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SUMMARY:
This workflow enables lamella production targeting fluorescently labeled biological structures that are small (<1 m in axial extent) and rare (1 copy per cell) using a cryogenic tri-coincident imaging platform. This platform integrates fluorescence microscopy, focused ion beam milling, and scanning electron microscopy at a single focal position and enables simultaneous fluorescence microscopy while milling. 

ABSTRACT:
Cryogenic focused ion beam milling with scanning electron microscopy (CryoFIB-SEM) has become a dominant approach for preparing sub-200-nm thick lamellae of cells for cryogenic electron tomography (CryoET). Recently, fluorescence microscopy has been incorporated into CryoFIB-SEM systems to guide lamella production toward fluorescently labeled targets. However, in most implementations, the optical and ion beam imaging systems have distinct focal planes in different regions of the vacuum chamber—functioning effectively as two separate microscopes. This configuration requires image registration between modalities, which often lacks the accuracy needed to reliably target small, rare structures in situ. We present a workflow based on a customized tri-coincident imaging platform that enables simultaneous fluorescence imaging and focused ion beam milling. This allows for real-time fluorescence feedback that can be used to determine when to terminate milling in order to preserve fluorescently labeled structures of interest in the final lamella. Using this approach, we targeted the microtubule-organizing center (MTOC) in vitrified macrophages and achieved a >60% success rate, confirmed by subsequent cryogenic electron tomography and correlative light and electron microscopy.

INTRODUCTION: 
Cryogenic electron tomography (CryoET) enables visualization of biological specimens in a near-native state at macromolecular resolution1–11. However, the thickness of eukaryotic cells—often several microns—exceeds the mean free path (~300 nm) of 300 kV electrons, limiting the penetration depth of unscattered electrons and thereby restricting usable sample thickness. To address this, a focused ion beam (FIB) can be used to ablate most of the cryogenically preserved cells in a process known as CryoFIB milling, producing lamellae thin enough for CryoET imaging12–16.

In previously reported workflows, samples are first preserved in vitrified ice via plunge freezing17–19 and then loaded into a dual-beam instrument equipped with both a CryoFIB and a scanning electron microscope (SEM). SEM imaging can be used to identify subcellular features of interest such as organelles and even some proteinaceous structures20,21. This information can be used to direct the CryoFIB milling process, where the sample is ablated in a stepwise manner with the goal of producing a sub-200 nm thick lamella suitable for CryoET13,14,22. However, this approach presents two key challenges that the present protocol addresses. First, it is often necessary to obtain CryoET of specific proteinaceous structures, but the SEM can be damaging, and most proteinaceous structures are not discernible by the SEM when imaging unstained biological material. How can milling be accurately guided to specific subcellular regions or regions containing specific biomolecules in a damage-free manner? Second, even after the production of thin lamellae and subsequent CryoET, it can be challenging to identify specific biomolecules in the final reconstructions due to insufficient resolution, signal-to-noise ratio, and/or contrast required for the unambiguous identification. How can the spatial positions of these biomolecules be determined within cryo-ET reconstructions?

To address both challenges, the field has increasingly turned to fluorescence microscopy. Genetically encoded fluorescent proteins or exogenous dyes that bind target proteins are routinely used to label specific biomolecules of interest5,23,24. Cryogenic fluorescence microscopy of vitrified cells taken after milling can be correlated with the resulting tomograms. This approach, known as cryogenic correlative light and electron microscopy (CryoCLEM), is well-established and has been widely used to localize specific proteins within CryoET reconstructions5,12,23,24. Recent advances include the use of fluorescent biosensors and super-resolution methods to enhance complementary information and spatial precision25–29. 

CryoCLEM is one way to overcome the second challenge identified above, permitting the location of specific proteins within the lamella to be determined. However, CryoCLEM does nothing for the user if the final lamella does not contain the proteins of interest. Thankfully, fluorescence microscopy can also be used to direct milling to labeled regions of interest. While fluorescently guided FIB milling is a newer development than CryoCLEM, initial workflows emerging about a decade ago12, it has found rapid and widespread adoption. The early protocols relied on external light microscopes to acquire 2D or 3D fluorescence datasets, which were then registered to SEM and ion beam images after transferring the sample into the CryoFIB-SEM. More recently, fluorescence microscopes have been integrated directly into CryoFIB-SEM vacuum chambers. This integration reduces ice contamination during transfers and enables imaging of the final lamella more easily. Several platforms have now been developed to combine fluorescence microscopy with CryoFIB-SEM for fluorescence-guided milling. These have successfully targeted organelles and large protein complexes5,23,24. However, with few exceptions30, the optical path produces a separate focal plane in a different physical region of the vacuum chamber from the FIB-SEM. As a result, precise registration between fluorescence and ion images is still required to direct milling, just as is required with the use of stand-alone optical microscopes.

