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Fig.1 Schematic diagram of 3D multicellular spheroids
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Fig.2 Preparation of frozen section coated with ice
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Abstract Cell models can simulate a variety of life states and disease developments, including single cells, two-
dimensional (2D) cell cultures, three-dimensional (3D) multicellular spheroids, and organoids. They are essential
tools for addressing complex biochemical questions. With continuous advancements in biological and cellular
analysis technologies, in vitro cellular models designed to answer scientific questions have evolved rapidly. Early

in vitro models primarily relied on 2D systems, which failed to accurately replicate the complex cellular
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compositions and microenvironmental interactions observed in vivo, let alone support sophisticated investigations
into cellular biological functions. Subsequent improvements in cell culture techniques led to the development of
3D culture-based models, such as cellular spheroids. The advent of pluripotent stem cell technology further
advanced the development of organoid systems, which closely mimic human organ development. Compared to
traditional 2D models, both 3D cellular models and organoids offer significant advantages, including
personalization and enhanced physiological relevance, making them particularly suitable for exploring molecular
mechanisms of disease progression, discovering novel cellular and biomolecular functions, and conducting related
studies. The imaging analysis of common cellular models primarily employs labeling-based methods for in situ
imaging of targeted genes, proteins, and small-molecule metabolites, enabling further research on cell types,
states, metabolism, and drug efficacy. However, these approaches have drawbacks such as poor labeling
specificity and complex experimental procedures. By using cells as experimental models, mass spectrometry
technology combined with morphological analysis can reveal quantitative changes and spatial distributions of
various biological substances at the spatiotemporal level, including metabolites, proteins, lipids, peptides, drugs,
environmental pollutants, and metals. This allows for the investigation of cell-cell interactions, tumor
microenvironments, and cellular bioinformational heterogeneity. The application of these cutting-edge imaging
technologies generates vast amounts of cellular data, necessitating the development of rapid, efficient, and highly
accurate image data algorithms for precise segmentation and identification of single cells, multi-organelle
structures, rare cell subpopulations, and complex cellular morphologies. A critical focus lies in creating deep
learning models and algorithms that enhance the accuracy of cellular visualization. At the same time, establishing
more robust data integration tools is essential not only for analyzing and interpreting outputs but also for
effectively uncovering the biological significance of spatially resolved mass spectrometry data. Developing a cell
imaging platform with high versatility, operational stability, and specificity to enable data interoperability will
significantly enhance its utility in clinical research, thereby advancing investigations into disease molecular
mechanisms and supporting precision diagnostics and therapeutics. In contrast to genomic, transcriptomic, and
proteomic information, the metabolome can rapidly respond to external stimuli and cellular physiological changes
within a short timeframe. This rapid and precise reflection of ongoing cellular state alterations has positioned
spatial metabolomics as a pivotal approach for exploring the molecular mechanisms underlying physiological and
pathological processes in cells, tissues, and organisms. In this review, we summarize research on cell imaging
based on mass spectrometry technologies, including the selection and preparation of cell models, morphological
analysis of cell models, spatial omics techniques based on mass spectrometry, mass cytometry, and their

applications. We also discuss the current challenges and propose future directions for development in this field.
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