics aims to 

establish a holistic understanding of extractable ecosystems by combining untargeted 

screening, molecular fingerprinting, structural elucidation, exposure modelling, and risk 

prioritization. Emerging technologies including high-resolution mass spectrometry, nuclear 

magnetic resonance spectroscopy, ion mobility spectrometry, artificial intelligence, and 

machine learning are discussed as enabling tools for Extractomics-based investigations. 

Furthermore, the review examines current regulatory expectations, methodological challenges, 

and future opportunities associated with the implementation of Extract-omics in 

pharmaceutical, biomedical, environmental, and industrial applications. The proposed 

framework represents a transformative approach for advancing material safety assessment and 

improving scientific understanding of chemical migration phenomena. 

 

KEYWORDS: Extractomics; Extractable Species; Chemical Migration; High-Resolution 

Mass Spectrometry; Non-Targeted Analysis; Material Safety; Cheminformatics; 

Toxicological Assessment; Pharmaceutical Packaging. 

 

 Highlights 

1. Introduces Extractomics as a novel multidisciplinary framework for extractable 

investigations. 

2. Explores untargeted analytical strategies for comprehensive extractable profiling. 

3. Integrates cheminformatics, toxicology, and artificial intelligence for risk 

assessment. 

4. Addresses limitations of conventional extractable and leachable studies. 

5. Proposes future directions for predictive and data-driven extractable characterization. 

 

 Novelty 

The novelty of this review lies in the introduction of Extractomics as a unified scientific 

discipline that transcends traditional extractable testing. Unlike existing approaches that focus 

primarily on detection and quantification, Extractomics integrates analytical chemistry, 

computational toxicology, exposure science, and data analytics into a cohesive framework. 

This paradigm emphasizes molecular ecosystem mapping, predictive risk assessment, and 

digitalized chemical intelligence, offering a forward-looking perspective for the 

characterization of extractable species across diverse material platforms. 
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Graphical Abstract (Concept Design) 

Figure 1: Graphical abstract. 

 

1. INTRODUCTION 

The proliferation of advanced polymeric materials, elastomeric assemblies, medical devices, 

pharmaceutical packaging systems, and bioprocessing components has substantially 

expanded the spectrum of chemical entities capable of migrating from material matrices into 

surrounding environments. These migrated substances, commonly referred to as extractable, 

represent a chemically diverse assemblage of additives, degradation products, oligomer 

fragments, residual monomers, catalysts, and process-related impurities. The complexity of 

these substances has escalated in parallel with innovations in material engineering, rendering 

conventional analytical paradigms increasingly insufficient for comprehensive 

characterization.
[1]

 

 

Historically, extractable investigations have relied on predefined extraction protocols 

followed by targeted analytical measurements designed to detect anticipated compounds. 

Although these methodologies have provided valuable regulatory support, they frequently 

underestimate the breadth of chemical diversity present within modern material systems. 
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Emerging evidence suggests that numerous low-abundance, structurally obscure compounds 

remain undetected due to analytical blind spots and limitations in spectral databases. 

 

Consequently, there is an increasing need for integrative approaches capable of capturing the 

full chemical landscape associated with extractable species.
[2]

 

 

The proposed discipline of Extractomics draws conceptual inspiration from systems-level 

sciences such as metabolomics, proteomics, and expos omics. Rather than focusing on 

individual compounds, Extractomics seeks to characterize the entire extractable universe 

associated with a material system. This framework incorporates advanced chromatographic 

separations, high-resolution mass spectrometric analyses, spectroscopic characterization, 

computational modelling, and toxicological prioritization. By leveraging multidimensional 

datasets, Extractomics enables comprehensive molecular fingerprinting and facilitates a 

deeper understanding of chemical migration phenomena.
[3]

 

 

A defining characteristic of Extractomics is its emphasis on data integration. Modern 

analytical instruments generate vast quantities of information that extend beyond simple 

compound identification. These datasets contain structural patterns, fragmentation signatures, 

exposure indicators, and toxicological predictors that can collectively inform risk-based 

decision-making. Through the application of machine learning, artificial intelligence, and 

cheminformatics platforms, Extractomics transforms raw analytical data into actionable 

scientific intelligence. 

