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SUMMARY: 
This protocol standardizes cryo-electron tomography (cryo‑ET) for thick tissues by integrating high-pressure freezing (HPF) with the waffle method, cryogenic focus ion beam (cryo‑FIB) lift‑out, and dose‑symmetric, parallel acquisition, yielding uniformly thin lamellae and vitrified specimens for reproducible in situ analysis in the mouse hippocampus.

ABSTRACT: 
[bookmark: OLE_LINK5]Cryo‑electron tomography (cryo‑ET) enables 3D visualization of native cellular ultrastructure, but its application to thick tissues is limited by the lack of reliable vitrification and low‑throughput lamella preparation. Here, an end‑to‑end workflow is presented that integrates high‑pressure freezing (HPF; ~2100 bar; dissection‑to‑freezing time ≤90 s) using a “waffle” assembly with copper foil to pre‑thin tissue, cryo‑FIB lift‑out, and controlled thinning to 120–200 nm lamellae with over‑tilt compensation. Conductive coating is standardized (sputter‑Pt 30 mA/15 s; GIS cap 0.5–1.0 µm) to minimize curtaining. Automated, dose‑symmetric data acquisition (0°, ±3°, ±6°… to ±60–66°; step size of 2–3°; total dose 100–150 e⁻/Å²) is implemented via PACEtomo scripts, with the starting tilt angle derived from the milling angle and sample orientation. Processing with AreTomo 3 provides functions for motion correction, CTF estimation, alignment, and WBP reconstruction in near‑real time; IsoNet may optionally reduce missing‑wedge anisotropy. Subtomogram averaging (RELION 4.0) follows a pseudo‑subtomogram strategy with resolution reporting based on an FSC cutoff of 0.143. Demonstrated on mouse hippocampus, the workflow routinely produces well‑vitrified samples and uniform lamellae (target thickness 150 ± 40 nm) and achieves high‑throughput tilt‑series collection (typically 5–8 min/tilt series). This protocol offers a reproducible route for studying in situ structural biology directly from complex tissue environments.

INTRODUCTION: 
Cryo-electron tomography (cryo-ET) has emerged as a pivotal technique for visualizing macromolecular complexes and cellular architectures in their native, hydrated state1–5. By reconstructing three-dimensional volumes from tilt-series of projection images, cryo-ET bridges the gap between cellular context and near-atomic resolution, offering unprecedented insights into structural biology in situ6. While cryo‑electron tomography workflows for cellular specimens7 (including cryo‑FIB‑thinned cells in suspensions and adherent cells) are now well‑established, their direct extension to thick, architecturally intact tissues remains highly challenging8–10. This is especially true for high‑water‑content tissues such as brain11, where reliable vitrification and the preparation of electron‑transparent lamellae (typically <200 nm) continue to pose persistent bottlenecks12.
 
[bookmark: _Hlk218777621][bookmark: OLE_LINK2][bookmark: _Hlk218969777][bookmark: _Hlk218628734][bookmark: _Hlk218810764][bookmark: _Hlk218777886]Achieving vitrification in tissues is challenging due to their high water content and limited heat transfer. While plunge freezing is effective for thin samples (≤20 µm)13, it fails for most tissues. High-pressure freezing (HPF) suppresses ice nucleation by applying high pressure, enabling vitrification of samples up to ~200 µm in theory. However, the efficiency of conventional HPF is often suboptimal for vitrifying tissues. To improve outcomes, recent efforts have employed strategies such as adding cryoprotectants14 and performing pre-sectioning15,16 (e.g., using a vibratome) to reduce the sample thickness mechanically prior to freezing11,17. While these approaches can enhance vitrification quality, they often entail prolonged ex vivo handling and the use of chemical additives that risk altering the native structures. To address these limitations, this study modified the “waffle” carrier strategy originally developed by Kelley et al.18 by incorporating a critical optimization: the brain tissue is physically compressed using two polished copper carriers prior to freezing, which pre-thins the sample while simultaneously securing it between a filmed grid and a copper foil. This design not only promotes rapid and uniform vitrification but also significantly enhances mechanical stability, thus effectively preventing grid breakage and sample loss during subsequent handling, establishing a robust foundation for obtaining intact, high-quality frozen tissue specimens.