This registration process is prone to inaccuracy due to three key factors: refractive index mismatches (which cause apparent focal shifts)31,32, sample motion during milling, and localization error. Further, registration is typically aided by micron-sized fluorescent fiducials that are visible in both ion and optical modalities and are used as alignment point pairs to compute transformations between the ion and optical images. However, these beads can obscure or compete with the fluorescence signal from the sample, and their localization and alignment across optical and ion images is slow and user-intensive. Together, these limitations have hindered the routine targeting of small and rare features. While it is difficult to define a precise limit to the structures that can be currently preserved in thin lamella, registration-based approaches are generally considered ineffective for capturing targets with axial dimensions below one micron33. 

Here, we report the use of a tri-coincident imaging system that integrates FIB, SEM, and fluorescence microscopy at a single focal position34,35. This configuration allows for simpler and more accurate fluorescence-guided milling compared to non-coincident integrations by removing the need to register optical and ion images. Under ideal conditions of low background and high signal, guidance accuracy on the order of 10 nm can be achieved36. It also permits the acquisition of multicolor cryogenic fluorescence microscopy data throughout the milling process, including from the final thin lamella, enabling correlative analysis and localization of sub-diffraction-limited targets35. To accomplish this, we employ a customized image transformation toolkit to precisely align these fluorescence images with low-magnification transmission electron microscopy to determine where to collect CryoET, streamlining data collection and ensuring target capture in the final tomographic reconstructions.

To guide milling, we exploit the system’s ability to monitor changes in fluorescence intensity in real time. Instead of trying to align optical and ion images to find our target, the user simply watches the fluorescent signal from the sample. As milling progresses, the fluorescence behaves in a very characteristic way: it first gets brighter as the carbon support film between the microscope objective and the fluorescently labeled sample is removed, then gradually declines as out-of-focus autofluorescent material is milled away, and finally, decreases sharply as the labeled structure itself is partially removed. This real-time signal determines precisely where one is in the milling process and when to stop milling, ensuring that the target of interest is retained within the final lamella37. In the detailed protocol, we will also discuss a more advanced approach that uses oscillations in fluorescence brightness due to interferometric effects to guide milling to objects that are <300 nm in axial extent. 

We demonstrate the utility of the platform by targeting the microtubule-organizing center (MTOC)38. The MTOC is a critical organelle involved in cell division and differentiation. In mammalian cells, fluorescence microscopy of labeled tubulin reveals the MTOC as a single fluorescent punctum approximately 1 µm in diameter in live cells. This approach has been used to successfully localize the MTOC with high fidelity to thin lamellae of vitrified cells. The detailed organization of microtubules at the MTOC and their interactions with other organelles are revealed in subsequent tomographic reconstructions. This workflow enables high-precision correlative fluorescence microscopy and CryoFIB-SEM without registration, reducing user input and expanding access to cellular structures that were previously prohibitively small to capture robustly with non-coincident approaches.

Definitions and instrument description
The integrated optical microscope is described in detail in Boltje et al.35, and further details on the use of the integrated microscope can be found in a recently published protocol34. The objective is integrated from below and equipped with x, y, and z positioning capabilities to enable alignment with the FIB-SEM coincident point. It currently operates with a 100x, 0.85 NA objective with a coverslip corrector. Optical imaging is performed through a coverglass, which protects the objective from sputtered material and irradiation from both the FIB and SEM. Widefield illumination is provided by a set of LEDs spanning multiple visible wavelengths. Fluorescence detection is accomplished using an sCMOS detector. There are three defined stage positions: loading: the stage position where the sample is loaded; coating: the stage position for coating via the gas injection system; 3-Beam: the stage position for which all three (FIB, SEM, and optical) microscopes can be co-aligned.

PROTOCOL: 

NOTE: The tri-coincident system used here is a customized cryogenic fluorescence imaging component integrated into a commercially available, dual-beam FIB-SEM system. The principle and order of operations can be generally adapted to future tri-coincident implementations. 

1. Setup

1.1. Cool the system to cryogenic temperature. Monitor the temperature using two sensors: one located on the sample stage and the other inside the chamber. Maintain the sample stage approximately 20 °C warmer than the chamber (e.g., stage at ~–170 °C, chamber at ~–190 °C) to minimize ice buildup on the sample. The cooling process typically takes about 1.5 h.

