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MOTIVATION The composition, conformation, and function of most macromolecular complexes depend on
their cellular context and must be studied inside cells. Few cells are suf�ciently thin to permit direct imaging
with cryoelectron microscopy (cryo-EM). Focused ion beam milling enables cryo-EM to visualize macromol-
ecules in cells at high resolution by generating thin sections of frozen-hydrated cells. We show how thin
cellular sections can be prepared in a controlled fashion using an integrated light microscope coincident
with electron and ion beams. The procedure provides live feedback on the thickness and uniformity of the
prepared lamella, reducing complexity and increasing the success rate. Combined with its ability for �uores-
cence-based targeting, our procedure paves the way toward an automated work�ow that allows for control
over lamella quality, thickness, and target inclusion, facilitating the routine fabrication of frozen-hydrated
cellular sections.
SUMMARY
Cryogenic focused ion beam (FIB) milling is essential for fabricating thin lamella-shaped samples out of
frozen-hydrated cells for high-resolution structure determination. Structural information can only be resolved
at high resolution if the lamella thickness is between 100 and 200 nm. While the lamella fabrication work�ow
has improved signi�cantly since its conception, quantitative, live feedback on lamella thickness, quality, and
biological target inclusion remains lacking. Using coincident light microscopy integrated into the FIB scan-
ning electron microscope (FIB-SEM), we present three strategies that enable accurate, live control during
lamella fabrication. First, we combine four-dimensional (4D) STEM with �uorescence microscopy (FM) target-
ing to determine lamella thickness. Second, with re�ected light microscopy (RLM), we screen target sites for
ice contamination and monitor lamella thickness and protective Pt coating integrity during FIB milling. Third,
we exploit thin-�lm interference for �ne-grained feedback on thickness uniformity below 500 nm. Finally, we
present a �uorescence-targeted, quality-controlled work�ow for frozen-hydrated lamellae, benchmarked
with excellent agreement with energy-�ltered transmission electron microscopy (EFTEM) measurements
and tomograms from electron cryotomography.
INTRODUCTION

Cryoelectron tomography (cryo-ET) has become an integral
technique in the quest for a mechanistic understanding of com-
plex biological processes at the molecular scale, as it remains
the sole imaging method capable of discerning intricate struc-
tural features within a cell without labeling. 1–3 However, its utility
in gaining biological insights is often hampered by constraints in
sample preparation, particularly the need for thin, ideally artifact-
free, cellular sections. These thin sections can be fabricated out
of frozen-hydrated cells using a focused ion beam scanning
Cell Reports Methods 5, 101004, Ma
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electron microscope (FIB-SEM). In the FIB-SEM, grazing-inci-
dence ion bombardment locally removes cellular material,
revealing a cross-section of the cell’s interior (lamella), which is
then primed for high-resolution imaging by transmission electron
microscopy (TEM).4–7 To achieve optimal structural resolution,
the ideal lamella thickness must be around 100–200 nm, remain-
ing well below the inelastic mean free path of electrons in vitre-
ous ice, which is about 320 nm for TEM imaging at 300 keV. 8

In recent years, various improvements and re�nements
have been made to the cryo-FIB milling work�ow, enhancing
throughput, reliability, sample yield, and quality. Gas injection
rch 24, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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systems (GISs) in the cryo-FIB microscope enable the deposi-
tion of a Pt layer, which protects the target region from ion expo-
sure. Maintaining the integrity of this Pt layer during milling is
crucial for obtaining thin lamellae and preventing ion-induced
damage. Different approaches to in situ �uorescence imaging
have been integrated into the cryo-FIB work�ow to aid in select-
ing target cells and identifying regions of interest for milling. 9–19

However, precise localization of the target in cryo-FIB coordi-
nates remains challenging due to registration errors and aberra-
tions that result from refractive index mismatches (RIMs) during
�uorescence microscopy. 20 In situ feedback during cryo-FIB
milling on lamella quality—speci�cally its thickness and unifor-
mity, the condition of the protective Pt layer, and the inclusion
of the biological target—could signi�cantly improve the fabrica-
tion yield in the frozen-hydrated lamella work�ow.

