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Cryo-transmission electron tomography (cryo-ET) in association with cryo-focused ion beam (cryo-FIB) milling
enables structural biology studies to be performed directly within the cellular environment. Cryo-preserved cells
are milled and a lamella with a typical thickness of 200-300 nm provides an electron transparent window
suitable for cryo-ET imaging. Cryo-FIB milling is an effective method, but it is a tedious and time-consuming
process, which typically results in ~10 lamellae per day. Here, we introduce an automated method to re-

producibly prepare cryo-lamellae on a grid and reduce the amount of human supervision. We tested the routine
on cryo-preserved Saccharomyces cerevisiae, mammalian 293 T cells, and lysozyme protein crystals. Here we
demonstrate that our method allows an increased throughput, achieving a rate of 5 lamellae/hour without the
need to supervise the FIB milling. We demonstrate that the quality of the lamellae is consistent throughout the
preparation and their compatibility with cryo-ET analyses.

1. Introduction

Today, the best method to image the cellular environment in its
native state and obtain structural information is Cryo-Electron
Tomography (cryo-ET) (Beck and Baumeister, 2016). Biological sam-
ples are vitrified by fast freezing at cryogenic temperature (80-120
Kelvin) and then imaged using a cryo-Transmission Electron Micro-
scope (cryo-TEM) following a tomographic acquisition scheme. Cryo-
genic fixation is instantaneous and it helps to reduce the effects of ra-
diation damage during data acquisition (Dubochet et al., 1988). This
process ensures that all the water contained in the sample is vitreous,
therefore in a glass-like state and capable of withstanding the high-
vacuum environment of TEMs while not diffracting the electron beam.
As a general guideline, the maximum allowed sample thickness is
~300 nm, since most cryo-TEM operate at 300 keV where an electron
statistically undergoes a single elastic scattering event in ~250 nm of
water (elastic mean free path) (Holtz et al., 2013). Thicker samples
provide higher chances of inelastic scattering which, in non-crystalline
samples, cannot be interpreted as useable information. Most eucaryotic
cells are multiple microns thick, therefore the inspection is limited to

the thinnest regions such as filopodia (Carlson et al., 2010; Stauffer
et al., 2014; Weber et al., 2019). Accordingly, a significant portion of in
situ cryo-TEM to date has been performed on small bacterial species
(Oikonomou et al., 2016). The first approach that made it possible to
inspect the inside of a cryo-preserved cell whose thickness exceeded
0.5 um through cryo-ET was cryo-sectioning of vitreous sections (CE-
MOVIS) (Al-Amoudi et al., 2004). CEMOVIS has the advantage of po-
tentially allowing serial-section tomography with minimal losses
throughout the cell, but it is extremely difficult to perform and suffers
from mechanical deformations and is prone to surface contamination
(Al-Amoudi et al., 2005). Alternatively, using an extremely common
approach in semi-conductor sciences, it is possible to isolate a thin la-
mella of material using a dual-beam microscope which utilizes a
Scanning Electron Microscope (SEM) for imaging and a Focussed Ion
Beam (FIB) for machining any sample with nanometre resolution
(Marko et al., 2007; Rigort et al., 2012; Schaffer et al., 2015; Schaffer
et al., 2017). Cryo-FIB milling has been shown to be a highly effective
method for preparing cellular sections for cryo-electron tomography
(Rigort et al., 2012; Schaffer et al., 2015; Schaffer et al., 2017; Villa
et al.,, 2013), but it is time-consuming since the resolution and the
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milling speed are inversely proportional.

In contrast to industrial FIB applications (e.g. semi-conductors), all
existing procedures for cryo-lamellae preparation are performed
manually due to the heterogeneity and dose-sensitivity of biological
specimens. The immediate effect is that highly trained users are per-
forming an extremely repetitive task. This not only results in an ele-
vated cost, but it also restricts production to a throughput of 5-10 la-
mellae per day (Danev et al., 2019; Koning et al., 2018; Wolff et al.,
2019). Further, in most cases, cryo-FIB microscopes are only used for
one session/day while users are onsite, therefore to boost the pro-
ductivity night shifts are the only way forward. Cryo-ET acquisition can
already run unsupervised and regardless of the acquisition scheme used
it is possible to obtain at least 20 tomograms over 24 h. Data collection
schemes optimized for high resolution will require ~60 min of acqui-
sition time per tomogram (Hagen et al., 2017), while fast tomography
workflows will allow for acquisition times down to 5 min (Chreifi et al.,
2019; Eisenstein et al., 2019). Moving beyond the bare throughput and
instrument usage, since FIB milling is a manual and iterative process the
reproducibility scales with the user experience. Recognising the need
for reproducible sample preparation, several workflows and best prac-
tice procedures have been developed (Hsieh et al., 2014; Medeiros
et al., 2018; Schaffer et al., 2015), but the initial steep learning curve
still represent a limitation especially for laboratories where in house
expertise has not yet been established.