[bookmark: OLE_LINK10]Following vitrification, thinning remains a major barrier to both throughput and quality. As an early and widely adopted technique, cryo-ultramicrotomy enables numerous foundational in situ structural studies. Nevertheless, it frequently introduces compression and cutting artifacts19,20 that compromise structural integrity. In contrast, cryo-focused ion beam (cryo-FIB) milling21 offers superior precision and minimal distortion7,22. Initially, cryo‑FIB milling was applied directly to vitrified samples on grids to produce lamellae23; however, this in situ approach is primarily effective for thin specimens24,25 (e.g., cultured cells or peripheral tissue regions) and cannot access deeper structures within thick, bulky tissues. To overcome this depth limitation, lift-out strategies26 were developed, enabling the site-specific extraction of regions of interest (ROIs) from the interior of samples. Subsequent methodological advances, including serial lift-out27 and on-grid serialized sectioning (SOLIST)28, further enhanced throughput, lamellar stability, and precision of 3D correlative targeting in complex tissues. More recently, innovations have continued to advance the field, including the six‑sided attachment method by Tang et al.29, which enhances mechanical stabilization during lift‑out and thinning, as well as novel on‑grid milling approaches by Benjamin C. Creekmore et al.11 that enable deep‑structure access while preserving native tissue context. Despite these advances, protocols still vary in efficiency, reproducibility, and adaptability across different tissue types. A critical gap persists in the establishment of a standardized, easily replicable, and broadly applicable workflow that integrates these optimizations into a coherent pipeline for diverse thick tissues.

This gap is addressed here by synthesizing key technical details from established methodologies and refining them into a generalized, end-to-end pipeline. This protocol not only employs the enhanced HPF-waffle method for robust vitrification but also incorporates a series of optimized steps in cryo-FIB lift-out and thinning, such as systematic over-tilt compensation, standardized conductive coating, and calibrated milling sequences, that collectively enhance lamella uniformity, reduce artifacts (e.g., curtaining), and improve throughput. Unlike protocols tailored to specific cell types or model organisms, this workflow is designed with generalizability at its core, providing a versatile framework adaptable to a wide range of thick, complex tissues, including those that are relatively soft and prone to compression, beyond the demonstrated mouse hippocampus.

Demonstrated in the challenging model of the mouse hippocampus, notable for its susceptibility to ice damage and structural complexity, this integrated and generalized workflow reliably produces high-quality lamellae (120–200 nm) and supports efficient tilt-series acquisition (5–8 min/series). This consolidation of best practices into a coherent, accessible, and widely applicable protocol provides a reproducible framework that lowers the technical barrier to implementing cryo-ET in thick tissue research across diverse biological and biomedical contexts.

PROTOCOL: 
All procedures involving animal tissue complied with SUSTech IACUC (Protocol SUSTech‑JY202501019). The regents and the equipment used are listed in the Table of Materials.

1. Sample support preparation

1.1. HPF carrier preparation (see Figure 1A)

1.1.1. Obtain a pair of 6 mm copper HPF carriers (type B). Ensure one of the carriers has a flat surface.

1.1.2. Wet the flat surface of the carrier and proceed to grind. First, use 8000-grit sandpaper until the original machining marks are completely removed. Then, switch to 12000-grit sandpaper and continue grinding until scratches from the previous step are largely eliminated, resulting in a uniformly smooth finish. Figure 2 shows typical images of the carrier surface during the grinding and polishing process.

1.1.3. Polish the ground surface using a soft metallographic cloth and W0.5 diamond paste: first, apply the paste to the cloth, then polish the surface in a circular motion for 1–2 min until a smooth, highly polished finish is achieved. Rinse the carrier thoroughly with ethanol, followed by distilled water to remove all abrasive residues.

1.1.4. Submerge the polished carriers in 1-hexadecene for a minimum of 4 h (or overnight) prior to their use.

NOTE: Polished and treated carriers can be stored submerged in 1-hexadecene.

CAUTION: 1‑Hexadecene is flammable and harmful if inhaled; work in a fume hood with PPE.

1.2. TEM support grid preparation (see Figure 1B)

1.2.1. Use 100-mesh copper grids with a continuous Formvar/carbon support film.

1.2.2. Sputter-coat both sides of the grids with gold using a sputter coater: set the current to 50 mA and coat each side for 120 s to achieve a layer of approximately 6 nm per side.

1.3. Copper foil preparation (see Figure 1C)

1.3.1. Obtain high-purity copper foil with a thickness of 1 µm.

NOTE: The thermal conductivity of copper varies with purity, and lower purity results in lower thermal conductivity. Therefore, high-purity copper foil (Cu ≥ 99.9%) is required.

