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Abstract

This work describes cryogenic ex situ lift out (cryo-EXLO) of cryogenic focused ion beam (cryo-FIB) thinned specimens for analysis by cryogenic
transmission electron microscopy (cryo-TEM). Steps and apparatus necessary for cryo-EXLO are described. Methods designed to limit ice
contamination include use of an anti-frost lid, a vacuum transfer assembly, and a cryostat. Cryo-EXLO is performed in a cryostat with the cryo-
shuttle holder positioned in the cryogenic vapor phase above the surface of liquid N2 (LN2) using an EXLO manipulation station installed inside
a glove box maintained at <10% relative humidity and inert (e.g., N2 gas) conditions. Thermal modeling shows that a cryo-EXLO specimen
will remain vitreous within its FIB trench indefinitely while LN2 is continuously supplied. Once the LN2 is cut off, modeling shows that the
EXLO specimen will remain vitreous for over 4 min, allowing sufficient time for the cryo-transfer steps which take only seconds to perform.
Cryo-EXLO was applied successfully to cryo-FIB-milled specimen preparation of a polymer sample and plunge-frozen yeast cells. Cryo-TEM of
both the polymer and the yeast shows minimal ice contamination with the yeast specimen maintaining its vitreous phase, illustrating the
potential of cryo-EXLO for cryo-FIB-EM of beam-sensitive, liquid, or biological materials.
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Introduction

The 2017 Nobel prize in chemistry recently awarded to
Dubochet, Frank, and Henderson, for developing cryo-
transmission electron microscopy (cryo-TEM) methods for
high-resolution structure determination of biomolecules is a
testament to cryo-TEM’s importance. Cryo-TEM of biologic-
al samples requires the area of interest to be frozen in a layer of
amorphous or vitreous ice which is thin enough to be electron
transparent. Vitreous ice is required for cryo-TEM since crys-
talline ice produces diffraction contrast that can obscure signal
from the material of interest. In addition, the nucleation and
growth of ice crystals can damage or deform molecules within
biological samples. Cryo-plunge freezing techniques by
Dubochet et al. revolutionized cryo-EM analysis of assemblies
of single particles and for cryo-tomographic studies of single
objects (Doubochet & McDowall, 1981). For cryo-TEM sin-
gle particle analysis, a suspension of particles is deposited
onto a lacey or holey carbon-coated TEM grid, blotted to re-
move excess liquid, cryo-plunged into liquid ethane (or liquid
nitrogen) to obtain fast cooling rates to form a thin electron
transparent vitreous layer and cryo-transferred into a
cryo-TEM holder for imaging in a cryo-TEM. High-pressure
freezing is needed for cryo-TEM of thicker (> 200 μm) sam-
ples to ensure that vitreous ice is maintained throughout the
large sample (Giddings et al., 2001). These thicker samples
may be subsequently sectioned into slices using cryo-
microtomy and then micromanipulated to a carbon-coated
TEM grid (Ladinsky, 2010). However, samples sectioned

with cryo-microtomy suffer from knife chatter artifacts (i.e.,
structural deformation) and the preparation and analysis of
many tens of slices may be necessary to find the desired region
of interest.
The use of cryogenic focused ion beam (cryo-FIB) milling

and cross-sectioning was first verified on yeast cells
(Heymann et al., 2006). Since then the use of cryo-FIB speci-
men preparation has been successfully applied to cryo-TEM
sample preparation, negating cryo-microtomy artifacts
(Marko et al., 2006; Ladinsky, 2010; Antoniou et al., 2012;
Rigort et al., 2012; Rubino et al., 2012; Hsieh et al., 2014;
Zachman et al., 2017; Schaffer et al., 2018; Zachman et al.,
2018). These cryo-FIB methods have also been extended to
beam-sensitive engineering materials, liquid/solid interfaces,
and other materials of interest in battery research and the
physical sciences (Antoniou et al., 2012; Zachman et al.,
2017; Li et al., 2018; Zachman et al., 2018; Choudhury
et al., 2019). In this paper, we present a novel manipulation
method of cryo-FIB prepared specimens for cryo-TEM ana-
lysis. First, we will review FIB manipulation methods.

Background on Cryo in situ Lift Out (Cryo-INLO)

Cryo-FIB INLO requires the use of an INLO tip configured
with a cryostat such that the tip can be maintained at cryogen-
ic temperatures to retain the vitreous phase during sample ex-
traction (i.e., lift out) from the bulk sample which is also
maintained at cryogenic temperatures held on a cryo-stage
in the FIB (Antoniou et al., 2012; Rubino et al., 2012;
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Zachman et al., 2017; Schaffer et al., 2018; Zachman et al.,
2018; Klumpe et al., 2021). There are numerous complex
steps required for cryo-FIB INLO: (i) the cryo-tip must be at-
tached to the sample using either Pt deposition, ice attach-
ment, friction-assisted phase changes, redeposition
sputtering, or via direct gripping so that the sample can be re-
moved from the bulk. It can be difficult to keep the cryo-
sample and the cryo-probe tip at exactly the same temperature
which results in thermal drift between the two as they touch.
This thermal drift creates challenges for the attachment of
the sample to the probe which must remain stable for several
minutes during the deposition/attachment process.
Instabilities caused by thermal drift can result in breakage
and failure at the sample/probe interface. (ii) Once the probe
is secured to the sample, the sample is FIB milled free from
its trench and (iii) the probe/sample is retracted lifting out
the sample. (iv) A metallic half-grid, also maintained at cryo-
genic temperatures on the cryo-stage, is positioned in the field
of view, the probe/sample is brought back in and (v) attached
to the half-grid (using similar attachment methods as above).
Once again, thermal expansion and temperature differences
can cause issues with sample attachment to the grid, resulting
in the possibility of failure. (vi) The cryo-probe is FIB milled
away (or ungripped) from the sample and the probe is re-
tracted. (vii) The sample is then FIB milled to electron trans-
parency. (viii) Then the grid sample carrier is
cryo-transferred from the FIB (vii) to a cryo-TEM holder
and loaded into the microscope for cryo-TEM imaging.
Cryo-INLO offers the same sample advantages as ambient

