




Applied Metallomics





Applied Metallomics

From Life Sciences to Environmental Sciences

Edited by Yu-Feng Li and Hongzhe Sun



The Editors

Dr. Yu-Feng Li
Chinese Academy of Sciences
19B, Yuquan Road
Beijing
China

Dr. Hongzhe Sun
University of Hong Kong
Pokfulam Road
Hong Kong
China

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists
this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2024 WILEY-VCH GmbH, Boschstraße 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form – by
photoprinting, microfilm, or any other
means – nor transmitted or translated into a
machine language without written permission
from the publishers. Registered names,
trademarks, etc. used in this book, even when
not specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-35144-2
ePDF ISBN: 978-3-527-84037-3
ePub ISBN: 978-3-527-84038-0
oBook ISBN: 978-3-527-84039-7

Cover Design and Image: Schulz Grafik-Design,
Fußgönheim, Germany

Typesetting Straive, Chennai, India

http://dnb.d-nb.de
http://dnb.d-nb.de


v

Contents

Foreword xv
Preface xvii

1 Introduction 1
Yu-Feng Li and Hongzhe Sun

1.1 A Brief Introduction to Metallomics 1
1.2 Key Issues and Challenges in Metallomics 3
1.3 About the Structure of this Book 4

References 6

2 Nanometallomics 11
Hongxin Xie, Liming Wang, Jiating Zhao, Yuxi Gao, Bai Li, and Yu-Feng Li

2.1 The Concept of Nanometallomics 11
2.2 The Analytical Techniques in Nanometallomics 12
2.2.1 The Analytical Techniques for Size Characterization of Nanomaterials

in Biological System 12
2.2.1.1 Chromatography-based Techniques for Size Characterization 12
2.2.1.2 Mass-spectrometry-based Techniques for Size Characterization 13
2.2.1.3 Laser, X-rays, and Neutron-beam-based Techniques for Size

Characterization 13
2.2.2 The Analytical Techniques for Quantification of Nanomaterials and

Metallome in Biological System 14
2.2.3 The Analytical Techniques for Studying the Distribution

of Nanomaterials in Biological System 15
2.2.4 The Analytical Techniques for Studying the Metabolism

of Nanomaterials in Biological System 16
2.3 The Application of Nanometallomics in Nanotoxicology 17
2.3.1 Understanding the Size Changes, Uptake and Excretion, Distribution,

and Metabolism of Nanomaterials in Biological Systems 17
2.3.2 Comparative Nanometallomics for Distinguishing Nanomaterials

Exposure and Nanosafety Evaluation 20



vi Contents

2.4 Conclusions and Perspectives 21
Acknowledgments 22
List of Abbreviations 22
References 23

3 Environmetallomics 33
Lihong Liu, Ligang Hu, Baowei Chen, Bin He, and Guibin Jiang

3.1 The Concept of Environmetallomics 33
3.2 The Analytical Techniques in Environmetallomics 34
3.2.1 The Requirements for Environmetallome Analysis 34
3.2.2 Quantitative Analysis for Environmetallomics 35
3.2.3 Metal Distribution and Mapping for Environmetallomics 37
3.2.4 Metal Speciation for Environmetallomics 39
3.2.5 Metalloprotein Analysis 41
3.3 The Application of Environmetallomics in Environmental Science and

Ecotoxicological Science and the Perspectives 43
Acknowledgments 44
List of Abbreviations 44
References 45

4 Agrometallomics 49
Xuefei Mao, Xue Li, Tengpeng Liu, and Yajie Lei

4.1 The Concept of Agrometallomics 49
4.1.1 Introduction 49
4.1.2 Agrometallomics and its Concept 51
4.2 Analytical Techniques in Agrometallomics 52
4.2.1 Sensitivity and Multi-elemental Analysis in Agrometallomics 52
4.2.1.1 Mass Spectrometry in Agrometallomics 52
4.2.1.2 Atomic Spectrometry for Agrometallomics 119
4.2.2 Elemental Speciation and State Analysis in Agrometallomics 121
4.2.2.1 Chromatographic Hyphenation for Atomic Spectrometry or Mass

Spectrometry 121
4.2.2.2 Synchrotron Radiation Analysis 122
4.2.2.3 Energy Spectroscopy Based on X-ray 123
4.2.3 Spatial Distribution and Micro-analysis Techniques

in Agrometallomics 124
4.2.3.1 Laser Ablation Inductively Coupled Plasma Mass Spectrometry 124
4.2.3.2 Electrothermal Vaporization Hyphenation Technique 125
4.2.3.3 Laser-induced Breakdown Spectroscopy 125
4.2.3.4 Single-Cell and Micro-particle Analysis 126
4.3 Application and Perspectives of Agrometallomics in Agricultural

Science and Food Science 127
4.3.1 Agricultural Plants and Fungi and Derived Food 127
4.3.2 Agricultural Animal and Derived Food 131