One way to counteract the low throughput of cryo-lamella pre-
paration consists of targeting a region based on the known presence of
an interesting event or structure. In order to achieve this level of effi-
ciency, the typical approach uses correlative light and electron micro-
scopy techniques which, when properly performed, prevents from
imaging areas that do not contain useful information for a specific study
(Arnold et al., 2016; Gorelick et al., 2019). Regardless of the correlative
microscopy approach in use, the mismatch between the throughput of
cryo-ET and the preparation of lamellae is evident. Here we introduce
an automated and reproducible method for on-grid cryo-lamella pre-
paration for vitrified cells. We demonstrate an increased throughput
capable of reproducibly producing ~5 lamellae/hour. Since the pre-
sented protocol can run unsupervised, the learning phase for new users
will be shorter than the current situation. Further, with the appropriate
cryo-stage, this protocol opens the possibility for a 24/7 cryo-lamellae
preparation.

2. Materials and methods
2.1. Cell culture and sample cryo-fixation

Saccharomyces cerevisiae was cultured in YPD at 30 degrees, cells
were harvested when an optical density of 0.6 was reached. Cells were
washed twice in PBS and re-suspended in half of the initial volume. 5 pL
of the cell-containing solution was deposited on a Cu-300 R2/2 grid
(Quantifoil™) which had been previously glow-discharged for 30 s using
a Pelco EasyGlow™. Excess solution was removed through manual
blotting and cells were vitrified by plunge freezing in a liquid 60/40
Ethane/propane mix and stored in liquid nitrogen (Tivol, Briegel, and
Jensen, 2008).

293 T cells were cultured in D-MEM and 10% FBS in 50 mm culture
dishes. Plasma cleaned Quantifoil Au-300mesh-R2/2 or R2/4. Were
deposited on the bottom of the dish with the carbon side up, 50 pL of
cell suspension containing 10 cells / uL. were deposited on top of it and
left to settle for 3 h in a 37 deg incubator, after this time 5 mL of
medium was added. Grids were manually blotted and plunge-frozen
after 36 h.

Protein crystals were produced starting from lyophilized lysozyme

Journal of Structural Biology 210 (2020) 107488

Table 1
Summary of the typical parameters used when preparing lamellae presented in
this work. Here the trenching step was limited to 1.5 pm thick lamellae, the
thinning step to 600 nm and the polishing to the desired nominal value of
250 nm.

Nominal lamella 250 nm FIB trenching current 1nA
thickness

SEM imaging current 50 pA FIB thinning current 240 pA

SEM energy 2 keV FIB polishing current 60-90 pA

SEM imaging dwell time < 500 nsec FIB imaging dwell time < 300 nsec

FIB imaging current 60 pA FIB beam overlap 50%

FIB energy 30 keV FIB milling dwell time 1us

FIB milling angle 8-12 deg Trench height (from FIB ~ 6-7 pm

view)

(Sigma-Aldrich #L6876) and crystalized following the protocol de-
scribed in (Iwai et al., 2008). Crystals were deposited on a glow-dis-
charged Quantifoil Cu-300mesh-R2/2, manually blotted and plunge
frozen.