2. Sample loading

2.1. Use liquid nitrogen to manually cool the transfer station once the system temperature approaches cryogenic temperature (approximately –167.5 °C). The system temperature is displayed in the top-left corner of the light microscopy software.

2.2. Load one clipped Autogrid into the sample cassette designed for the cryogenic light microscopy system. The cassette consists of a glued coverslip and a spacer, with the Autogrid positioned between them. Close the cassette by tightening the ring screw, then insert it into the slot on the transfer station34.

2.3. Attach the transfer station to the system and use the internal chamber camera to guide the sample cassette onto the sample stage.

3. Gas injection system (GIS) for sample coating

3.1. Open the light microscopy control software and move the sample stage from the Loading to Coating position.

3.2. Insert the GIS needle using the FIB-SEM control software by clicking the Snowflake icon. Under GIS control, choose the option insert GIS needle. 

3.3. Allow GIS deposition for 30 s by opening the gas flow. 

NOTE: This varies from 20 s to 1 min based on the sample type. The goal of this step is to sufficiently protect the sample during the subsequent FIB milling procedure.

3.4. Retracting the GIS needle, move the sample stage back to the predefined Loading position.

4. Three-beam system alignment

NOTE: This section is adapted from Wang39.

4.1. In the light microscopy software, move the sample stage from the Loading position to the predefined 3-beam position.

4.2. In the FIB-SEM software, click on the top left window and set the SEM at a magnification of 100x.

4.3. In the light microscopy software's Alignment tab, click the View function to acquire an SEM atlas of the grid. This atlas image uses previously set parameters.

4.4. Identify a square area with broken carbon film and double-click on it to move the sample stage to that location.

4.5. Return to the FIB-SEM control software and adjust the SEM to a higher magnification to focus on the selected square area, centered in the field of view.

4.6. Repeat steps 4.4 and 4.5 as needed until the SEM is focused on a distinguishable pattern, such as the sharp edge of a broken carbon film.

4.7. Turn on the fluorescence microscope and adjust x, y, z coordinates to match the SEM view.

4.8. Mill a small pattern with the FIB, for instance, a small rectangle or circle.

4.9. Confirm the pattern is visible in both the FIB and fluorescent microscope views. If necessary, adjust the alignment by following steps 4.3–4.7 if necessary.

NOTE: Alignment and registration of the optical and ion microscopes are complete. 

5. Target localization and milling

NOTE: This section is adapted from Wang39.

5.1. Move on to the Localization tab in the light microscopy software, and set up fluorescent channels by activating proper excitation and filtering conditions. Assign each fluorophore as a separate channel and include an additional channel for transmitted light (or brightfield). 

5.2. Identify the target of interest by tuning the LED power and exposure time for each fluorescent channel. As a reference, when imaging SiR-tubulin, use a 1.2 s exposure with a constant LED power setting of 30 mW. 

NOTE: Parameters may vary between fluorophores. Optical intensity should remain below ~25–50 W/cm2 at the sample. Greater intensity than this can result in significant heating and devitrification of the sample37,40.

5.3. Once satisfied with parameters, acquire a pre-milling fluorescent z-stack stepping through the axial direction. Then, mark the target as an ROI.

5.4. Switch to the FIB-SEM software to draw a lamella at the ROI.

5.5. Perform rough milling to remove the bulk of material approximately 3 µm above and below the ROI. Meanwhile, keep the fluorescence microscope on during milling to monitor any decrease in fluorescent signal.

5.6. Thin the ROI to ~2 µm using the cleaning cross-section mode.

5.7. Open the Python-based interferometric toolkit from the terminal to monitor the fluorescent signal while thinning the lamella (https://github.com/pdahlb/trico_softwaresuite)36.

5.8. For subsequent milling and polishing, follow one of the two approaches described below in steps 5.9 or 5.10 to direct milling based on the dimensions of selected targets. 

5.8.1. Axial extent of target > 300 nm

NOTE: Here we will use a semi-destructive approach to direct milling. 

5.8.1.1. In the Python-GUI, select the target of interest in the fluorescence micrograph. The software will automatically begin plotting the brightness as a function of time with each new frame.  

5.8.1.2. Monitor fluorescence intensity through the Python toolkit. Mill the sample in cleaning-cross-section mode from below to remove any remaining support film material if applicable. 

NOTE: When the support film is removed, an enhancement in fluorescence should be observed. 