Contents vii

4.3.2.1 Application of Sensitivity and Multielemental Analysis in Agricultural
Animals 132

4.3.2.2 Application of Elemental Speciation and State Analysis in Agricultural
Animals 135

4.3.2.3 Application of Spatial Distribution and Micro-analysis in Agricultural
Animals 137

4.3.3 Soil, Water, and Fertilizer for Agriculture 139
List of Abbreviations 143
References 144

5 Metrometallomics 153
Liuxing Feng

5.1 The Concept of Metrometallomics 153
5.2 The Analytical Techniques in Metrometallomics 154
5.2.1 Analytical Techniques of Protein Quantification

in Metrometallomics 154
5.2.2 Analytical Techniques of Quantitative In Situ Analysis

in Metrometallomics 155
5.3 The Application of Metrometallomics in Life Science and the

Perspectives 159
5.3.1 Absolute Quantification of Metalloproteins in Metrometallomics 159
5.3.1.1 Naturally Present Elements (P, S, Se, Metals) 159
5.3.1.2 Elemental Labeling 160
5.3.1.3 Directly Protein Tagging (I, Hg, Chelate Complexes) 162
5.3.1.4 Immunological Tagging 164
5.3.1.5 Direct Quantification of Proteins by LA-ICP-MS 165
5.3.1.6 Calibration for Metalloprotein Quantification by ICP-MS 167
5.3.1.7 Perspectives of Absolute Quantification of Metalloproteins 168
5.3.2 Calibration Strategies of Quantitative In Situ Analysis

in Metrometallomics 168
5.3.2.1 Internal Standardization 168
5.3.2.2 External Calibration 174
5.3.2.3 Calibration by Isotope Dilution 182
5.3.2.4 Perspectives of Quantitative In Situ Analysis in Metrometallomics 185

Acknowledgments 186
References 186

6 Medimetallomics and Clinimetallomics 193
Guohuan Yin, Ang Li, Meiduo Zhao, Jing Xu, Jing Ma, Bo Zhou, Huiling Li,
and Qun Xu

6.1 The Concept of Medimetallomics and Clinimetallomics 193
6.1.1 Medimetallomics 195
6.1.2 Clinimetallomics 195
6.2 The Analytical Techniques in Medimetallomics and

Clinimetallomics 195



viii Contents

6.2.1 Total Analysis of Clinical Elements 196
6.2.1.1 Atomic Spectroscopy Detection Technology 196
6.2.1.2 Mass Detection Technology 197
6.2.1.3 Electrochemical Analysis 198
6.2.1.4 Neutron Activation Analysis 198
6.2.2 Clinical Element Morphology and Valence Analysis Technology 199
6.2.2.1 Atomic Spectroscopy Detection Technology 200
6.2.2.2 Mass Spectrometry Detection Technology 201
6.2.3 Summary and Outlook 203
6.3 The Application of Medimetallomics and Clinimetallomics in

Medical and Clinical Science and the Perspectives 204
6.3.1 Medimetallomics 204
6.3.1.1 Global or National Medimetallomics Research 204
6.3.1.2 Standardized Protocol for Medimetallomics Research 205
6.3.1.3 The Application of Medimetallomics Results 207
6.3.1.4 Next Steps and Opportunities for Medimetallomics 208
6.3.2 Clinimetallomics 208
6.3.2.1 Diseases Associated with Trace Elements 208
6.3.2.2 Toxic-Element-Related Diseases 221
6.3.2.3 Combined Toxicity of Multiple Heavy Metal Mixtures 223
6.3.2.4 Genetic Diseases Associated with Metallomics 224
6.3.2.5 Application of Metallomics in Disease Treatment 224
6.3.2.6 Perspectives 226

List of Abbreviations 226
References 229

7 Matermetallomics 237
Qing Li, Zhao-Qing Cai, Wen-Xin Cui, and Zheng Wang

7.1 The Concept of Matermetallomics 237
7.1.1 Introduction 237
7.1.2 Metallic Elements as Dopant 239
7.1.3 Metallic Elements as Impurities 241
7.1.4 Metallic Elements as Crosslinkers 242
7.2 The Analytical Techniques in Matermetallomics 243
7.2.1 Element Imaging Analysis 243
7.2.1.1 Laser Ablation Inductively Coupled Plasma Mass Spectrometry

(LA-ICP-MS) 246
7.2.1.2 Laser-Induced Breakdown Spectroscopy (LIBS) 247
7.2.1.3 Secondary Ion Mass Spectrometry (SIMS) 247
7.2.1.4 TEM/X-EDS 248
7.2.1.5 Synchrotron Radiation X-Ray Fluorescence Spectrometry

(SR-XRF) 249
7.2.2 Quantitative and Qualitative Analysis 250
7.2.2.1 Inductively Coupled Plasma Atomic Emission Spectrometry

(ICP-AES) 250



Contents ix

7.2.2.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 251
7.2.2.3 X-Ray Fluorescence (XRF) 252
7.2.2.4 GD Optical Emission Spectroscopy (GD-OES) and GD Mass

