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Abstract: Traditional Chinese medicine (TCM), as a complex system of substances, has long faced
the challenges of an unclear material basis and obscure mechanisms of action, which has hindered
its modernization and internationalization. To address these challenges, the “Herbalome” project

was launched in 2007. This initiative aims to systematically reveal the material composition,
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structure, and biological functions of TCM through the integration of multidisciplinary technologies,
thereby elucidating the synergistic mechanisms of multi-component and multi-target interactions.
This paper reviews key methodological and technological advancements in the field of herbal material
science. Specifically, regarding the composition and structural identification of herbal compounds,
the integration of liquid chromatography-mass spectrometry with two-dimensional chromatography
and intelligent data mining strategies has enabled high-throughput characterization of the complex
chemical constituents of TCMs, as well as the discovery of novel compounds. Furthermore, ad-
vancements in multidimensional high-performance preparative chromatography and the development
of novel multidimensional multi-channel separation and purification devices have overcome
bottlenecks in the large-scale systematic preparation of TCM compounds. Additionally, nuclear
magnetic resonance technology, enhanced by artificial intelligence techniques, such as intelligent
heteronuclear single quantum coherence (HSQC) recognition and deep learning models, has sig-
nificantly improved the efficiency and accuracy of structural identification. In the study of the
biological effects of herbal substances, target-oriented and phenotype-oriented pharmacological
technologies, such as cellular label-free integrative pharmacology, thermal proteome profiling, and
affinity mass spectrometry, have facilitated the discovery of targets and the elucidation of
mechanisms for bioactive components in TCM. Moreover, TCM databases and computational
simulation techniques, including virtual screening, molecular dynamics, and artificial intelligence
prediction models, have supported the construction and simulation of complex “multi-component
and multi-target” interaction networks. Structural biology techniques, particularly cryo-electron
microscopy, have provided atomic-level insights into the interactions between TCM bioactive
components and target proteins, advancing our understanding of structure-activity relationships and
multi-target mechanisms. In conclusion, the synergistic advancement of various techniques, including
separation analysis, bioeffect evaluation, and computational modelling, is driving a paradigm shift
in herbal material science from “experience-dependent” to “data-driven” approaches. The ongoing
emergence and integration of novel technologies will continue to reveal unexplored areas within
traditional Chinese medicine, systematically elucidate its multi-component, multi-target synergistic
mechanisms, and enable the in-depth discovery of novel structures, targets, and biological effects.
This progress will provide innovation insights to support the inheritance and innovation of traditional
Chinese medicine as well as modern drug discovery.

Keywords: herbalome; modernization of traditional Chinese medicine; multidimensional pre-

parative chromatography; target discovery; artificial intelligence; structural biology
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Fig. 1 Research route of herbal materials
TCM: traditional Chinese medicine; ADMET: absorption, distribution, metabolism, excretion, toxicity.
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Fig.3 Multi-dimensional preparative high-performance liquid chromatography technology for herbal substances
3M Prep-HPLC: multi-dimension multi-mode multi-column preparative HPLC; 1%-D: the first dimension; 2"-D: the second dimen-

sion; 3™-D: the third dimension; 4™-D: the fourth dimension; 5™-D: the fifth dimension; RPLC: reversed-phase liquid chromatogra-

phy; HILIC: hydrophilic interaction liquid chromatography; IEC: ion exchange chromatography.
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Evolution of NMR techniques for structural elucidation
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Fig. 4 Evolution of NMR techniques for structural elucidation

HSQC: heteronuclear single quantum coherence; CNN: convolutional neural network; CMGNet: conditional molecular generation

net; MMST: multi modal spectral transformer; Al: artificial intelligence; ACD: Advanced Chemistry Development, Inc.
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Table 1 Advantages and disadvantages of technologies for discovering targets of traditional Chinese medicine

Representative technology Advantages

Disadvantages

Fluorescent imaging plate high throughput, high sensitivity, suitable for

reader

Cellular label-free integra- label-free, real-time monitoring, integrated re-

tive pharmacology

Affinity mass spectrometry
Chinese medicine

large-scale compound library screening

high sensitivity, suitable for screening traditional

requiring fluorescent dyes, potential dye toxicity
or interference, limited applicability to certain tar-
gets (e.g., non-calcium-dependent pathways)

long detection time, complex signal analysis

sponse of targets and pathways, high throughput

inability to distinguish active properties, signifi-
cant challenges in data analysis

Biotin-based target identifi- enabling capture of low-abundance protein targets, difficulty in probe design and synthesis, modify-

cation precise localization

Thermal proteome profiling

analyzed simultaneously in one experiment

no modification required, thousands of proteins

ing groups may affect the binding of the com-
pound to the target

limited protein types, complex data processing,
difficulty in subsequent target validation
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R&D: research and development; COCONUT: collection of open natural products.
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