 

Furthermore, regulatory agencies increasingly demand robust scientific justification for 

material safety assessments, particularly in pharmaceutical and biomedical sectors. The 

Extractomics framework offers a systematic pathway for addressing these expectations by 

integrating analytical evidence with exposure assessment and toxicological evaluation. Such 

an approach facilitates a more comprehensive understanding of potential risks while 

supporting the development of safer materials and manufacturing processes. 

 

As analytical technologies continue to evolve, Extractomics is positioned to become a 

foundational discipline for next-generation extractable investigations. Its multidisciplinary 

nature not only enhances scientific rigor but also promotes harmonization among analytical 

chemists, toxicologists, material scientists, and regulatory stakeholders. The establishment of 

Extractomics may therefore represent a significant advancement in the pursuit of 
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comprehensive chemical safety evaluation and material compatibility assessment.
[4] 

 

2. Conceptual Foundation of Extractomics 

Extractomics may be defined as the comprehensive study of all extractable chemical entities 

originating from material systems through the integration of advanced analytical, 

computational, toxicological, and regulatory methodologies. The framework encompasses 

identification, characterization, quantification, exposure prediction, toxicological 

prioritization, and lifecycle assessment of extractable species. 

 

Unlike traditional extractable studies, which primarily focus on predefined analytes, 

Extractomics embraces a hypothesis-free investigative philosophy. The objective is to 

characterize both known and previously unidentified compounds while simultaneously 

evaluating their potential impact on human health and product performance. This approach 

recognizes that extractable species rarely exist as isolated entities. Instead, they constitute 

dynamic chemical assemblages influenced by material composition, environmental 

conditions, extraction procedures, and temporal factors. 

 

A central principle of Extractomics is the concept of the "extractable universe," representing 

the totality of chemical species capable of migrating from a material system under defined 

conditions. This universe encompasses low-molecular-weight additives, degradation 

products, oligomer fragments, inorganic contaminants, reaction intermediates, and 

transformation products generated through chemical or physical processes. By characterizing 

this universe comprehensively, researchers can establish a more complete understanding of 

material-associated risks.
[5]

 

 

3. Sources and Classification of Extractable Species 

Extractable species originate from diverse sources within material systems. Polymeric 

materials frequently contain residual monomers that remain following polymerization 

processes. Catalysts and initiators employed during synthesis may persist as trace impurities 

capable of migration under appropriate conditions. Antioxidants, ultraviolet stabilizers, 

plasticizers, lubricants, and slip agents are commonly incorporated into formulations to 

improve performance characteristics but may subsequently become extractable. 

 

Degradation processes represent another significant source of extractable species. Thermal 

exposure, radiation sterilization, hydrolysis, oxidation, and mechanical stress can induce 



Mandal et al.                                                                      World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 15, Issue 13, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

 

311 

structural alterations within materials, generating previously absent compounds. These 

degradation products often exhibit chemical properties distinct from their parent compounds 

and may possess unique toxicological profiles. 

 

Extractable species may also arise from manufacturing operations. Processing aids, cleaning 

agents, residual solvents, mild-release compounds, and packaging-related contaminants 

contribute additional complexity to extractable profiles. Consequently, comprehensive 

investigations require consideration of both intrinsic material composition and extrinsic 

manufacturing influences.
[6]

 

 

4. Analytical Platforms in Extractomics 

Advanced analytical technologies constitute the cornerstone of Extractomics investigations. 

Gas chromatography coupled with mass spectrometry remains indispensable for the 

characterization of volatile and semi-volatile extractable compounds. The technique offers 

exceptional sensitivity, chromatographic resolution, and spectral reproducibility, facilitating 

the identification of diverse organic contaminants. 

 

Liquid chromatography–mass spectrometry has emerged as a complementary technology for 

analysing non-volatile, thermally labile, and polar compounds. High-resolution mass 

spectrometers such as Orbitrap and time-of-flight instruments provide accurate mass 

measurements that support molecular formula determination and structural elucidation. These 

capabilities are particularly valuable for the investigation of unknown compounds lacking 

reference standards. 