Spectrometry (GD-MS) 253
7.2.3 Metal Speciation Analysis 254
7.2.3.1 Raman Spectroscopy 254
7.2.3.2 X-Ray Photo Electron Spectroscopy (XPS) 255
7.2.4 Techniques Providing Depth Information 255
7.3 The Application of Matermetallomics in Material Science and the

Perspectives 256
7.3.1 Matermetallomics in Semiconductor Materials 256
7.3.2 Matermetallomics in Artificial Crystal Materials 257

Acknowledgments 258
List of Abbreviations 258
References 260

8 Archaeometallomics 265
Li Li, Yue Zhou, Sijia Li, Lingtong Yan, Heyang Sun, and Xiangqian Feng

8.1 The Concept of Archaeometallomics 265
8.2 The Analytical Techniques in Archaeometallomics 266
8.2.1 Neutron Activation Analysis (NAA) 266
8.2.2 X-Ray Fluorescence Analysis (XRF) 266
8.2.3 Laser Ablation Inductively Coupled Plasma Mass Spectrometry

(LA-ICP-MS) 267
8.2.4 Laser-induced Breakdown Spectroscopy (LIBS) 267
8.2.5 Atomic Absorption Spectroscopy (AAS) 267
8.2.6 X-Ray Absorption Fine Structure Spectroscopy (XAFS) 267
8.2.7 X-Ray Diffraction (XRD) 268
8.2.8 Neutron Diffraction 268
8.3 The Application of Archaeometallomics in Archaeological

Science 269
8.3.1 The Application of Archaeometallomics in Ancient Ceramics 269
8.3.1.1 Archaeometallomics in Studying the Origin and Dating of Ancient

Ceramics 269
8.3.1.2 Archaeometallomics in Studying the Color Mechanism and Firing

Technology of Ancient Ceramics 271
8.3.2 The Application of Archaeometallomics in Metal Cultural Relics 272
8.3.2.1 Archaeometallomics in Studying the Origin of Metal Cultural

Relics 273
8.3.2.2 Archaeometallomics in Studying the Manufacturing Technology of

Metal Cultural Relics 274
8.3.2.3 Archaeometallomics in Studying the Corrosion of Metal Cultural

Relics 275
8.3.3 The Application of Archaeometallomics in Ancient Painting 275



x Contents

8.3.3.1 Archaeometallomics in Studying the Aging Mechanism of Painting
Cultural Relics 276

8.3.3.2 Archaeometallomics in Studying the Authenticity Identification of
Painting Cultural Relics 278

8.4 Summary and Perspectives 279
Acknowledgments 279
List of Abbreviations 279
References 280

9 Metallomics in Toxicology 285
Ruixia Wang, Ming Gao, Jiahao Chen, Mengying Qi, and Ming Xu

9.1 Metallomic Research on the Toxicology of Metals 285
9.2 Recent Progresses in Understanding the Health Effects of Heavy

Metals 287
9.2.1 Mercury, Oxidative Stress, and Cell Death 287
9.2.2 Arsenic and Lung Cancer 291
9.2.3 Epigenetic Effects of Cadmium 292
9.2.4 Nephrotoxicity of Uranium in Drinking Water 294
9.3 Knowledge Gaps, Challenges, and Perspectives 297

Acknowledgments 298
List of Abbreviations 298
References 300

10 Pathometallomics: Taking Neurodegenerative Disease as an
Example 311
Xiubo Du, Xuexia Li, and Qiong Liu

10.1 Introduction to Pathometallomics 311
10.1.1 The Concept and Scope of Pathometallomics 311
10.1.2 Brief Introduction to Methodologies for Pathometallomics 312
10.2 Application of Pathometallomics in Neurodegenerative Diseases 314
10.2.1 Pathometallomics in Alzheimer’s Disease 314
10.2.1.1 Dysregulation of Metal Homeostasis in AD 315
10.2.1.2 Metal-Associated Dysfunction in AD 320
10.2.1.3 Application of Metallomics in the Prognosis of AD 321
10.2.1.4 Metal Chelators as AD Therapeutics 322
10.2.2 Pathometallomics in Parkinson’s Disease 324
10.2.2.1 Dysregulation of Metal Homeostasis in PD 324
10.2.2.2 Application of Metallomics in the Prognosis of PD 332
10.2.2.3 Application of Metallodrugs and Metalloproteins in the Treatment

of PD 333
10.2.3 Pathometallomics in Amyotrophic Lateral Sclerosis 333
10.2.3.1 Dysregulation of Metal Homeostasis in ALS 333
10.2.3.2 Metal-Associated Dysfunction in ALS 334
10.2.4 Pathometallomics in Autism Spectrum Disorder 336