5.8.1.3. Use rapid drops in fluorescence intensity—indicating loss of fluorescent material—as a cue for when to switch milling directions. For example, if milling from the bottom up and a sharp decrease in fluorescence is observed, stop milling and switch to milling from the top down. 

NOTE: If a structure is removed too quickly, reduce the milling current in the FIB-SEM software to slow down the removal of the target. 

5.8.2. Axial extent of target ≤ 300 nm

NOTE: Here, we will use the interferometric effect to direct milling36. 


5.8.2.1. In the Python-GUI, select the target of interest in the fluorescence micrograph. The software will automatically begin plotting the brightness as a function of time with each new frame.  

5.8.2.2. Begin by milling from the top down through a test target. Monitor the fringe contrast just before milling through the target through the fluorescence intensity. The fluorescence target is continually fit to a 2D Gaussian, with the fit being used to get an integrated intensity that is then plotted. 

5.8.2.3. After the target is milled through, fit the oscillations in the intensity trace to a model function using the Python-GUI and acquire a fringe contrast from the model function. Fit oscillations using the following function: 



Where  is the amplitude of the oscillation,  the wavelength of excitation,   a dampening term representing the coherence length of the light source, a phase factor  and  is the distance to the object of capture. From the test target, all terms can be predicted within reasonable bounds such that the distance, , is the only free variable used to tell the user where the fluorescent object is relative to their milling. See Sica et al. for more details36.

NOTE: For subsequent targets, using this fringe contrast, the toolkit will live-fit the intensity trace with the same model function and estimate where to stop milling from the top down. All fittings are done simultaneously with the milling. The goal is to halt milling when the target lies at a depth equal to half the desired lamella thickness below the top surface. 

5.8.2.4. After top-down milling is complete, finalize the lamella by milling from the bottom up in cleaning cross-section mode until the desired thickness is achieved.  

5.9. Take a post milling fluorescence image.

6. Correlative light microscopy and tilt series collection

6.1. After transferring the sample to CryoTEM, collect an atlas overview of the grid at 182x to allow sufficient coverage of the entire grids. 

6.2. At an appropriate intermediate magnification ranging from 6,500x to 11,000x, collect a series of montage images of the final lamella at 0 tilt. 

6.3. Read the post milling multi-channel fluorescence images and the projection image from step 6.2 into a custom projective transformation software for ROI registration (https://github.com/pdahlb/CLEM_software_suite.git). 

6.4. Pick a total of 8–10 pairs of reference points to precisely compute the projective image transformation. 

NOTE: These points can be obvious features (e.g., lamellae edges, visible ice contamination, or open grid holes) that are present in both brightfield optical microscopy and electron microscopy.

7. High magnification tilt-series collection

7.1. Use this overlaid fluorescence and transmission electron microscopy image as a reference for users to select an imaging area within the limit of the camera frame size for high magnification tilt-series collection. 

7.2. Select magnification and parameters of the tilt-series based on the biological question. 

NOTE: For the demonstration, we collected data from 54 with 2 increments at a pixel size of 3.5 Å41–43.

REPRESENTATIVE RESULTS: 
We labeled differentiated macrophage cells with the tubulin marker SiR-tubulin prior to freezing. Following the protocol, we identified the MTOC as a single ~1 µm-diameter fluorescent punctum under the fluorescence microscope (Figure 1A). Additionally, we observed fibril-like fluorescent structures radiating from the MTOC toward the cell periphery, consistent with the microtubule network (Figure 1A). Stepwise milling snapshots at different specimen thicknesses are shown in Figure 1B. Notably, as the lamella reached a thickness of approximately 800 nm, the single MTOC punctum resolved into two adjacent speckles, each about 700 nm in diameter. Subsequent analysis confirmed that each speckle corresponded to an individual centriole.

Simultaneous imaging and milling allowed us to monitor changes in fluorescence intensity in real time. Notably, we observed an increase in fluorescence after the removal of bulk non-fluorescent material and the absorptive support film (Figure 1B–D). As the lamella was thinned from 2 µm to 800 nm, fluorescence intensity sharply decreased, reflecting the progressive removal of labeled structures. This decline continued as the lamella was further thinned below 200 nm (Figure 1B–D). The correlated fluorescence image and electron microscopy atlas demonstrate that our workflow enables precise targeting for milling (Figure 2A). Reconstructed tomograms and segmented models reveal that the centrioles are composed of microtubule triplets, consistent with previous reports42–45 (Figure 2A,B). In cases where only one fluorescent speckle is preserved in the final lamella, we observe a single centriole in the corresponding tomogram (Figure 2B). 

