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Fig. 1 Workflow of cryo—ET based on serial lift—out technology ( created with BioRender.com )
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Fig. 2 Development timeline of Cryo-lift—out technology
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Table 1 Statistics of vitrification and lamella preparation methods for tissue samples in cryo—ET studies
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Fig.3 Schematic diagram of sample classification and geometric relationships in the serial lift—out
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Abstract Cryo-electron tomography (cryo-ET) enables the determination of high-resolution three-dimensional
structures of macromolecular complexes within cells in a near-physiological state, providing crucial structural
insights into fundamental life processes. Cryo-ET has achieved landmark successes in single-cell models.
However, many critical biological processes do not occur in isolated cells but emerge from intercellular

coordination within tissues. Furthermore, many research subjects, including neural tissues, tumor biopsies, plant
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tissues, and clinical pathological samples, cannot be obtained through single-cell culture and must be directly
dissected from organisms or tissue blocks. Advancing cryo-ET from single-cell to tissue-level applications is
therefore crucial for capturing the full complexity of biological activities in their native context. A major technical
bottleneck for tissue cryo-ET lies in the preparation of sufficiently thin (<300 nm) lamellae from vitrified tissue
specimens. Although high-pressure freezing can vitrify tissues up to 200 um thick, these samples are far too thick
for direct transmission electron microscopy imaging. Among the available thinning methods, cryo-focused ion
beam (cryo-FIB) milling has emerged as the most promising approach, as it avoids the mechanical artifacts
inherent to cryo-ultramicrotomy. However, conventional on-the-grid cryo-FIB milling is inefficient for thick
tissues, requiring excessive milling time and discarding most of the sample. To overcome these limitations, cryo-
lift-out has been developed—a technique in which a micromanipulator physically extracts a chunk of interest
from deep within the tissue and transfers it to a dedicated grid for final thinning. This approach bypasses the
thickness barrier and enables site-specific analysis of internal structures. This review systematically traces the
evolution of cryo-lift-out from its origins in materials science to its adaptation for biological tissues. In room-
temperature lift-out, reliable attachment is achieved by gas-injection system (GIS) -assisted metal deposition.
Transferring this approach to cryogenic conditions proved challenging because precursor gases condense on all
cold surfaces, leading to contamination and poor adhesion. The development of copper-assisted redeposition
marked a critical turning point: instead of relying on gas deposition, this method uses ion-beam sputtering to
deposit copper atoms at the needle-chunk interface, creating a strong, low-contamination bond. This innovation
has enabled robust cryo-lift-out workflows and paved the way for serial lift-out, in which multiple consecutive
lamellae are prepared from a single tissue chunk, substantially increasing throughput and enabling volumetric
imaging. Despite these advances, several technical challenges remain. Curtaining effects caused by uneven chunk
surfaces can introduce artifacts into tomograms, requiring careful optimization of milling parameters and
protective coating. The cryo-adhesion step still demands precise control of beam angle, needle positioning, and
milling depth, making the process highly operator-dependent. Additionally, the choice of grid geometry is critical.
Custom-designed grids with double-sided attachment improves stability and offer better compatibility with cryo-
ET tilt series. Automation, which has greatly improved room-temperature lift-out, has not yet been achieved for
cryo-lift-out due to the complexity of handling heterogeneous biological tissues and the need for real-time
adaptation. Future progress will likely focus on integrating cryo-lift-out with volume electron microscopy to
correlate ultrastructure across scales, developing intelligent control systems to reduce user intervention, and
extending the technology to challenging samples such as plant tissues and some material science samples for
interface study. A systematic analysis of the cryo-lift-out technique clarifies the key limiting factors for its large-
scale application and lays a foundation for methodological refinement and technological innovation. By
consolidating recent advances and identifying remaining bottlenecks, this review aims to support the broader

adoption of cryo-lift-out and accelerate the development of tissue-scale in situ structural biology.
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