Contents xi

10.3 The Perspectives of Pathometallomics 338
Acknowledgments 338
List of Abbreviations 338
References 340

11 Oncometallomics: Metallomics in Cancer Studies 349
Xin Wang, Chao Li, and Yu-Feng Li

11.1 Introduction to Oncometallomics 349
11.2 The Application of Oncometallomics in Cancer Studies 351
11.2.1 The Application of Oncometallomics in Cancer Diagnosis 351
11.2.1.1 Prostate Cancer 351
11.2.1.2 Breast Cancer 351
11.2.1.3 Lung Cancer 352
11.2.1.4 Gastric Cancer 352
11.2.1.5 Colorectal Cancer 353
11.2.1.6 Esophageal Cancer 353
11.2.1.7 Liver Cancer 353
11.2.1.8 Ovarian Cancer 354
11.2.1.9 Cervical Cancer 354
11.2.1.10 Thyroid Cancer 354
11.2.2 The Application of Oncometallomics in Cancer Treatment 354
11.3 The Metallome that Involved in the Occurrence and Development of

Cancer 355
11.4 Conclusions and Perspectives 356

Acknowledgments 358
List of Abbreviations 358
References 358

12 Bio-elementomics 363
Dongfang Wang, Jing Wu, Bing Cao, Lailai Yan, Qianqian Zhao, Tiebing Liu,
and Jingyu Wang

12.1 Introduction 363
12.1.1 The Concept of Bio-elementomics 363
12.1.2 The Development History of Bio-elementomics 363
12.1.3 Research Scope 364
12.2 Basic Laws of Bio-elementomics 364
12.2.1 Review of Bio-elementomics 364
12.2.2 Organizational Selectivity of Bio-elements 365
12.2.3 Specific Correlation of Bio-elements 365
12.2.4 Orderliness of Bio-elements 366
12.2.5 Diversity of Bio-elements 366
12.2.6 Biological Fractionation 366
12.2.7 The Correlation Between the Bio-elementomes and Other “Omes” 367
12.3 Rare-Earth Elementome 367
12.3.1 Association of Rare-Earth Elements and Related Diseases 367



xii Contents

12.3.2 The Mechanism Studies of the Hormesis Effect of REEs Based on the
Bio-elementomics 369

12.3.3 Beneficial Rebalancing Hypothesis for Hormesis Effect 370
12.4 Limitations of Bio-elementomics 371
12.4.1 Statistically Higher Level of Some Elements in the Patient’s Body 371
12.4.2 Environment-independent Biomarkers 372
12.4.3 Trace Elements in Immortalized Lymphocytes 372
12.5 Perspectives 373
12.5.1 Speciation Analysis of Elements 373
12.5.2 Bio-elements and Their Interactions with Proteins, Genes, and Small

Molecules 373
12.5.3 Research Based on the Hormesis “Beneficial Rebalancing”

Hypothesis 374
12.5.4 Multi-element Analysis of Immortalized Lymphocytes 374
12.5.5 Analysis of Bio-elements in Single Cell 374

References 374

13 Methodology and Tools for Metallomics 377
Xiaowen Yan, Ming Xu, and Qiuquan Wang

13.1 Brief Description of Metallomics 377
13.1.1 Why Do Research on Biometals? 377
13.1.2 What’s the Goal of Metallomics? 378
13.1.3 How to Perform a Metallomic Study? 379
13.2 Methodologic Strategy for Metallomic Research 380
13.2.1 In Vivo 381
13.2.2 Ex Vivo 381
13.2.3 In Vitro 382
13.2.4 In Silico 383
13.3 Tools for Metallomics 383
13.3.1 Tools for Quantitative Metallomics 383
13.3.2 Tools for Qualitative Metallomics 384
13.3.3 Imaging Tools for Metallomics 386
13.4 Concluding Remarks 387

List of Abbreviations 387
References 388

14 ICP-MS for Single-Cell Analysis in Metallomics 391
Man He, Beibei Chen, and Bin Hu

14.1 Introduction 391
14.2 ICP-MS Instrumental Optimization for Single-Cell Analysis 392
14.2.1 Sample Introduction System 392
14.2.1.1 Pneumatic Nebulization 392
14.2.1.2 Laser Ablation 399
14.2.2 Mass Analyzer and Detector 400



Contents xiii

14.3 Microfluidic Platform for Single-Cells Analysis 401
14.3.1 Droplet-Encapsulation-Based Single-Cell Separation 403
14.3.2 Hydrodynamic-Capture-Based Single-Cell Separation 407
14.3.3 Magnetic-Separation-Based Single-Cell Capture 408
14.4 ICP-MS-Based Single-Cells Analysis in Metallomics 408
14.4.1 Endogenous Elements in Single Cells 409
14.4.2 Exogenous Metal Exposure to Single Cells 409
14.4.3 Nanoparticles Uptake by Single Cells 415
14.4.4 Metal-containing Drugs Uptake by Single Cells 416
14.4.5 Biomolecular Quantification at Single-Cell Level 417
14.4.6 Other Applications 418
14.5 Summary and Perspectives 419

List of Abbreviations 420
References 420

15 Novel ICP-MS-based Techniques for Metallomics 429
Panpan Chang and Meng Wang

15.1 Introduction 429
15.2 ICP-MS: A Powerful Method in Metallomics 430
15.2.1 Solution Introduction System and Plasma Source 430
15.2.2 Time-of-flight Mass Analyzer 431
15.2.3 Laser Ablation Systems 432
15.3 Recent Advances in ICP-MS-based Metallomics 433
15.3.1 Single-particle Analysis 433
15.3.2 Single-cell Analysis 435
15.3.3 Spatial Metallomics 441
15.4 Conclusions 442