 

Nuclear magnetic resonance spectroscopy contributes orthogonal structural information that 

complements mass spectrometric data. Unlike MS-based approaches, NMR enables direct 

observation of molecular architecture, facilitating confirmation of proposed structures and 

characterization of novel compounds. Recent developments in cryogenic probe technology 

and multidimensional NMR have significantly enhanced sensitivity and analytical utility. 

 

Ion mobility spectrometry represents another emerging technology with considerable 

relevance to Extractomics. By separating ions according to their size, shape, and charge, ion 

mobility analysis provides additional molecular descriptors that improve compound 

discrimination and structural characterization. 
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Figure 2: Analytical Platform in Extratomics. 

 

5. Data Science and Artificial Intelligence in Extractomics 

The enormous datasets generated during Extractomics investigations necessitate sophisticated 

computational methodologies for interpretation. Artificial intelligence and machine learning 

have emerged as powerful tools capable of extracting meaningful information from complex 

analytical datasets. 

 

Machine learning algorithms facilitate spectral classification, compound prioritization, 

anomaly detection, and predictive toxicology. Deep learning architectures can recognize 

subtle fragmentation patterns within mass spectral data, enabling the identification of 

previously uncharacterized compounds. Similarly, unsupervised learning techniques assist in 

the discovery of hidden relationships among extractable species. 

 

Cheminformatics platforms provide additional capabilities for molecular annotation, 

structural prediction, and exposure modelling. By integrating analytical data with chemical 

databases and toxicological repositories, these systems transform raw measurements into 

actionable scientific knowledge. 
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Figure 3: Data Analytics. 

 

6. Toxicological Integration and Risk Assessment 

A defining feature of Extractomics is the integration of toxicological evaluation into the 

analytical workflow. Traditional extractable studies often separate chemical characterization 

from safety assessment. In contrast, Extractomics emphasizes concurrent evaluation of 

chemical identity, exposure potential, and biological relevance. 

 

Computational toxicology tools enable rapid screening of large numbers of compounds for 

potential hazards including genotoxicity, carcinogenicity, endocrine disruption, and organ-

specific toxicity. Quantitative structure–activity relationship models provide preliminary risk 

estimates for compounds lacking experimental toxicological data. These approaches facilitate 

prioritization of extractable species requiring further investigation. 

 

The incorporation of toxicological intelligence allows Extractomics to evolve beyond 

descriptive chemistry toward predictive safety science. Such capabilities are particularly 

valuable in pharmaceutical and medical device applications where patient exposure 

considerations are paramount. 

 

7. Future Perspectives 

The future of Extractomics is expected to be characterized by increasing automation, 

predictive modelling, and digital integration. Advances in artificial intelligence, cloud 

computing, high-throughput screening, and autonomous analytical systems will likely 

transform extractable investigations into continuously evolving knowledge platforms. Digital 
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twins of material systems may eventually enable prediction of extractable profiles before 

product manufacture, reducing development timelines and enhancing safety assurance. 

 

The establishment of standardized databases, harmonized analytical protocols, and 

international regulatory frameworks will further accelerate adoption of Extractomics 

methodologies. As analytical technologies continue to evolve, the discipline is poised to 

become a foundational component of next-generation material safety assessment. 

 

8. CONCLUSION 

Extractomics represents a transformative scientific framework that redefines the investigation 

of extractable species through the integration of advanced analytical chemistry, 

computational intelligence, toxicological science, and regulatory assessment. By embracing a 

systems-level perspective, Extractomics enables comprehensive characterization of chemical 

complexity associated with modern material systems. The framework addresses critical 

limitations of traditional methodologies while providing new opportunities for predictive risk 

assessment, material innovation, and product safety. As technological capabilities continue to 

expand, Extractomics is expected to emerge as a central discipline within pharmaceutical, 

biomedical, environmental, and industrial research, facilitating a deeper understanding of 

chemical migration phenomena and supporting the development of safer, more sustainable 

materials. 
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