The lamella thickness and uniformity can be assessed using a
SEM.21,22 However, thismethodassumes the lamella iscomposed
of a homogeneous material, which is not the case for cellular
samples. Additionally, most methods require independent calibra-
tion before each imaging session and come with practical draw-
backs.23 Quantitative thickness estimations for cellular specimens
have been reported when imaging the periphery of a cell in the
TEM,24 but these havenot beenextended to the lamella fabrication
work�ow. Alternatively, using quantitative four-dimensional (4D)
STEM (q4STEM) imaging, we recently demonstrated that lamella
thickness can be robustly estimated directly in the FIB-SEM
without additional calibrations, provided the instrument setup
allows for transmission imaging.23

Up to now, routine fabrication of suf�ciently thin frozen-hydrat-
ed sections has remained challenging due to a lack of direct,
quantitative feedback on all key parameters that determine the
lamella quality: thickness, uniformity, ice contamination, state of
the protective Pt (GIS) layer, and inclusion of the biological target.

Here, we utilize a coincident �uorescence microscopy (FM)-
FIB-SEM setup17 for automated ßuorescence-targeted lamella
preparation and present three complementary techniques to esti-
mate the thickness of a frozen-hydrated lamella during the milling
process without requiring prior calibration. We (1) apply the previ-
ously presented q4STEM method to frozen-hydrated lamellae
and benchmark the measured thickness against energy-�ltered
transmission electron microscopy (EFTEM), (2) image the lamella
from the foil side using re�ected light microscopy (RLM) and esti-
mate its thickness based on the known milling geometry, and (3)
exploit thin-�lm interference (TFI) on a per-pixel basis, yielding a
�ne-grained thickness map of the lamella and providing quantita-
tive feedback on lateral thickness variations. Furthermore, we
address the axial scaling effects caused by the RIM during the
selection of �uorescence microscopy targets and incorporate
this correction into our approach for automated milling of �uores-
cent targets. Finally, we integrate all of these techniques to show
a �uorescence-targeted lamella fabrication work�ow with precise
control over both lamella thickness and quality.

RESULTS

Fluorescent targeting under RIM
In our three-beam coincident setup, cryo�uorescence micro-
scopy is used to identify targets in frozen-hydrated cells, after
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which the surrounding material is ablated with the FIB to create
a lamella containing the target. Due to the large temperature
difference between the optical objective (at room temperature)
and the sample held at 100 K, a dry objective lens (OL)
ðn1 = 1:0Þis used to image the cellular material, which primarily
consists of vitri�ed water ( n2 = 1:28 at T = 109 K).25 This cre-
ates a RIM, resulting in a depth-dependent deformation of the
optical microscope’s axial coordinate. 20 Correctly accounting
for the RIM-induced axial deformation is crucial when fabricating
lamellae around �uorescent targets embedded in frozen-hydrat-
ed cells.

To compensate for the axial compression caused by the RIM,
the z position of the interface between the vacuum and specimen
must be precisely determined. In our coincident three-beam mi-
croscope, the sample holder is oriented such that an incident
angle of 10� is maintained with the FIB, and consequently, the
SEM has an incident angle of 118� . The optical objective is posi-
tioned below the specimen and images the region of interest
(ROI) at right angles through the electron microscopy (EM) grid,
as shown in Figure 1A.

When an AutoGrid-mounted sample is loaded into the system,
the correct height for three-beam coincidence is initially
achieved by moving the OL to the coincident point of the FIB-
SEM. To identify the z position of the air-specimen interface,
the objective stage is used to focus on the grid foil while avoiding
ice in the optical path, thereby preventing a RIM. This ensures
that the measured axial (microscope or nominal, z N) position of
the grid foil matches the actual position z A (Figure 1B). The align-
ment pattern is then imaged using a SEM, FIB, and light micro-
scope (LM), with the light microscopy image captured by collect-
ing re�ected light from the sample ( Figure 1C).