1.3.2. Punch the copper foil into discs with a diameter of 3 mm using a circular hole punch.
 
2. High-pressure freezing

2.1. Place a 10 µL droplet of 10% sucrose solution on a clean glass surface.
[bookmark: OLE_LINK3]
2.2. Rapidly dissect the hippocampus from a freshly euthanized mouse. Excise small tissue pieces of approximately 0.5–1 mm³ using a sharp razor blade (see Figure 1D). 

2.3. Transfer the tissue onto the copper support TEM Grids (100 mesh) within the HPF carrier using a toothpick or fine brush. Use 2-methylbutane (isopentane) to gently maneuver the tissue into place while minimizing mechanical stress on the grid.

CAUTION: 2-Methylbutane (isopentane) is extremely flammable. Handle it in a fume hood with no ignition sources.

2.4. Cover the tissue and grid with a 3 mm diameter copper foil disc. Complete the assembly by placing the second HPF carrier (flat face down) on top to form the sealed “waffle” sandwich (see Figure 1E).

NOTE: The copper foil serves a critical mechanical function in the waffle assembly. It sandwiches the tissue between the TEM grid and the foil itself. During assembly, this configuration applies gentle pressure, helping to form a thinner, more uniform tissue slice ideal for vitrification. Furthermore, the foil prevents tissue loss during handling and helps distribute pressure during high-pressure freezing, reducing the risk of grid breakage. After freezing, the foil also facilitates easier separation of the carriers from the vitrified sample grid. However, this preparation method can introduce mechanical compression damage and may not be suitable for samples sensitive to pressure-induced artifacts. For such samples, alternative cutting techniques that achieve appropriate thickness without compression, such as vibratome sectioning or sample punching, should be considered.

2.5. Immediately initiate the high-pressure freezing procedure in accordance with the manufacturer's operational protocol. Set the target pressure to ~2100 bar and ensure the total time from tissue dissection to freezing does not exceed 90 s. 

NOTE: The entire procedure from dissection to freezing should be completed within 90 s to minimize structural alterations associated with prolonged ex vivo time. The tissue thickness range for brains is about 20–40 µm.

3. FIB milling and lift-out 

NOTE: Perform the following steps using a dual-beam microscope equipped with a cryo-stage. Maintain the sample temperature below -170 °C throughout.

3.1. Preparation of the receiver grid

3.1.1. Obtain a new 300-mesh gold grid to serve as the final receiver grid for the lift-out procedure.

3.1.2. Under a stereomicroscope at room temperature, gently clip the grid into a compatible cryo-FIB AutoGrid ring.

3.1.3. Store the assembled AutoGrid directly in a dry oven maintained at approximately 40 °C to minimize frost accumulation prior to its use.

NOTE: During clipping (Step 3.1.2), ensure the grid lies flat and is properly centered within the ring to prevent bending or misalignment, which can complicate subsequent lamella attachment and imaging.
 
3.2. Retrieval and mounting of the vitrified tissue grid

3.2.1. While continuously immersing the assembly in liquid nitrogen (LN₂), carefully separate the vitrified TEM grid (containing the tissue and the copper foil) from the surrounding “waffle” assembly components (i.e., the two HPF carriers). Use pre-cooled, fine-tipped tweezers to gently pry the two carriers apart.

NOTE: The presence of the copper foil spacer typically makes the grid easy to separate from the carriers. Exercise caution to avoid puncturing or tearing the delicate grid with the tweezers during this process.

3.2.2. On a pre-cooled cryo-loading workstation, mount the isolated tissue grid into a second cryo-FIB AutoGrid ring under the protection of LN₂.

3.3. Co-loading grids onto the cryo-transfer shuttle

3.3.1. Load both AutoGrids (the receiver grid from Step 3.1 and the tissue grid from Step 3.2) into the designated slots of the cryo-transfer shuttle (i.e., the sample holder). 

3.3.2. Orient each AutoGrid so that the milling notch faces outward and is vertical, which enables a lower milling angle.

3.3.3. Keep the fully loaded shuttle under LN₂ immersion or in a pre-cooled state until it is transferred into the FIB/SEM microscope. 

3.4. Localization and conductive coating in the FIB/SEM

3.4.1. After cryo-transfer into the microscope, navigate to the tissue grid at low SEM magnification (e.g., 100–500x, 2–5 kV). Identify tissue regions by their distinct contrast against the support film. 