2.2. Cryo-FIB milling

All tests presented here were conducted on a ThermoFisher Helios
Ux G4 DualBeam™ equipped with a Leica cryo-stage and a VCT500
cryo-transfer system. Grids were clipped in autogrid cartridges prior to
loading into the cryo-FIB. Samples were prepared and handled fol-
lowing the standard operating procedures for cryo-FIB milling, ac-
cordingly, immediately after inserting the sample in the cryo-FIB we
coated each grid by condensing for 5 sec Pt from a GIS operated at
27 deg, while the sample was 2.5 mm below the coincidence point.
Cryo-FIB has been operated at 30 keV and 16 keV and no significant
difference was seen, the milling currents used on a three-stage run
were: 1nA for trenching, 240 pA for thinning and 60 or 90 pA for
polishing. Cryo-SEM imaging was conducted at 2 keV, and 50pA de-
tecting secondary emitted electron using the ETD or TLD detectors.
Image field of view and pixel sizes depended on the sample but would
always be comprised between 15 and 50 nm. The dwell time for ima-
ging was always below 500 ns. All parameters are summarized in
Table 1 and an example protocol file is provided with the code.

2.3. Cryo-FIB control and scripting

All manual operations were conducted through the ThermoFisher Xt
UI™, while batch cryo-FIB operations were performed using Python 3.6
through the communication API ThermoFisher Autoscript 4.1™ (which
is required to control the microscope). Scientific python packages used
include numpy, scipy, matplotlib, scikit-image, click, pyyaml and pytest
(Hunter, 2007; Oliphant, 2007; S. van der Walt, Colbert, and
Varoquaux, 2011; Stéfan van der Walt et al., 2014). All original scripts
used in this procedure are installable via the pip package installer for
Python. All the source code and the instructions can be downloaded
from the laboratory webpage (www.github.com/DeMarcoLab/
autolamella).

2.4. Cryo-TEM

Cryo-electron tomograms and micrographs were collected on a
ThermoFisher Titan Krios G3 equipped with a post-GIF Gatan K2™ DED
camera. Images were collected in EFTEM mode following a low-dose
acquisition scheme. The microscope setup included a 50 pm condenser
aperture and a 70 um objective aperture. All tomograms were imaged
from — 60 to + 60 deg with 3 deg increment. The total dose on the tilt-
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series was 98.4 e’/A2, with a dose-rate of 4e’/pixel/sec and tilt micro-
graphs were collected at a nominal magnification of 42000x resulting in
a final pixel-size of 3.61 A. Low magnification overviews were collected
at a nominal magnification of 2500x in LM mode, resulting in a final
pixel-size of 20 nm.

2.5. Tomograms reconstruction and subtomogram averaging.

Tilt-series were aligned using patch tracking and back-projected
using Etomo from the IMOD suite (Mastronarde, 1997). Tomogram
visualization and filtering occurred through IMOD or UCSF Chimera
(Pettersen et al., 2004). For visualization purposes, tomograms were
typically binned 2 to 4 times and median filtered with a bin size of 3-6
pixels. Template matching and subtomogram averaging were per-
formed using Dynamo (Castano-Diez, Kudryashev, Arheit, and
Stahlberg, 2012). CTF determination and correction used Warp
(Tegunov and Cramer, 2019).

2.6. Image display and figure preparation

All figures have been prepared using Adobe Illustrator. Cropping,
filtering and contrast adjustments have been performed using IMOD or
Fiji. Videos have been made using Fiji (Schindelin et al., 2012).

3. Results and discussion

Any TEM sample preparation procedure based on FIB milling re-
quires the following operations: changing the milling current and/or
energy, changing the imaging parameters, stage movements for sample
realignment, beam-shift for drift compensation and setup/positioning
of the milling patterns. On average, every milling step can require time
spanning from a few seconds to multiple minutes and the sequence is
extremely repetitive and predictable. In this situation, even the most
diligent operator will incur a significant time-waste as a consequence of
short delays at the start of every step and due to the time required to
perform manual realignment.