With a numerical aperture (NA) of 0.85 and the refractive
indices of both the OL and the sample, the axial scaling behaves
linearly as long as �uorescent emitters are no deeper than about
9 mm.20 The upper thickness limit for obtaining vitreous plunge-
frozen-hydrated cells is 10 mm.26 Therefore, the focal shift (i.e.,
the difference between the actual and measured emitter posi-
tions) for a targeted emitter ranges from 0 to � 2.7 mm, scaled lin-
early at an � 300 nm shift per micrometer of emitter depth. This is
schematically illustrated in Figure 1D, where a �uorescent object
at actual depth z A is imaged at the axial coordinate z N due to the
optical microscope’s aberrations. 20

To quantitatively correct the focus shift, precise measurement
of the scaled distance is needed, which is achieved by deter-
mining the focal length difference between the foil (the RIM inter-
face) and the �uorescent emitter. Since lamella fabrication oc-
curs in a stepwise process, with lamella thickness after rough
milling typically ranging around 2 to 3 mm, we adopted an alterna-
tive approach. When imaging from a low ðn1 = 1Þ to a high
ðn2 = 1:28Þrefractive index, the optical microscope’s axial coor-
dinate system appears compressed. This enables an asymmetric
milling pattern where the bottom pattern is placed a few hundred
nanometers away from the coincident point ( Figures 1E and 1F).
Consequently, the top milling pattern is set � 2.7 mm away from
the coincident point, ensuring that the �uorescent ROI is
captured within the rough-cut lamella.

Quality and thickness control are ensured through three
complementary techniques that estimate the thickness of a
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Figure 1. Cryogenic, coincident ßuorescence, electron, and ion beam microscope used for alignment, targeted milling, and quality control
The alignment of the experimental setup used for lamella fabrication (A–C), the targeting and milling approach (D–F), and techniques for quality con trol (G–I).
(A) Infrared photograph acquired with the camera mounted on the FIB-SEM host system showing the three coincident beams (SEM, LM, and FIB) along with th e
microcooler and objective lens (OL) mounted inside the microscope chamber. The EM grid containing frozen cells is contained in the sample shuttle hol der (SSH),
and epi-�uorescence imaging is done from the bottom (transparent red).
(B) Alignment of the optical microscope is done by moving the OL, without a RIM present. The AutoGrid and coverslip have been omitted for clarity.
(C) Milled pattern imaged with three imaging modalities after alignment; the light microscopy image is acquired by collecting re�ected light from th e sample.
(D) When targeting �uorescence inside a cell, the axial coordinate is distorted due to RIM. The measured axial position ðzNÞof the �uorescent emitter does not
coincide with the actual position ðzAÞ.
(E) The bottom milling pattern is positioned close to the coincident point, as the �uorescent emitter always sits further away from the OL due to axial scaling.
(F) Placement of the asymmetric milling pattern with respect to coincidence (black line) in the FIB �eld of view prior to rough milling a cellular struc ture.
(G) Schematic diagram showing the geometry and detection principle used to measure lamella thickness with q4STEM. 23 By collecting scintillation light from the
scattered electron pattern with the optical system, the lamella thickness can be determined.
(H) Schematic showing the lamella orientation with respect to the OL. The lamella thickness can be estimated by collecting the re�ected light intensi ty from the
lamella ðIRLMÞ, both through the known imaging geometry and interference effects. See also (I), right.
(I) The �uorescence intensity can be monitored during and in between milling; thus, the presence of the biological target inside the lamella is guaran teed. Thin-�lm
interference effects are present in RLM, as seen by the intensity gradient going from the bottom (dark) to the top (bright) of the lamella. In addition, interference
fringes are visible, originating from a Newton interferometer geometry. Both of these effects can be exploited to determine the thickness of the lame lla.
Scale bars: (A) 2 cm, (C) 5mm, (F) 5mm, (I) 10mm (left), and 2 mm (right).
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frozen-hydrated lamella during the milling process. We apply
our previously presented q4STEM method 23 to frozen-hydrat-
ed lamellae (Figure 1G). By leveraging the known imaging
geometry and interference effects present in the RLM, we
can estimate lamella thickness and verify the presence of
the �uorescent target inside the lamella using FM (see
Figures 1H and 1I). Further details on these methods are dis-
cussed below.
Automated milling of ßuorescent targets
We set out to implement in situ �uorescence targeting to estab-
lish automated lamella preparation on selected cellular targets.
Our work�ow is illustrated in Figure 2, where potential target cells
are identi�ed using a low-magni�cation SEM image (white
markers) prior to applying the Pt coating with the GIS. Each
site is imaged using an FM to re�ne target positions, and addi-
tionally, the sites are screened using RLM. During the sample
Cell Reports Methods 5, 101004, March 24, 2025 3