3.4.2. Apply a conductive and protective coating to the entire grid surface to mitigate sample charging:

3.4.2.1. Sputter-coat the grid surface with platinum (Pt) at 30 mA for 15 s.

3.4.2.2. Deposit a 0.5–1.0 µm thick organometallic Pt cap using the Gas Injection System (GIS) for approximately 60 s.

3.4.2.3. Apply a final sputter-coated Pt layer to the grid surface at 30 mA for 15 s.

NOTE: The GIS cap is critical for reducing curtaining artifacts. A cap that is too thick will prolong milling time, while one that is too thin will be ineffective. Users should optimize the deposition time for their specific samples. As a starting point, 60 s is recommended for tissue and 40 s for cultured cells.

3.5. Tissue block isolation and lift-out (see Figure 3)

3.5.1. Site selection and orientation

3.5.1.1. Navigate to the selected region of interest (ROI) on the tissue grid using the SEM electron beam image.

3.5.1.2. Orient the sample for front-side milling. A typical stage position is set to 110° rotation and 7° tilt, and this position presents the sample surface at an angle suitable for ion beam access.

NOTE: In the absence of fluorescent markers for target localization, a pre-screening strategy can be employed. This strategy aims to locate the target tissue region and exclude areas containing cryoprotectant or other non-tissue components. After selecting a region apparently free of surface ice, mill a small test trench using a higher beam current (e.g., 15 nA at 30 kV) at the standard front-side orientation and polish using a lower beam current (e.g., 1 nA at 30 kV). Switch to the electron beam to examine the cross section: the tissue exhibits excellent contrast under the electron beam, a characteristic that is particularly pronounced in membranous structures and regions rich in heavy elements; in contrast, the cryoprotectant typically shows uniform contrast under the electron beam. This allows for rapid verification before proceeding with the full lift-out procedure.

3.5.2. Trench milling to isolate the block (Figure 3A)

3.5.2.1. Define a rectangular trench surrounding the target tissue block using the ion beam operated at 30 kV.

3.5.2.2. Begin milling at a certain distance from the block using a relatively high current of 15 nA to achieve rapid material removal.

3.5.2.3. As the trench walls approach the block to within a few micrometers, reduce the ion beam current to 7 nA. Reducing the current achieves more precise control and minimizes ion beam damage and heating of the biological material in the region of interest.

3.5.2.4. Leave one side of the block attached to the bulk material as a “tab” to hold it in place temporarily.

3.5.3. Optional undercut milling for thick blocks (Figure 3B)

3.5.3.1. For tissue blocks with an estimated thickness greater than 20 µm, perform an undercut milling step from the reverse side to facilitate the final lift-out.

3.5.3.2. Rotate the stage (e.g., to -70°) and adjust the stage tilt (e.g., to 23°) to access the bottom of the block.

3.5.3.3. Mill the underside connection using the FIB at 30 kV and a current of 3 nA.

3.5.4. Attachment to the micromanipulator needle (Figure 3C)

3.5.4.1. To attach the sample to the needle, first ensure that the gold block (pre-attached to the needle) is in direct contact with the target sample. Then, using the FIB at 30 kV and 0.5 nA, perform 8–12 sequential cross-section milling patterns exactly at the interface. The resulting localized redeposition of material securely welds the gold block to the sample.

NOTE: The gold block can be extracted from the bar of a 300-mesh gold grid (mentioned in Step 3.1.1) using the same method as for sample attachment.

3.5.5. Lift-out of the tissue block (Figure 3D)

3.5.5.1. Sever the remaining “tab” connecting the block to the bulk sample using the FIB (30 kV, 1 nA).

3.5.5.2. Carefully maneuver the micromanipulator needle to lift the now-isolated tissue block so that it is completely clear of the trench and the surrounding original grid. Then, retract the needle and transport the block to the receiver grid.

3.6. Block transfer, welding, and re-coating

3.6.1. Navigate the needle to a pre-cooled 300-mesh gold receiver grid.

3.6.2. Lower the block onto a chosen grid square. Bring the tissue block into contact with the film on the grid, then lift the block vertically to break the contact. Mill a ~3–4 µm thick slice from the block onto the grid film using the ion beam (30 kV, 1 nA) (Figure 3E).

NOTE: If ice debris is present, pre-clean the attachment site with a rectangular pattern (30 kV, 50 pA). Make sure the block makes contact with the grid film to reduce electrostatic charge, which may randomly displace the slice.

3.6.3. Weld the slice securely by milling using cleaning cross-section patterns on both sides of the junction (30 kV, 30 pA) (Figure 3F).

3.6.4. Reapply the conductive/protective coating as described in Step 3.4.2 (Figure 3G).

NOTE: For this GIS plating step, the duration can be appropriately reduced according to the size of the tissue block. An initial value of 50 s is recommended, with adjustments tailored to different tissue types.