Acknowledgment 443
List of Abbreviations 443
References 444

16 Machine Learning for Data Mining in Metallomics 449
Wei Wang and Xin Wang

16.1 Data Mining Methods in Metallomics 450
16.1.1 Data Preprocessing 450
16.1.1.1 Smoothing Process 450
16.1.1.2 Normalization 450
16.1.1.3 Fourier Transform 451
16.1.1.4 Wavelet Transform 451
16.1.1.5 Convolution Operation 452
16.1.2 Data Dimensionality Reduction 452
16.1.2.1 Principal Component Analysis 453
16.1.2.2 Independent Component Analysis 453
16.1.2.3 Multidimensional Scaling 454
16.1.2.4 Local Preserving Projection 454



xiv Contents

16.1.2.5 T-Stochastic Neighbor Embedding 454
16.1.3 Sample Set Division 455
16.1.3.1 Random Sampling 455
16.1.3.2 Kennard–Stone Sampling 455
16.1.3.3 Sample Set Partitioning Based on Joint x−y Distances 455
16.1.3.4 Cross-Validation 456
16.1.3.5 Leave-One-Out Cross Validation 457
16.1.4 Predictive Model Building Method 457
16.1.4.1 Partial Least Squares Regression 457
16.1.4.2 Support Vector Machine 457
16.1.4.3 Decision Tree 458
16.1.4.4 K-means Clustering 458
16.1.4.5 Deep Learning 459
16.1.5 Model Evaluation 461
16.1.5.1 Evaluation Index of the Quantitative Model 461
16.1.5.2 Evaluation Indicators of the Qualitative Model 462
16.2 Application of Machine Learning for Data Mining in Metallomics 463
16.2.1 Applications in Medical Science 463
16.2.2 Applications in Agricultural Science 466
16.2.3 Applications in the Environmental Science 467

References 469

Index 471



xv

Foreword

Metallomics is the systematic study of the interactions and functional connections
of metallome with genes, proteins, metabolites, and other biomolecules within
organisms. It aims to provide a global understanding of metal uptake, trafficking,
role, and excretion in biological systems, and potentially to be able to predict all of
these in silico using bioinformatics and even artificial intelligence.

With the development for over two decades, metallomics has converged with
different research fields to form diverse branches of metallomics, such as nanometal-
lomics, environmentallomics, agrometallomics, clinimetallomics, and metrometal-
lomics, to name a few. Besides, with the development of high throughput analytical
techniques, methodologies in metallomics were also formed, such as targeted/
non-targeted metallomics, spatial metallomics, temporal metallomics, spatiotem-
poral metallomics, metalloproteomics, and metametallomics.

In 2010, Prof. Zhifang Chai, Prof. Yuxi Gao, and I co-edited a book entitled
Nuclear Analytical Techniques for Metallomics and Metalloproteomics, which is the
first monographic book to address the key aspects of the application of nuclear
analytical techniques to metallomics study. After that, several books on metallomics
edited by distinguished scientists were published, such as Metallomics and the Cell;
Metallomics: A Primer of Integrated Biometal Science; Metallomics: Recent Analytical
Techniques and Applications; and Metallomics: The Science of Biometals, which
greatly enhanced the development of metallomics.

It my pleasure to introduce this new book of Applied Metallomics. This book is
a collection of 16 chapters contributed by eminent experts in China. In Chapters
2–12, different branches of metallomics were introduced, while in Chapters 13–15,
dedicated methodology and tools were presented. Specifically in Chapter 16, data
mining with machine learning and even artificial intelligence for metallomics was
introduced, which is highly desired for metallomics studies.

The co-editors of this book, Prof. Yu-Feng Li and Prof. Hongzhe Sun, are
co-founders of the “CAS-HKU Joint Laboratory of Metallomics on Health and
Environment,” who have been dedicated to metallomics and metalloproteomics



xvi Foreword

studies for over 20 years. With their hard work and close collaboration, I am happy
to see this book being published, which is suitable for not only scientists already
involved in metallomics research but also for young scientists, graduate students,
and others who are interested in understanding the vital roles of metals/metalloids
in life and many other fields.

Chunying Chen
Member of Chinese Academy of Sciences
National Center for Nanoscience and Technology
Beijing, China
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Preface

Since its coinage by Haraguchi and Williams in early 2002 as “integrated biometal
science” and the following definition by International Union of Pure and Applied
Chemistry (IUPAC) in 2010, metallomics has seen great development not only in
methodology but also in its application in different research fields. Considering the
important role of metallome, it is regarded as one of the five pillars of life along with
genome, proteome, lipidome, and glycome. With the development of high through-
put analytical methods, it is believed that metallomics will evolve to elementomics,
which will cover all the elements in the periodic table. However, here in this book,
we will pay our attention mainly on metal/metalloids rather than all the elements.