FIGURE AND TABLE LEGENDS: 

Figure 1: Workflow of tri-coincident CryoFM-FIB-SEM for precise localization of the microtubule-organizing center. (A) (left) Live cell microscopy and (right) CryoFM of the MTOC. Scale bar = 10 µm. (B) Stepwise snapshots of CryoFM and CryoFIB for targeted milling. Close-up FM view is indicated as yellow dashed boxes. Centrioles are marked as yellow arrows. Scale bar = 5 µm. (C) Fluorescence intensity profile of MTOC during CryoFIB milling. (D) Fluorescence line profile across the MTOC taken at different stages during CryoFIB milling. Abbreviations: CryoFM-FIB-SEM = Cryogenic focused ion beam milling with scanning electron microscopy; MTOC = microtubule-organizing center; ROI = region of interest. This figure is adapted from Wang39.

Figure 2: Molecular details of the MTOC revealed by tri-coincident CryoFM-FIB-SEM workflow. (A) Correlated FM, EM, and segmentation model of the MTOC. (a) Post milling FM image. This is the same image from the last panel of Figure 1B marked as 180 nm but rotated to match the CryoET reconstruction and segmentation. Scale bar = 5 µm; (b) Enlarged view of the dashed area in yellow from (a). (c) Correlated FM and TEM projection of the dashed area in cyan indicated in (2). Scale bar=1 µm. (d) Segmented model of tomographic reconstruction at the region of interest (yellow, centriole; green, microtubule). Scale bar = 100 nm. (B) Representative FM images and tomographic slices of two different lamellae presenting different centriole orientations. FM: Scale bar = 5 µm. Tomographic slice: Scale bar = 200 nm. Abbreviations: CryoFM-FIB-SEM = Cryogenic focused ion beam milling with scanning electron microscopy; MTOC = microtubule-organizing center; FM = fluorescence microscopy; ET = electron transmission; TEM = transmission electron microscopy. This figure is adapted from Wang39.

DISCUSSION: 	
Our results highlight the utility of the tri-coincident imaging platform, which enables simultaneous fluorescence imaging and milling. Leveraging this feedback, we demonstrate two fluorescence-guided milling strategies—semi-destructive and interferometric—that avoid the need for cumbersome and registration-based approaches that face fundamental accuracy limitations related to refractive index mismatch and motion during milling12,33,46. Further, since the precise guidance relies on fluorescence microscopy rather than SEM, the optical radiation does not lead to detectable damage so long as the intensity is kept below the threshold that leads to devitrification37,47. The capabilities demonstrated here expand the accessible biological samples to include rare and small (<300 nm in axial extent) targets of interest while streamlining the workflow. 

The key step in this protocol is determining when to stop milling based on changes in fluorescent brightness of a target of interest. Currently, this involves rapid manual intervention to stop milling at desired times. This method has proved sufficient for the current targets that have been explored, but future modification could further integrate the Python toolkit into the FIB system to directly stop milling. This modification may be necessary if faster milling rates are required, as this will give less time for manual intervention. Alternatively, if slower milling rates can be tolerated, this will give more time for manual intervention if needed. 

Following the generation of lamella-containing biological structures of interest, our customized image transformation software enables correlation at the CryoTEM level, using atlas overviews of lamellae to guide CryoET data collection. Overall, the protocol presented here is essential for imaging fluorescently labeled, small, and rare biological targets by cryogenic electron tomography in thick eukaryotic cellular samples. Compared to existing non-coincident Cryo-FIB systems, such as the Aquilos 2 with iFLM, our workflow achieves a higher success rate in targeting these features.

This high targeting precision does come at the cost of efficiency. Because the milling is manual rather than automated, the throughput of lamella generation is limited. In an 8 h milling session, we typically produce 6–8 lamellae, with approximately five containing a target of interest. However, we believe this workflow could be automated in the future to improve throughput. Automation would require custom scripts to continuously monitor active milling areas in the FIB image and track fluorescence intensity in real time to ensure target retention. Key challenges remain, including establishing effective communication between all custom scripts and the control software for both the CryoFIB-SEM and the fluorescence microscope. 

Looking towards the future, there is much work to be done to incorporate other advanced fluorescence microscopy techniques discussed earlier, including fluorescent biosensors, super-resolution imaging, and confocal microscopy. Nonetheless, we anticipate that tri-coincident geometries will become standard in future instruments and that simultaneous fluorescence imaging during milling will become routine. If so, this protocol may serve as a valuable guide for researchers aiming to capture molecular-scale details of the small and rare biological structures, that despite their size and abundance, are central to cell biology.
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