3.7. Lamella thinning

3.7.1. Rotate the stage (e.g., to -70°) and set an initial stage tilt (e.g., 15°) (Figure 3H).

NOTE: The sample holder features a pre‑tilt of 45°, which establishes an initial ion beam milling angle of 7° with respect to the grid. A further 15° stage tilt in the opposite direction adjusts the final lamella milling angle to 8°.

3.7.2. Define the final lamella position within a smooth area of the tissue block.

NOTE: Visually confirm that the selected area is free of ice contamination and is relatively flat before proceeding. This step is critical for minimizing curtaining artifacts.

3.7.3. Perform systematic milling using the ion beam currents and over-tilt compensations specified in Table 1. Progress is made from higher to lower currents as the target plane is approached (Figure 3I,J). Optionally, when within 1–2 µm of the lamella, a stress-relief trench may be milled approximately 1.5 µm away to prevent bending or curling of the lamella30,31. 

NOTE: When the remaining material is within ~1 µm of the target plane, limit the thickness removed per cleaning cross-section pass and alternate milling between the top and bottom sides of the lamella. This practice is essential to produce a lamella that is both uniform and thin.

4. Cryo-ET data collection
 
4.1. Following successful lamella preparation, carefully load the grid into a transmission electron microscope (TEM) equipped with a cryo-holder, an energy filter, and tomography software (e.g., SerialEM).

4.2. Acquire an atlas map to provide an overview of the entire grid (e.g., Figure 4A; typical magnification is 155×).

4.3. Navigate to the lamella position, perform rough eucentricity, and acquire a montage map for each lamella at a magnification sufficient to resolve the region of interest (e.g., Figure 4B; typical magnification is 3600× with a defocus of -100 µm).

4.4. Set the nominal recording magnification and verify that the pixel size is appropriate for the intended resolution; in the present study, a pixel size of 2.109 Å was used. Adjust the corresponding illumination parameters, including spot size, C2 aperture diameter, and illumination area, to achieve an optimized dose rate for the direct electron detector.

4.5. Configure the focus and trial illumination conditions to match those set for the Record parameter.

4.6. Conduct data collection using the PaceTomo scripts32, following the steps below:

4.6.1. Pre-select targets on the montage map using the "add points" function in the navigator, ensuring the first feature exhibits sufficient contrast.

4.6.2. Select targets using the PACEtomo_selectTargets.py script32, adjusting the featured area at the preview magnification if necessary. Typical regions of interest are displayed in Figure 4C.

4.6.3. Acquire tilt series using a dose-symmetric scheme (e.g., 0°, +3°, -3°, +6°, -6°... up to ±60°–66°) with an increment of 2° or 3°. Set acquisition parameters in the PACEtomo.py script: the starting tilt angle is determined by the milling angle specified in Step 3.7.1 (i.e., 8°), with its sign dependent on the sample loading orientation in the cryo-EM; the minimum and maximum tilt angles refer to absolute values; and the step size corresponds to the tilt increment (e.g., 3°).

NOTE: This starting tilt angle is designed to position the lamella horizontally and perpendicular to the electron beam. If the milling angle is unknown, tilt the image to display the lamella at its largest apparent height; this provides a sufficiently accurate alignment.

4.6.4. Maintain a cumulative electron dose of 100–150 e⁻/Å² distributed across all tilts. If available, use an energy filter with a slit width of 10 eV.

4.6.5. Initiate data acquisition. Automated focusing and tracking are implemented at each tilt angle. The typical acquisition time for a single tilt series is 5–8 min.

NOTE: A Troubleshooting guide for the cryo‑ET workflow is provided in Table 2.

5. Data processing

5.1. Process Tilt-Series Motion Correction, CTF Estimation, Alignment, and 3D Tomogram Reconstruction​ images using AreTomo 333 to perform three core steps: (1) motion correction of raw image frames, (2) estimation of the contrast transfer function (CTF) for each tilt image, and (3) alignment of the full tilt-series. 