Over the last two decades, metallomics has converged with nanoscience, envi-
ronmental science, agricultural science, medical science, toxicological science,
metrological science, radiological science, archaeology, and materials science to
form different branches of metallomics, such as nanometallomics, environmental-
lomics, agrometallomics, clinimetallomics, metrometallomics, radiometallomics,
archaeometallomics, and matermetallomics. These developments show the diversity
and prosperity of metallomics in different research fields.

High throughput analytical techniques are commercially available, such as
inductively coupled plasma optical emission spectroscopy (ICP-OES) and induc-
tively coupled plasma optical mass spectrometry (ICP-MS). Besides, large research
infrastructures, such as synchrotron radiation facilities, free electron lasers,
spallation neutron sources, proton sources, and heavy ion sources, can provide
cutting-edge techniques as superb tools for metallomics. Based on these high
throughput analytical techniques, targeted/non-targeted metallomics, spatial met-
allomics, temporal metallomics, spatiotemporal metallomics, metalloproteomics,
and metametallomics are formed as dedicated tools for studying the quantification,
distribution, speciation, and function of metallomes.

The aim of this book is to present the latest development of metallomics in both
its application in different research fields and its methodology development. There
are 16 chapters in this book. Chapter 1 gives a brief introduction to metallomics
and presents the key issues and challenges in metallomics. From Chapters 2
to 12, different branches of metallomics, such as nanometallomics, environ-
metallomics, agrometallomics, metrometallomics, medimetallomics, clinimet-
allomics, matermetallomics, archaeometallomics, metallomics in toxicology,
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pathometallomics, oncometallomics, and bio-elementomics, are presented, which
cover both the analytical techniques and their applications in the specific research
field. This is also why we give the name of this book Applied Metallomics, since we
want to show that metallomics is very useful in many fields. From Chapters 13 to
15, the methodology and tools in metallomics, especially ICP-MS, are presented.
Last but not least, Chapter 16 presents machine learning in metallomics for data
mining. We would like to thank all the contributing authors for their hard work and
efforts in forming this book, since we are hoping to present the latest development
and application of metallomics in diverse research fields. Besides, through the
publication of this book, we are also hoping to attract more and more distinguished
researchers, young scientists, graduate students, and other people who are inter-
ested in understanding the vital roles of metals/metalloids in life sciences and many
other fields to join the metallomics family.

Both Chinese Academy of Sciences (CAS) and the University of Hong Kong (HKU)
pay high attention to metallomics study, and a “CAS-HKU Joint Laboratory of Met-
allomics on Health and Environment” was established in 2019. Besides, the “Beijing
Metallomics Facility” was established in 2020, which includes 12 universities, insti-
tutes and even hospitals resides in Beijing area. Furthermore, the “National Con-
sortium for Excellence in Metallomics” was also initiated in 2020 to cover all the
interested parties around China. We would like to thank all the scientists and col-
leagues with whom we worked together on metallomics these years.

We would like to acknowledge the financial support from the National Natural
Science Foundation of China (NSFC, Nos. 11975247, 11475496, 11205168), Research
Grants Council of Hong Kong (SRFS2122-7S04) and the Ministry of Science and
Technology (2022YFA1207300, 2020YFA0710700, 2016YFA0201600). We also thank
the support of the joint research scheme from RGC and NSFC (No. 20931160430).

We would like to express our sincere appreciation to Felix Bloeck, Kelly Labrum,
Shwathi Srinivasan, Tanya Domeier, Farhath Fathima, and Elizabeth Rose Amala-
doss from Wiley. Without their patience and kind help, the publication of this book
would be impossible.

Yu-Feng Li, Beijing, China
Hongzhe Sun, Hong Kong, China

March 1, 2024
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1

Introduction
Yu-Feng Li1 and Hongzhe Sun2

1Chinese Academy of Sciences, Institute of High Energy Physics, CAS-HKU Joint Laboratory of Metallomics
on Health and Environment, & CAS Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety,
& Beijing Metallomics Facility, & National Consortium for Excellence in Metallomics, No. 19B, Yuquan Road,
Beijing 100049, China
2The University of Hong Kong, Department of Chemistry, CAS-HKU Joint Laboratory of Metallomics on
Health and Environment, Hong Kong, SAR, China

1.1 A Brief Introduction to Metallomics

Metals and metalloids play vital role in life and even death, acting as catalysis, struc-
tural components, signal transmitters or electron donors [1–3], etc. However, metals
or metalloids do not work alone; they may interact with each other through syner-
gism or antagonism in biological systems. The systematic understanding on the roles
of all the metals and metalloids in biological systems is called “metallomics,” which
was proposed by Haraguchi in 2002 as “integrated biometal science,” [4, 5] while the
term “metallome” was first used by Williams in 2001, referring to “an element dis-
tribution or a free element content in a cellular compartment, cell or organism.”[6]
In 2010, metallomics was defined by the International Union of Pure and Applied
Chemistry (IUPAC) as a research field focusing on the systematic study of the inter-
actions and functional connections of metallome with genes, proteins, metabolites,
and other biomolecules within organisms [7]. Metallomics aims to provide a global
understanding of the metal uptake, trafficking, role, and excretion in biological sys-
tems, and potentially to be able to predict all of these in silico using bioinformatics
[8, 9].