Here, we analysed the preparation workflow and reduced its com-
plexity to the 4 steps: (i) identification of the regions of interest; (ii)
opening the lamellae (trenching); (iii) thinning and (iv) polishing the
lamellae. Cryo-FIB milling occurs in a high-vacuum environment where
the pressure rages from 2e —6 to 5e—7 mBar. Under these conditions
the atmosphere around the sample is not completely depleted from
water, therefore, the slow growth of a crystalline ice layer on the
sample surface is expected over time. Typical contaminations rates
measured as crystalline water deposition are specified by the instru-
ment manufacturers to be in the order of 5-20 nm/hour. In addition,
the material that is sputtered while milling can redeposit on neigh-
bouring areas, therefore contaminating finished lamellae. To limit
contamination, we concluded that the best course of action is to run the
lamella preparation protocol in 3 or more stages. Accordingly, we de-
fined a default protocol that includes 3 stages, first the routine loops
through all the regions of interest and open the trenches, then lamellae
are thinned to ~500 nm and last they are polished to the desired
thickness (100-300 nm). Following this protocol, the bulk material
removal, which also represents the most time-consuming part is carried
out over the first two steps, while the polishing step is performed over
the last few minutes prior to unloading the sample. The default number
of stages for the preparation of the lamellae is three, but users can add
or remove stages if the number of conditions required to achieve good
lamellae is different on other samples. The presented routine includes
stage movement, beam current changes and, most importantly, it re-
quires time. Accordingly, there will be drift and relocation errors to be
accounted for. Our proposed protocol follows a low-dose approach si-
milar to the one performed in cryo-ET, where a sacrificial area con-
taining a fiducial marker is used for tracking and focusing, whereas the
sample area is imaged only once at low-dose and magnification to
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Fig. 1. Flowchart of the automated cryo-lamella process. First, a configuration
file containing all the required parameters is loaded (e.g. lamella size, currents,
etc.). The process can be divided into two sections, a human supervised section
followed by the automated lamella preparation across all selected locations.
The supervised section requires users to interactively select the locations. The
general navigation can be performed through the ThermoFisher Xt UI™ or
ThermoFisher MAPS™ (where available). In order to achieve optimal perfor-
mance, the user must adjust the focus and ensure the sample stage is at the
coincidence point between the FIB and SEM beams. The position of the fiducial
marker (used for image realignment) and the lamella can be defined anywhere
within the field of view. This section is performed as many times as the number
of lamellae required. Once all sites of interest have been selected the automated
section starts. Here, automated ion beam milling is performed for all selected
samples. First, the initial trenches are opened for every sample (typically using
a higher milling current). Then the FIB milling current is reduced and every
sample is further thinned until the final polishing step. Every time the sample
stage is moved or the FIB milling current is changed, the sample position is
checked using the fiducial marker and correction is done through beam-shift.
The compensation for the beam convergence can be specified in the input
configuration file and can be changed for each milling stage.
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Fig. 2. Ion beam images of a single lamella during the automated FIB milling. (a) A cross-shaped fiducial marker is created for later image realignment, reduced area
field of view used for realignment shown by dashed white box; (b) trenches are milled above and below the lamella using a current of 2.4nA; (c) the lamella is thinned
further using an intermediate ion beam current, 75 pA; (d) the completed lamella after final ion beam milling at low current, 26 pA. White arrowheads indicate the
position of the finished lamella; the scale is indicated by 6 x 6 pm cross-shaped fiducial marker.

define the location of the region of interest.

Fig. 1 shows a flowchart diagram of the program logic. We mini-
mized the required user interaction: the user provides a configuration
file when launching the program (an example file is provided with the
package) which contains all the conditions required for the lamella
preparation. The parameters defined in the configuration file are fixed
for each batch job and include the milling and imaging currents, the
depths, the field of view size, as well as the fiducial and the lamella
sizes. The milling depth for lamellae and fiducials are set in the con-
figuration file, but, where required, they can be set independently for
each location. This decision was made to provide a good compromise
between the flexibility and setup time. Lamellae locations are inter-
actively selected together with the location of the tracking area. In
order to improve reproducibility, a small cross-shaped fiducial marker
is FIB milled in the centre of the tracking area. The fiducial marker
assists image re-alignment after stage movements and shifts due to
changes in the ion beam current. The image containing the fiducial
marker is updated after every re-alignment to take care of eventual
degradations that might occur in response to imaging. In principle, this
area can be used to correct against drift during the milling procedure,
but we found that on two systems with different cryo-stages (both
ThermoFisher Helios G4) this option is not needed given the short time
that each milling stage requires. Since the sample thickness can vary
substantially across locations, we kept the possibility to adjust the de-
sired FIB milling depth individually for each lamella and fiducial. This
setup procedure is repeated for as many locations as the user wishes to
mill and the only constraint here is the time required for milling. The
user is guided step-by-step throughout the setup phase (for examples
through the workflow see supplementary Figs. 5-8 and supplementary
video 2). The tracking area is also used to re-align the lamella position
when compensating for the beam convergence (Schaffer et al., 2017).
For this option, users are able to define the amount of over/under-tilt to
apply in relation to the current and instrument in use.