5.1.1. Following alignment, reconstruct three-dimensional (3D) tomograms via the weighted back-projection algorithm. Required inputs for this step included: raw image frames, mdoc metadata files (which document tilt-series acquisition parameters), and the pre-determined rotation axis of the sample.​

5.2. Missing wedge correction​

5.2.1. After reconstruction, subject the generated tomograms to missing wedge correction using IsoNet34.​

5.3. Particle picking and curating​

5.3.1. Conduct particle picking in EMAN 2.935 using the template matching method. After automated picking, false positives (i.e., non-target regions or erroneously selected regions) were manually excluded to ensure the quality of the selected particle dataset.​

5.4. Subtomogram averaging​

5.4.1. Import the tilt series and their corresponding particle coordinates into RELION 4.0. Perform subtomogram averaging following the standard workflow outlined in the RELION 4.0 documentation (https://relion.readthedocs.io/en/release-4.0/STA_tutorial/Introduction.html), which ensures adherence to established best practices for reproducibility.

REPRESENTATIVE RESULTS: 
Successful application of this protocol enables the production of high-quality, vitrified tissue lamellae and the subsequent reconstruction of tomograms that reveal native cellular ultrastructure. The following outcomes, demonstrated using mouse hippocampal tissue, are representative of a successful experiment.

[bookmark: OLE_LINK11]Tissue blocks processed by high-pressure freezing with the "waffle" method exhibited a uniform and electron-transparent appearance (Figure 4B,C). Fully vitrified samples showed no diffraction contrast associated with crystalline ice. Power spectra derived from tilt series displayed a diffuse profile without the sharp hexagonal diffraction rings indicative of ice crystallization, verifying the successful preservation of cellular water in a vitreous state, which is essential for high-resolution imaging analyses. Despite optimized protocols, complete vitrification of thick tissue specimens remains a technical challenge. Among the four blocks assessed, a single sample presented localized ice crystallization in its interior; in contrast, the contact surface consistently displayed more favorable vitrification outcomes. Therefore, the manipulation of tissues and the application of cryoprotectants demand further practice, while additional screening is required.

[bookmark: OLE_LINK12][bookmark: OLE_LINK4]Subsequent cryo-FIB milling reliably produced lamellae from the vitrified tissue blocks. The workflow demonstrated consistent throughput, yielding an average of 8 ± 2 usable lamellae per standard 12-h preparation session. The quality of a lamella is evaluated via parameters such as lamella thickness uniformity, absence of curtaining effect, absence of surface damage and ice contamination, and structural integrity of the embedded biological samples with reference to established standards in cryo-ET studies of tissue specimens. The final lamellae, observed under both the ion and electron beams, displayed uniform thickness and contrast with minimal curtaining artifacts. Thickness measurements of a batch of 20 lamellae confirmed successful thinning to the target range of 150 nm ± 40 nm, suitable for high-resolution tomography. Ga+ damage is difficult to evaluate with current data and reported to be approximately 30–50 nm/side36. The current lamella thickness selection (120–200 nm) balances electron transparency and Ga+ damage depth, consistent with recent benchmarking that shows ≤~180 nm does not penalize STA resolution36. The ice contamination is seen at current samples as exogenous ice contamination during sample transfer, and can be improved using vacuum transfer37. Figure 5 shows the reconstructed tomograms that resolved intricate cellular ultrastructure within its native context. These tomograms clearly revealed continuous plasma and nuclear membranes, mitochondrial cristae, and macromolecular complexes such as ribosomes in the cytoplasm. Tilt-series acquired from these high-quality lamellae maintained high signal-to-noise and clear cellular features across all tilt angles. The use of a dose-symmetric scheme ensured that sufficient structural information was preserved even at high tilt angles. Figure 6A–C shows three typical structures obtained from subtomogram averaging, and the corresponding Fourier Shell Correlation (FSC) curve is shown in Figure 6D–F. A resolution of 11 Å is expected for the ribosome (Figure 6A) according to resolution criteria based on a FSC = 0.143. The corresponding data collection parameters and processing statistics were listed in Table 3.

In contrast, when high-pressure freezing was delayed or improperly executed, extensive ice crystal formation was observed, which severely compromised the cellular architecture, presenting as a spongy texture in bright-field images and producing strong ice diffraction rings. Such samples were unsuitable for further analysis. Furthermore, lamellae prepared with an insufficient protective coating often exhibited severe curtaining or non-uniform thickness, which drastically degraded the quality of the final tomogram. These typical failure cases underscore the critical importance of adhering to the key steps outlined in the protocol.