Figure 2. Fluorescence targeted, automated lamella preparation workßow for selected cellular targets
Initial target cells are identi�ed in a low-magni�cation SEM image (white markers, 1 keV, 25 pA, � 2 mm horizontal �eld width). After applying the Pt coating, the
target positions are re�ned through �uorescence imaging, and targets are screened for the presence of ice crystals using the RLM. n �nal targets are rough milled
automatically while acquiring FM images before and after. Scale bars: 100 mm (SEM images), 10mm (RLM images), and 100 mm (FM images).
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preparation, ice crystallites occasionally form, and larger clus-
ters can obscure the target site. These clusters are often found
below the foil side of the grid and thus remain invisible in the
SEM image. They not only obstruct �uorescence imaging but
also induce additional axial scaling when located directly
beneath the target. If present along the lamella’s milling direc-
tion, they may also hinder subsequent tilt series acquisition in
the TEM. RLM imaging using the integrated optical microscope
helps identify and discard these sites (Figure 2, red marker
with white cross), thereby increasing the success rate of high-
quality lamella for cryo-ET.

Once n �nal milling targets have been selected, asymmetric
rough milling of the lamella is performed in an automated fashion
using the stored xyz stage coordinates obtained from FM imag-
ing. For each milling site, the Odemis acquisition software posi-
tions the stage and automatically captures images in the relevant
channels of the LM.27 This imaging occurs both before and after
rough milling, resulting in n milled sites (yellow marker with an R
in Figure 2) and corresponding image pairs. More examples of
these image pairs are shown in Figures S2 and S3 and were ac-
quired over � 4 weeks during the milling of different biological
specimens.
4 Cell Reports Methods 5, 101004, March 24, 2025
In this study, the Helios Nanolab 650 FIB-SEM (Thermo Fisher
Scienti�c) was used to carry out the milling, with our integrated
cryo-LM retro�tted as described previously. 17 Instructions to
mill a pre-de�ned pattern with the FIB are sent through the XTLib
interface (Thermo Fisher Scienti�c) by adjusting the SEM scan
rotation. An iFast script (Thermo Fisher Scienti�c) executes the
milling process, after which the scan rotation is returned to its
original value, indicating that milling at this site is complete.
Similar strategies for controlling beam, stage, and imaging oper-
ations can be employed through the instrument API of other
manufacturers. The total time to perform stress-relief cuts, mill
an initial lamella, and acquire the LM images is � 4–5 min per
site. The rough lamella can then be thinned down to <200 nm,
with quantitative feedback on the thickness, as outlined below.

Thickness determination through q4STEM
Reproducible FIB micromachining of high-quality frozen-hydrat-
ed lamella requires robust control over the sample thickness dur-
ing the milling process. The scattering patterns of transmitted
electrons can be recorded by converting our integrated LM
into an optical 2D STEM detector. As shown in previous work,
this is achieved by replacing the indium tin oxide (ITO)-coated
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Figure 3. q4STEM-measured thickness of frozen-hydrated lamella compared quantitatively with thickness estimates from energy-Þltered
TEM
(A) Schematic diagram showing the geometry and detection principle used to measure lamella thickness with q4STEM. The OL focus is moved downward (arr ow,
along the electron optical axis) to the top scintillator surface, where the scattered electron pattern is visualized by collecting the scintillatio n light (transparent
blue).
(B) Schematic illustration showing the scattering process in more detail (dotted box in A). The left inset shows a SEM image from an intermediate milli ng step; the
black cross marks the position at which the q4STEM measurement was acquired.
(C) The integrated radial intensity pro�le as computed from the acquired image (see inset). The thickness is determined by taking the ratio of the virt ual dark- and
bright-�eld intensity sum, as discussed in earlier work. 23