Since the tracking procedure follows a low-dose acquisition scheme,
the site where the lamella will be prepared is going to be imaged only
once using the ion beam and twice using the SEM (optional). In order to
help the users during the protocol optimization for each sample and for
documentation purposes, we added the option to acquire full-field ion
beam images at each stage of the process, but in general, this option
would not be used so the sample conditions can remain pristine. The ion
beam image that is acquired at the beginning of the process to define
the lamella position and the tracking area generally will have a low
resolution and fast dwell time to minimize the dose applied to the
sample. In our experiments, we have found that a field of view of 50 pm
acquired with a pixel size of 32 nm provides a good image quality when
using 10-30 pA of current with dwell times comprised between 50 and
300 nsec. Under these conditions, the dose is extremely low but the
alignment precision is limited by the pixel size. Accordingly, we have

set the possibility of acquiring the tracking images (restricted to the
sacrificial area) with a smaller pixel size (e.g. 8 or 16 nm) and dose,
therefore making the alignment process significantly more precise.
Further, in order to increase the flexibility in case a user needs to image
samples that do not align efficiently with the provided algorithm, we set
up the code structure to allow custom frequency filtering and real space
masks to be applied, or even the replacement of the alignment function
with another algorithm.

In Fig. 2 we show a gallery through the lamella preparation pro-
cedure. The cross mark visible in the image represents the centre of the
tracking area and has a size of 6 X 6 pm. In order to respond to the
variability of the sample topology, we made sure that the position of the
fiducial and the lamella can be selected and do not have a strict relative
position. The only limits set are to prevent the milling areas to overlap
between fiducial and lamella as well as to prevent any of the two areas
to be outside the field of view.

We tested the robustness of the procedure by setting up batch pre-
paration jobs with multiple (3-5) lamellae. Our results indicate high
reproducibility throughout each job with lamellae thicknesses always
comprised between 210 nm and 250 nm. We found that on short la-
mellae the thickness variation is typically below 10%, while on longer
lamellae the thickness is more variable (typically up to 20%) as a
consequence of mild curtaining and not enough polishing depth. This
variability can be reduced by tuning the milling parameters (e.g. lower
polishing current and/or increased depth) and comes at the expense of
milling time. This choice, similarly to what will be made in tomo-
graphic data (Turonova et al., 2019), should be made case-by-case
depending on the needed quality. The throughput was measured to be 4
to 5 lamellae/hour depending on the sample thickness. In supplemen-
tary Fig. 1, we show a gallery comprising 5 lamellae which have been
prepared in 47 min from the beginning of the batch procedure. The
setup phase (selecting sites and defining tracking markers) for that job
required approximately 12 min. In order to ensure that the quality of
the samples is not compromised, we inspected all lamellae through
cryo-TEM (see Fig. 3 and supplementary Figs. 2 and 3), and imaged a
subset via cryo-ET or microED (Fig. 4 and supplementary video 1),
therefore ensuring the suitability for downstream analyses. The level of
curtaining is difficult to quantify but from a qualitative analysis it is
comparable to what has previously been reported from manual pre-
paration (Rigort and Plitzko, 2015; Schaffer et al., 2017), and as ex-
pected, we have seen a correlation between the level of curtaining and
the length of the lamellae. This observation correlates with the fact that
we applied the same ion dose when preparing all lamellae. We found
that the duration of the setup phase can vary from sample to sample, for
example: on yeast it typically takes about 2-3 min to define each lo-
cation and prepare the fiducial; while on mammalian cells finding the
appropriate location can be more challenging due to the sample shape
and distribution and can require longer.
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Fig. 3. View of an exemplary lamella from cryo-SEM and low magnification cryo-TEM. (a) shows a cryo-SEM view of a region before the lamella preparation; (b)
shows the same region after sample preparation. Both SEM images have been acquired as part of the automated procedure. (c) shows a low magnification cryo-TEM
overview of the same lamella displayed in a and b. The surface quality is comparable to what has previously been reported from manual preparation. Scale-bars in (a)
and (b) are 20 pum, while in (c) the scale bar 5 pm, the fiducial in (a-b) is highlighted by the dashed white square.