FIGURE AND TABLE LEGENDS: 

Figure 1: High‑pressure freezing (HPF) workflow. (A) Grinding and polishing of HPF carriers, followed by storage of the carriers in 1-hexadecene for a minimum of 4 h or overnight (Steps 1.1.1–1.1.4).​ (B) Gold coating of support grids (Steps 1.2.1–1.2.2).​ (C) Cutting of copper foil into discs with a diameter of 3 mm using a punch tool (Steps 1.3.1–1.3.2).​ (D) Dissection of mouse hippocampal tissue into small segments to ensure optimal freezing efficiency (Steps 2.1–2.3).​ (E) Assembly of components for high-pressure freezing in the "waffle" configuration, including the prepared tissue, copper foil, support grid and HPF carriers(Steps 2.4–2.5).​

Figure 2: Stereomicroscopic images of the HPF carrier grinding and polishing process. (A) Before grinding. (B–E) During grinding, the gradual removal of machining marks is shown. (F) After polishing.

Figure 3: Cryo‑FIB lift‑out and thinning with over‑tilt compensation. (A) Site selection and trench milling at the target region (Steps 3.5.2).​ (B) Optional bottom milling for thick sample (Steps 3.5.3). ​(C) Attachment of the sample block to an Easy-Lift needle via material redeposition (Steps 3.5.4).​ (D) Separation of the sample block from the bulk matrix (Steps 3.5.5). ​(E) Transfer of the sample block to a receiver grid, followed by slicing of the block using a rectangular milling pattern (Steps 3.6.2).​ (F) Welding of the 3–4 μm thick sample onto the receiver grid via a micro-stitch milling pattern (Steps 3.6.3).​ (G) Reapplication of a conductive coating to the sample surface (Steps 3.6.4).​(H) Systematic thinning of the sample with over-tilt compensation to ensure uniform thickness (Steps 3.7.1).​ (I) Final lamella observed under an ion beam (Steps 3.7.3).​ (J) Final lamella observed under an electron beam, with regions of interest (ROIs) marked for thickness measurement (Steps 3.7.3).

Figure 4: Typical images acquired during Cryo-EM data collection of the FIB-prepared lamella. (A) Atlas map displaying an overview of the lamellae to locate target regions.​ Scale bar: 50 µm. (B) Montage map of a representative lamella for comprehensive structural visualization.​ Scale bar: 2 µm. (C) Magnified view of a single lamella, highlighting the regions of interest (ROIs; indicated by yellow boxes) designated for PACEtomo data collection. Scale bar: 1 µm.

[bookmark: _Hlk218973149]Figure 5: Representative tomograms of the mouse hippocampus. The reconstructed volumes reveal native cellular ultrastructure, including organelles and macromolecular complexes. (A,B) Tomograms contain mitochondria indicated by the yellow arrow. (C,D) Tomograms contain ribosomes. (E.F) Tomograms contain microtubules. (G,H) Tomograms contain the nuclear pore complex (NPC). (I,J) Tomograms contain a synaptic cleft. (K) Tomogram contains calcium stores. (L) Tomogram contains myelin sheath. Scale bar: 100 nm.

Figure 6: Structures and corresponding Fourier Shell Correlation (FSC) curves of typical biomacromolecules obtained by subtomogram averaging in mouse brain tissue. The resolution is reported based on the FSC 0.143 cutoff criterion. (A) Subtomogram average structure of cytosolic ribosomes (EMD-68215). (B) Subtomogram average structure of membrane-bound ribosomes (EMD-69290). (C) Subtomogram average structure of microtubules (EMD-68216). (D) FSC curve of the cytosolic ribosome structure in panel (A). (E) FSC curve of the membrane-bound ribosome structure in panel (B). (F) FSC curve of the microtubule structure in panel (C).

Table 1: Over‑tilt compensation strategy for lamella thinning. This table outlines the stepwise reduction in ion beam current and the corresponding stage tilt adjustments applied at specified distances from the target lamella plane. This systematic approach enhances lamella uniformity and minimizes curtaining artifacts.

Table 2: Troubleshooting guide for the cryo‑ET workflow. This table outlines common technical challenges encountered during the cryo-electron tomography workflow, their probable causes, recommended immediate corrective actions, and strategic preventive measures. Following these guidelines systematically enhances experimental success rates by addressing frequent failure modes in high-pressure freezing, lamella preparation, and milling procedures.

Table 3: Tilt series data collection and processing statistics corresponding to Figure 6.

DISCUSSION: 
The workflow presented herein establishes a generalized, optimized, and reproducible pipeline for in situ cryo-electron tomography of native, thick tissues. Its primary contribution lies not in the invention of singular techniques, but in the systematic integration, refinement, and detailed standardization of the entire process, from robust vitrification using a modified waffle-HPF method to a precisely calibrated cryo-FIB lift-out and thinning protocol. This synthesis addresses the critical reproducibility and accessibility gap often encountered when applying cryo-ET to complex tissues.