Metallomics aims to understand the biological systems and life process at the
atomic level [10], which is similar to ionomics in this regard [11–13]. However, met-
allomics also works at molecular levels like the study on metalloproteins [14] and
speciation study [15, 16]. Therefore, it covers both the atomic and molecular levels of
metallome. The metallome has been proposed as a fifth pillar of elemental – vis-à-vis
molecular-building blocks alongside the genome, proteome, lipidome, and glycome
in life [17] as illustrated in Figure 1.1. With the technical advances, it is expected
that metallomics will be evolved to elementomics [18–21], which will cover all the
elements in the periodic table.

Applied Metallomics: From Life Sciences to Environmental Sciences, First Edition.
Edited by Yu-Feng Li and Hongzhe Sun.
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.
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Figure 1.1 Metallome as one of the five pillars in life alongside the genome, proteome,
lipidome, and glycome. Source: abhijith3747/Adobe Stock; Yu-Feng Li (Author).

Metallomics is considered both a basic science to understand the chemical struc-
tures and biological functions of metallome and an applied science in convergence
with many research fields [5, 17]. Metallomics has gained increasing attention
among scientists working outside the biological science, such as nanoscience, envi-
ronmental science, agricultural science, medical science, food science, geoscience,
toxicological science, materials science, and metrological science [8–10, 15, 22–28].
The convergence of metallomics with these research field has led to new branches
of metallomics such as nanometallomics [22, 29–31], environmentallomics [32–34],
agrometallomics [35], metrometallomics [36], clinimetallomics [37], radiometal-
lomics [38], archaeometallomics [39], and matermetallomics [40]. A special issue
called “Atomic spectroscopy for metallomics” published in Atomic Spectroscopy
covered some of these topics [10].

Dedicated analytical techniques are required for the characterization of met-
allome and their interactions with genome, proteome, metabolome, and other
biomolecules in the biological systems. Commercially available instruments
like inductively coupled plasma optical emission spectroscopy (ICP-OES) and
inductively coupled plasma optical mass spectrometry (ICP-MS) have been widely
applied in metallomics for the quantification of metallome [15, 24–26]. On the other
hand, there are scientific instruments which are commercially less available but
accessible to scientists, i.e. large research infrastructures (LRIs). LRIs are built to
solve the strategic, basic, and forward-looking scientific and technological problems
in economic and social development [41].
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Particle accelerators are such kinds of LRIs, which produce beams of fast-moving,
electrically charged atomic or subatomic particles, such as electrons, positrons,
protons, or ions [42]. They are used for particle physics and nuclear physics
like the structure of nuclei, the nature of nuclear forces, and the properties of
nuclei not found in nature [43]. They are also used for radioisotope production,
industrial radiography, radiation therapy, sterilization of biological materials, and
radiocarbon dating [44, 45], etc. Furthermore, the particle accelerator-derived
electrons, positrons, protons, or ions beams have many advantages compared to
the commercially available ones, which make them superb tools in many research
fields including metallomics.

1.2 Key Issues and Challenges in Metallomics

It is desired to know which and how many elements are there in a biological system,
and this includes the high-throughput quantification of elements, their species, and
also the metal/metalloid-binding molecules like metalloproteins.

For the quantification of metallome, it is required to know first which metallome
is to be quantified. There are over 20 elements like C, N, O, F, Na, Mg, Si, P, S, Ca,
Fe, Cu, Zn, and I that have been proved to be essential elements for humans [46].
Plants also require B, while some bacteria need W, La, and Ce instead of Ca [47]. In
some marine diatoms, Cd-containing carbonic anhydrase was found [48]. It is also
desired to quantify the presence of non-essential elements in the biological system
since new technologies and manufacturing practices lead to new industrial emis-
sions, releases, or discharges to the environment. For example, the electronic indus-
try uses rare-earth elements and many transition elements in the periodic table.
With nearly 60 million tonnes of electronic waste generated in 2021 alone, it is also
desired to know to which extent that humans, plants, animals, and microorganisms
are exposed to these elements [49]. Another example is the increased production and
application of nanomaterials these years, which inevitably lead to the environmental
burden of nanomaterials themselves or their degraded products [31, 50]. Therefore,
it is desired to quantify as many elements as possible or even the whole elements in
the periodic table in a high-throughput way; however, this indeed is one of the big
challenges for the quantification of metallome since huge concentration difference
of elements exists in the biological systems [21].