To show that the procedure is not restricted to a particular sample,
we tested its applicability to cryo-preserved lysozyme crystals (sup-
plementary Fig. 3) and to on-grid cultured 293 T cells (supplementary
Fig. 4). In both cases, the procedure could be successfully performed
and the time to prepare a lamella was always < 15 min. in average, to
prepare a lamella on a crystal we observed that 7 min are sufficient,

while on mammalian cells, due to their larger size in average we re-
quired 11 min.

Automating the milling procedure dramatically speeds up the pre-
paration but, as noticeable from supplementary Fig. 2, the parameters
must be carefully chosen before the batch job is started. There are two
parameters that must be defined with particular care: the “total cut

Fig. 4. Cryo-TEM and cryo-ET performed on the same lamella shown in Fig. 2. Panels (a-c) show mid-magnification (6500x) micrographs of lamellae. Each high-
lighted area (insets) correspond to the location imaged through cryo-ET. The corresponding tomograms are displayed in (d-j). panels (d-f) are XY slices and (g-j) are
X-Z. The arrowheads in (d-f) show the position of the XZ slice displayed in (g-j). Scale-bars are 500 nm in (a-c) and 200 nm in (d-j). The thickness of tomograms is

210 nm, 215 nm and 240 nm.
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Table 2
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Statistics about our experience with the sample preparation. The minor problems described here include significant curtaining as a result of not sufficient polishing or
insufficient size of the trenches which results in partial coverage of the lamella. The likelihood of those issues to appear depends on the sample heterogeneity and the

individual choice of parameters.

Sample type Number of prepared

Successful lamellae

Usable lamellae with Unusable or

lamellae problems due to poor broken lamellae in
parameter choice the cryo-FIB/SEM
Yeast on holey Cu grids 86 12 2
Mammalian cells cultured on Au grids 26 2 4
Micro-crystals on Cu grids 16 0 7

height” which defines the size of the trenches milled on each side of the
lamella; and the lamella depth. After testing extensively the balance
between providing full freedom of changing this parameter for each
location and choosing one value that will be used for the entire batch
procedure we have considered the latter as to be the easiest to use and
overall time effective. Accordingly, users at the beginning of the session
should judge the average length of the expected lamella and, based on
the average thickness of the sample and the angle of cut, decide what
the most appropriate size should be. Increasing the “total cut height” by
1 or 2 um only results in a few seconds of extra milling, as most of the
material is removed at the highest usable ion current. We found that
instead, the milling depth for the lamella should be optimally defined in
case a region appears clearly thicker, or in case the surface appears to
be rougher. The gallery in supplementary Fig. 2 shows that, although all
lamellae were usable, there are areas that might be not optimal due to
curtaining or due to the fact that the trenches were not large enough.
This type of problems is visible from the SEM, so when the lamellae are
prepared manually the error is corrected by widening the trench or by
further polishing the surface. The program provides with SEM images
acquired before and after the milling procedure for each lamella, ac-
cordingly, we suggest the users should inspect the data before un-
loading and, if required, manually optimise those sites for which the
chosen parameters were poorly set.

In Table 2 we provide a statistical analysis of the success rate on 3
types of samples. We find that on samples such as Yeast the success rate
is ~97% of which ~13% presented minor problems such as pronounced
curtaining or partial overlap of the lamella with the bulk sample as a
consequence of poor parameter choice. The remaining lamellae broke
during the preparation. Mammalian cells displayed a total success rate
of 84% of which 8% presented minor problems (mostly curtaining).
Finally, protein crystals resulted to be the most challenging samples
where 56% of the lamellae were of good quality and the remaining 44%
broke during the procedure. We believe that the discontinuous nature
of this particular sample, which is visible in some of the surviving la-
mellae, decreases the chances of success. Accordingly, the sample itself
represents the largest variable and in some cases can limit the results.
For example, preparing lamellae from protein crystals is challenging
due to the discontinuous nature of the sample, accordingly, the material
tends to bend and is damaged by the beam during the polishing pro-
cedure. On mammalian cells, it is easier to achieve reproducible results
when cutting the thickest regions, but the probability of success is
greatest when preparing lamellae in the peripheral regions.