(D) q4STEM thickness map after correcting for the SEM angle of incidence of 52 � . The map consists of a 64 3 100 pixel grid acquired with a 200 nm pixel size.
(E) EFTEM thickness map from zero-loss imaging after correcting the lamella pre-tilt of 10 � ; pixel size is 3.59 nm. A baseline correction has been applied to the
EFTEM data to yield zero thickness outside the lamella (vacuum).
(F) Mean line pro�les along the x and y directions of the lamella.
The dotted boxes in (D) and (E) annotate the region across which the mean intensity was computed. Scale bars: (B) 10 mm and (C) 33 mm or 109 mrad.
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glass coverslip of the integrated optical microscope with a scin-
tillator positioned directly below the AutoGrid ( Figure 3A).17,23

While we previously used a yttrium aluminum garnet (YAG)
scintillator in our proof-of-principle work, its optical emission
spectrum in the visible range con�icts with the absorption and
emission spectra of typical �uorescent targets. For this reason,
we opted for lutetium aluminum perovskite (LuAP), which has a
relatively low optical emission wavelength and interferes only
with 440 nm-centered �uorescence emission. To record electron
scattering patterns, the OL is lowered along the SEM optical axis
to focus on the top scintillator surface while maintaining align-
ment with the SEM (Figure 3A). When the estimated lamella
thickness is below � 1 mm, the thickness can be determined us-
ing q4STEM.23 With the SEM in spot mode, the optical micro-
scope focus is �ne-tuned through direct electron beam exposure
on empty grid foil holes (Figure 3B, inset). Individual scattering
pro�les from different parts of the lamella are then recorded us-
ing the SEM beam shift. In our setup, temporal coordination of
electron exposure is managed by controlling the fast beam
blanker on our Helios Nanolab 650 (Thermo Fisher Scienti�c)
Cell Reports Methods 5, 101004, March 24, 2025 5
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via the transistor-transistor-logic (TTL) signal output from our
optical camera. At each probe position, the lamella thickness
is calculated through a radial sum over the scattering pro�le ( Fig-
ure 3C) and computing the integrated dark-�eld/bright-�eld (DF/
BF) ratio. The DF/BF ratio, along with an estimate of the most
common scattering angle, can then be compared to tabulated
data from Monte Carlo (MC) electron scattering simulations to
derive the �nal thickness. 23

To validate the robustness of thickness estimation using
q4STEM on frozen-hydrated lamella, we employed �uores-
cence-guided FIB milling to fabricate a lamella from vitri�ed
HeLa cells stably expressing mRFP-EGFP tandem �uorescent-
tagged microtubule-associated protein 1A/1B light chain 3B
(mRFP-GFP-LC3), a dual �uorophore probe used for studying
autophagosomes and their traf�cking 28 (Figure S4). After auto-
matic milling to an approximate thickness of 250 nm, we ac-
quired a 2D convergent beam electron diffraction pattern at
each pixel position of a 2D STEM raster covering the lamella.
The resulting 4D STEM dataset was then evaluated using the
q4STEM method, yielding local thickness measurements at
each probe position, corrected for the non-perpendicular inci-
dence of the electron beam (Figure 3D). We then transferred
the sample to a JEOL JEM3200-FSC TEM operating at 300 kV
and acquired a baseline-corrected EFTEM thickness map using
zero-loss imaging (Figure 3E). The two techniques showed good
agreement, with a mean thickness difference of only 7 nm across
the central 4 mm region of the lamella (Figures 3D and 3E).

Figure 3F shows the mean line pro�les corresponding to over-
lays in the respective 2D maps. Both the q4STEM and EFTEM
pro�les reveal a � 50 nm reduction in thickness from the Pt-
coated leading edge to the trailing edge of the lamella, caused
by the diminished incident ion �ux along the lamella due to the
grazing angle. The bump, indicating an apparent increase in
thickness at y = 3 mm of the lamella, is attributed to the plat-
inum-rich GIS coating used to protect the lamella during FIB mill-
ing, as the scattering pro�le is interpreted using simulated data
of pure frozen water.