Critical steps and protocol optimizations
[bookmark: _Hlk218626918]Several integrated optimizations are pivotal to the workflow's success and reliability. First, the enhanced HPF “waffle” method is fundamental, which involves a key modification: using two polished copper carriers to physically compress the tissue prior to freezing, thereby pre-thinning the sample. The tissue is supported on a filmed grid, with a copper foil overlaid atop it to secure the sample and prevent loss. This design not only promotes rapid and uniform vitrification but also significantly enhances mechanical stability, effectively preventing grid breakage and sample loss during subsequent handling, establishing a robust foundation for obtaining intact, high-quality frozen tissue specimens. Second, the cryo-FIB lift-out strategy is executed with a series of calibrated steps. The standardized conductive coating protocol (a triple-layer of sputter-Pt/GIS-Pt/sputter-Pt) is critical for charge dissipation and, crucially, for suppressing curtaining artifacts in non-homogeneous tissue matrices. Furthermore, the implementation of a detailed, stepwise milling sequence with over-tilt compensation (Table 1) is essential for achieving lamellae of uniform target thickness (120–200 nm) while minimizing wedge artifacts. The expanded troubleshooting guide (Table 2) operationalizes the learned experience from these steps, providing direct solutions to common failure points like ice contamination, charging, and lift-out detachment, thereby enhancing experimental robustness.

Comparison with existing methods and distinct contributions
[bookmark: _Hlk218631573][bookmark: _Hlk218627747][bookmark: OLE_LINK9]This protocol builds upon and bridges several foundational methodologies. It incorporates the vitrification principle of HPF, the sample formatting strategy of the waffle method, and the site-access advantage of cryo-FIB lift-out established for tissues. Recent advances, such as the efficient lift-out framework demonstrated by Nguyen et al.28, and the six-sided attachment strategy for enhancing lamellar stability recently reported by Tang et al.29, have showcased powerful, complementary approaches in the field. This work complements these studies by providing a fully detailed, start-to-finish protocol that emphasizes generalizability and standardization for a wider range of thick tissues. Specifically, whereas Nguyen et al.28 present a robust lift-out methodology, the present protocol details complementary, integrated optimizations at the front- and back-end: the modified waffle-HPF for reliable pre-thinning and stabilization of challenging tissues, and a systematic thinning approach with over-tilt compensation for reproducible lamella quality. Compared to in-situ FIB milling, lift-out provides superior access to interior tissue regions; compared to cryo-ultramicrotomy, it significantly reduces compression artifacts.

Limitations and scope of applicability
[bookmark: _Hlk218627619]Despite these advancements, the current workflow has inherent constraints that users must consider. A primary limitation is the difficulty in targeting specific, rare subcellular structures without correlative light and electron microscopy (cryo-CLEM)38–40. While lift-out provides regional access, nanoscale precision within that region remains challenging. The throughput, though improved, is still finite, typically yielding 6–10 high-quality lamellae per 12-h day41, which may be limiting for projects requiring statistics on low-abundance targets. If automated thinning software were introduced, lift-out could be performed during the day, while automated thinning could be carried out at night to obtain more samples. A significant limitation is the requirement for trained personnel to perform cryo-lift-out and lamella preparation, as the technique demands substantial hands-on expertise. Success can also vary with tissue properties; extremely dense, fibrous, or lipid-rich tissues may require further optimization of milling parameters. Finally, the protocol requires access to specialized, high-cost instrumentation (HPF, cryo-FIB/SEM, high-end cryo-TEM), which impacts broad accessibility.

Significance and future applications
[bookmark: _Hlk218627836]This generalized workflow is particularly significant for fields like neuroscience, developmental biology, and pathology, where understanding ultrastructure within the intact tissue microenvironment is paramount. By providing a consolidated, detailed guide with troubleshooting guidance, it lowers the technical barrier for labs aiming to explore tissue architecture. Future developments will logically focus on increasing precision and scale. Integration with cryo-CLEM is the essential next step to overcome the targeting limitation, enabling light microscopy-guided milling of fluorescently tagged or morphologically distinct features. Furthermore, the incorporation of software for automated milling42 and data acquisition43,44 will be crucial for enhancing throughput and enabling large-scale, systematic in situ structural studies. As the field progresses, such integrated and optimized workflows will be instrumental in transitioning cryo-ET from a specialized technique to a foundational tool for exploring the complex structural biology of tissues in health and disease.
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