Although on our system we do not suffer from any significant drift,
in order to allow the operation on less stable systems or on particularly
challenging samples we implemented a drift correction routine. This
option can be set in the protocol file and consists in pausing the milling
routine at defined intervals (decided by the user) and imaging the fi-
ducial area to calculate the beam-shift correction that must be applied
to compensate for the drift eventually occurred since the last fiducial
image was collected.

Since the frozen-hydrated biological samples are not conductive,

charging can be a significant impediment during lamella preparation.
We found that thicker layers of GIS-deposited Pt results in higher
charging (although it contains metal, since it is just condensed on the
surface it is not highly conductive). Thanks to the fact that the auto-
mation reduces the number of images required throughout the process
the protection layer formed by the Pt can be thinner than usual (we now
expose for 2-5 s instead of 10 as used to be our best practice). One
consideration to be made for the drift correction is that too frequent
imaging of the fiducial area might result in charging, although we have
not seen this effect it remains a possibility. In this case, users have the
option to take advantage of the flexible definition of the number of
milling stages, to increase the frequency of realignment and yet leaving
time to the charge to dissipate while other locations are being milled
(workflow as described in Fig. 1).

Our results show that by automating the lamella preparation it is
possible to prepare uniform lamellae with the desired thickness at a rate
which is far greater than what could be reproducibly achieved with
manual operation. The average preparation time for 1 lamella is
~9 min, excluding sample loading, initial alignment and selection of
the regions of interest. From experience, users will require about 1 h for
stage cooling and sample loading, then Pt deposition and general
imaging of the samples for navigation will require ~10-15 min. Then,
when the procedure starts, the basic navigation is conducted through
the microscope UL The procedure records all stage coordinates
(XYZRT), accordingly, it is possible to customize the orientation for
each lamella should a grid bar or any other feature be on the way in a
particular location. The user must ensure that when a region of interest
is selected the sample is at the coincidence height. This is important
because the overview images acquired with the SEM before and at the
end of the milling procedure can provide immediate feedback on the
quality of each lamella before going to the cryo-TEM. If the stage is not
at the correct height the SEM images will not include the lamella site.
Further, if the user chooses to compensate for the beam convergence
(optional), the stage tilt will change by 1-4 deg. If the stage is not at the
correct height the region of interest will move outside the field of view.
Our experience shows that the user supervised part of the procedure
which includes the selection of the regions of interest and the pre-
paration of the fiducial requires ~2-3 min/site. Accordingly, if a user
loads 2 grids and selects 20 sites/grid the preparation time from stage
cooling to the completion of 40 lamellae would be between 10 and
11 h, with the polishing step conducted through the last 1.5 h.

The typical duration of a cryo-FIB session is limited by the liquid
nitrogen supply (ThermoFisher and Quorum cryo-stages can be kept
cold for ~11 h, while Leica cryo-stages have the possibility to refill the
liquid nitrogen dewar and provide sessions that are longer than 24 h).
The automation and the fact that the procedure runs mostly un-
supervised ensures that users do not need to be on-site once the setup
phase has been completed. Accordingly, this opens up the possibility to
prepare cryo-lamellae with a 24 h continuous operation of the micro-
scope and therefore lead to ~80 or more lamellae/day. Obviously, this
represents an ideal case where all parameters have been optimised, but
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on samples such as yeast or bacterial cultures where the availability of
suitable regions is not limiting and where the time required to set up
each region is ~2 min, this number is achievable. On most mammalian
cell samples this number will be more difficult to achieve simply due to
the lack of suitable regions. The latest developments in sample pre-
paration and patterning will likely allow mitigating this limitation
(Toro-Nahuelpan et al., 2019). Further, today there is a possibility to
target the cryo-lamella preparation through correlative light and elec-
tron microscopy methods (Arnold et al., 2016; Gorelick et al., 2019),
here the link between the correlative procedures with the autolamella
workflow still need to be efficiently implemented. However, one can
envision future developments where the entire setup procedure de-
pends on the position of fluorescence markers.

Considering the latest developments in regards to fast cryo-ET ac-
quisition it will be possible to match this throughput on the TEM
(Chreifi et al., 2019). Even in the situation where the above-described
throughput is not required, a protocol providing up to 40 lamellae
during a daytime session will shorten the user queue around cryo-FIBs,
therefore, allowing more projects to be conducted in facilities where the
availability of instrumentation is limited in relation to the number of
users.
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