We assessed the possibility of beam-induced damage due to
low-voltage electron exposure in the SEM by examining a sam-
ple of lysosome crystals, as detailed in the supplemental infor-
mation (Figure S5). Our analysis focused on low-order re�ections
due to the limited sensitivity of the scintillator-based detection
method. With increasing electron �uence, the intensity of the
0-order peak increases due to electron-beam-induced degrada-
tion of the crystal structure. While a more detailed assessment of
radiolytic damage affecting higher-resolution features would
require future studies using a more sensitive, pixelated direct-
detection STEM detector, we argue that thickness determination
via q4STEM remains a viable method, as we apply q4STEM
exclusively to the edges of the lamella, located 2–10 mm away
from the ROI, for tilt series acquisition to avoid damage to critical
areas. To support this, we have performed MC simulations of
30 kV electrons impinging on a 1,000 nm lamella using CA-
SINO.29 The MC electron trajectories suggest that 95% of the
deposited energy remains within a maximum radius of 50 nm
of the incident beam pro�le, which is consistent with previous
estimates.30 The cross-sectional diffusive radius of reactive
radiolytic products in amorphous water ice, mediated through,
6 Cell Reports Methods 5, 101004, March 24, 2025
for instance, low-energy (secondary) electrons, is reported to
range between 2 and 70 nm.31,32 We, therefore, estimate that
beam-in�icted radiolytic damage is likely restricted to several
tens of nanometers off the q4STEM scan line and will not affect
the ROI at several micrometers distance from that scan line.

Thickness and quality control using RLM
Live feedback on lamella thickness and quality during milling can
be obtained by acquiring RLM images with the coincident LM in
addition to FM targeting ( Figure 4). We demonstrate this process
using �uorescence-targeted lamella preparation from HeLa cells
expressing mRFP-GFP-LC3, which allows simultaneous locali-
zation of autophagosomes and autophagolysosomes. First,
ROIs are selected based on the �uorescence images ( Figure 4A)
of suitable cells, originally chosen via the low-magni�cation SEM
image (Figure 4A, inset). The overlay of the two-channel FM im-
age with the simultaneously acquired RLM image clearly shows
the �uorescence embedded in the context of the frozen-hydrat-
ed cell and grid support ( Figure 4A).

FIB milling is then performed at a 10� angle relative to the plane
perpendicular to the LM’s optical axis, creating the geometry
shown in Figure 4B. The optical focus depth is � 500 nm (red
shaded area), allowing focus on either the top (Pt, blue) or bottom
(foil, green) side of the lamella by adjusting the z position of the
sample stage. The lamella thickness is estimated by measuring
the width w of the bottom (foil) side of the lamella (Figure 4B,
inset). The thickness d is then calculated using the relation
d = w$sinðqÞ, where q is the milling angle.

Acquiring an RLM z stack during intermediate milling steps
allows for assessing the milling process beyond thicknessestima-
tion. Both the foil and Pt GIS sides can be brought into focus ( Fig-
ure 4C), allowing us to evaluate the (1) lamella thickness d by
measuring w from the foil side, (2) state and uniformity of the Pt
GIS layer, which protects the lamella during ion beam milling, (3)
overall uniformity of the milled lamella, and (4) accuracy of the mill-
ing angle by measuring the defocus (4 mm) over the full lamella
length (22.4 mm), yielding q = arcsinð4 mm =22:4 mmÞ = 10:2� .
By setting the optical focus between the top and bottom of the
lamella (at 1.6mm in Figure 4C), an approximate lamella thickness
d can be estimated, while the highly re�ective Pt GIS layer is used
to assess the protective layer’s uniformity.

Snapshots showing the progress of the milling process are
presented in Figure 4D. These images are taken after pausing
FIB milling, with the foil side of the lamella in focus. The width
w decreases as the lamella becomes thinner, and the instanta-
neous thickness d is displayed at the top of the snapshots along
with the milling duration and color coded. Additionally, a series of
RLM images is acquired during FIB milling, with the optical focus
set between the bottom and top of the lamella. The mean re-
�ected intensity along the y axis is plotted in Figure 4E for
different milling stages. Characteristic intensity peaks at the
beginning (y = � 7 mm) and end (y = � 25 to � 20 mm) of
each line trace correspond to the bottom and top sides of the
lamella, respectively. By measuring the width w at each stage,
the lamella thickness can be calculated and plotted against mill-
ing duration (Figure 4F). The insets show the �rst and �nal images
used to determine w. This method enables monitoring of the mill-
ing process down to a thickness of around 1 mm.
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