The speciation of elements is also required since different species of the same
element may have different biological effects. One example is Cr. Cr3+ is positive
on glucose on lipid metabolism, while Cr6+ in the form of chromate is a carcino-
gen[46]. Another example is Hg. It is known that mercury selenide (HgSe) is stable
and generally not bioavailable, while methylmercury (MeHg) is highly toxic and
bioaccumulative in biological systems [51]. For the speciation in metallomics, the
challenge is to identify the species in situ. This is also required for the quantification
of metalloproteins and other non-protein complexes of metal ions in metallomics
study.
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Besides knowing the concentration and speciation of metallome in a whole biolog-
ical system, it is also desired to know how many of them exist in a particular location,
i.e. the distribution of metallome. Seeing is believing. This includes knowing the
two-dimensional (2D) and three-dimensional (3D) distribution of metallome in a
biological system, which is called spatial metallomics [52–54]. Spatial metallomics
is the study on the distribution of metallome at the subcellular, cellular, tissue, and
whole-body levels including human-sized objects or even larger ones [55], requir-
ing the spatial resolution at the nanometer, micrometer, millimeter, centimeter, and
even larger ones [56].

The challenge for mapping the metallome in 2D and 3D is to have a tunable spatial
resolution, which will greatly facilitate the study on the distribution of metallome
in a biological system through a coarse scan first, following by a fine scan of the
samples [57]. For 3D mapping, high-speed data acquisition is highly desired, while
non-destructive analysis is highly preferred.

The 2D and 3D spatial distribution of chemical species is also required in the met-
allomics study. This includes the ex situ and in situ study, while the in situ chemical
speciation is always desired. The study on the distribution of metals/metalloids in
metalloproteins and other non-proteins complexes, i.e. their 3D structure can also
be included in spatial metallomics.

The temporal change of metallome in a biological system forms series of live pic-
tures of metallome in a biological system, i.e. the movie of metallome. The study on
this can be called temporal metallomics. Furthermore, the study on the spatial distri-
bution of metallome with a temporal resolution in a biological system can be called
the spatiotemporal metallomics [52]. This shows the dynamic changes of metallome
in a biological system.

For both the temporal and spatiotemporal metallomics, a challenge lies in the in
situ monitoring of the dynamic changes of metallome in the biological system, espe-
cially at the single-cell level, which is called single-cell metallomics [17, 52]. Besides,
considering the individual variations in mixed communities of organisms like cells,
metametallomics was proposed to cover this [17, 26]. Temporal and spatiotemporal
metallomics also include the study on the dynamic changes of metals in metallopro-
teins and other biomolecules.

1.3 About the Structure of this Book

As abovementioned, with the fast development in the last 20 years, metallomics has
been converging with different research fields such as nanoscience, environmental
science, agricultural science, biomedical science, toxicological science, materials
science, archaeology, and analytical science to form new metallomics branches like
nanometallomics, environmetallomics, agrometallomics, and medimetallomics.
Dedicated tools through synchrotron radiation, neutrons, protons and other
commercially available techniques can be applied in metallomics study. Besides,
the methodology of metallomics including targeted or non-targeted metallomics,
spatial metallomics (including single-particle/single-cell metallomics), temporal
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Figure 1.2 The different branches of metallomics and the methodologies and tools.
Source: Yu-Feng Li.

metallomics, spatiotemporal metallomics, and metalloproteomics is also formed
(Figure 1.2).

Therefore, from Chapters 2–11, these metallomics branches will be introduced:
Chapter 2, Nanometallomics (coordinated by Yu-Feng Li); Chapter 3, Environ-
metallomics (coordinated by Ligang Hu); Chapter 4, Agrometallomics (coordinated
by Xuefei Mao); Chapter 5, Metrometallomics (coordinated by Liuxing Feng);
Chapter 6, Medimetallomics and clinimetallomics (coordinated by Qun Xu and
Huiling Li); Chapter 7, Matermetallomics (coordinated by Zheng Wang); Chapter
8, Archaeometallomics (coordinated by Xiangqian Feng); Chapter 9, Metallomics
in toxicology (coordinated by Ming Xu); Chapter 10, Pathometallomics: Taking
neurodegenerative disease as an example (coordinated by Qiong Liu); and Chapter
11, Oncometallomics: Metallomics in cancer studies (coordinated by Xin Wang and
Chao Li). Each chapter covers both the analytical techniques and the application
of metallomics in a definite discipline or more. This is also why we call this book
Applied Metallomics. Since metallomics is expected to be evolved to elementomics,
an introduction and application of bio-elementomics is presented in Chapter 12,
Bio-elementomics (coordinated by Jingyu Wang).

In addressing the key issues and challenges of metallomics, methodologies and
tools, especially ICP-MS, machining learning and data mining are introduced
in Chapter 13, Methodology and tools for metallomics (coordinated by Qiuquan
Wang); Chapter 14, ICP-MS for single-cell analysis in metallomics (coordinated by
Bin Hu); Chapter 15, Novel ICP-MS-based techniques for metallomics (coordinated
by Meng Wang); and Chapter 16, Machine learning for data mining in metallomics
(coordinated by Wei Wang).
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Through all these efforts, this book is intended to reflect the latest development
and application of metallomics in different research fields.
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