INLO. That is, lift out can occur anywhere on the sample sur-
face and the small sample profile allows for greater tilt flexibil-
ity for TEM-tomography. However, these problematic,
complex, and time-consuming cryo-FIB INLO steps may re-
quire several tens of minutes to hours to complete successfully.
This occupies the FIB for the better part of a day which bottle-
necks the process of performing cryo-TEM and reduces access
to the FIB for other tasks. A recent publication detailed specific
times for all cryo-FIB milling and cryo-INLO manipulation
steps (Parmenter&Nizamudeen, 2021). The cryo-INLO steps
denoted can take up to 60 min to accomplish, with the entire
cryo-FIB milling and cryo-INLO process consuming the ma-
jority of a workday. Thus, INLO methods requiring cryo-
manipulation of FIB-prepared samples inside the FIB chamber
result in numerous and complex steps, leading to poor success
rates generating perhaps only one useable sample per day, ul-
timately increasing the cost per sample. This time-intensive
process also ties up the FIB for potential other uses. Thus,
this work focuses on fast, easy, and cost-effective implementa-
tion of cryogenic ex situ lift out for cryo-TEM.

Background on Ambient ex situ Lift Out (EXLO)

Historically, EXLOwas the first lift out method developed for
materials in ambient conditions, and thus, publications from
the late 1990s and early 2000s refer to this as simply lift
out. These early FIB milling techniques not only demonstrated
that virtually any material could be FIB milled, but also dem-
onstrated that any material could be ex situ manipulated
(Giannuzzi et al., 1997; Giannuzzi & Stevie, 1999; Stevie
et al., 2001; Ferryman et al., 2002; Giannuzzi et al., 2005;
Giannuzzi et al., 2015). The FIB milling steps used for INLO
are like those for EXLO. The primary difference is that the
specimen is FIB milled to the desired thickness after FIB

undercutting (which also removes any redeposited FIB arti-
facts) and milled so that the lamella specimen remains inside
the FIB-milled trenches, and is supported by and touching
the trench walls (see example Si EXLO specimen in Fig. 1a).
The bulk sample containing the specimen(s) is then removed
from the FIB and positioned onto a micromanipulator station
consisting of a light optical microscope andmicromanipulator
system (Giannuzzi et al., 2015). A solid glass probe pulled
to ∼1 μm at its end is then positioned to lift out or pick up
the sample and place it on a carbon, holey carbon TEM
grid, or slotted grid for TEM analysis. A native glass probe
can be used or the glass can be metallized to avoid unwanted
excessive electrostatic forces, e.g., between a non-conductive
glass probe and non-conductive specimen (Giannuzzi et al.,
2015; Giannuzzi, 2017). In addition, EXLO samples can be
used for correlative analyses using othermicroscopy or surface
science methods (Stevie et al., 2001; Ferryman et al., 2002).
The dimensions of a typical EXLO sample for cryo-TEM

might be 10–20 μm long × 5–10 μm wide/deep× 300 nm (or
less) in thickness. The entire specimen length may be FIB
milled or a small window portion of the entire specimen length
can be preferentially FIB thinned. EXLO specimens can also be
thinned after lift out when manipulated to specially designed
slotted grids (Giannuzzi et al., 2015), albeit with an additional
transfer step. An example of a 20 μm long ambient silicon
EXLO specimen is shown in the ion-induced secondary elec-
tron FIB image in Figure 1a. 3D-printed polymer lift out sam-
ples can be used to teach and train users in the EXLO (or
INLO) process (Giannuzzi et al., 2019b). These samples are
printed to a thickness of 1 μm with 2-photon polymerization
of liquid photoresist and an EXLO-ready sample is shown in
Figure 1b.
Years ago, it was assumed that the mechanism of attach-

ment of a specimen to the glass probe with EXLOwas via elec-
trostatic attraction.However, it was found that Van derWaals
forces were the predominant attachment force for the success-
ful manipulation of EXLO specimens (Giannuzzi et al., 2015).
Van der Waals forces for a silicon sample attracted to a glass
probe in air were found to be ∼12 orders of magnitude larger
than the force of gravity acting on the sample. The Haymaker
material constant in the Van der Waals force equation
(Giannuzzi et al., 2015) varies by only 2 orders of magnitude
across the entire periodic table; hence, Van der Waals forces
may still be greater than 10 orders of magnitude larger than
the force of gravity for any material at these dimensions.
The fact that EXLO has been applied to so many different ma-
terial types is borne out by adhesion physics as they are now
understood. In addition, sample shape is irrelevant for these
manipulations if sufficient surface area exists between the
probe and sample. Indeed, EXLO has also been used to ma-
nipulate powders, fibers, and particulates for analyses
(Ghassemi et al., 2017; Giannuzzi et al., 2019a). Work on
Van der Waals forces also predicts that samples up to several
hundred micrometers or more may be manipulated, and in-
deed, this has been verified (Giannuzzi et al., 2016).
It is well known that the EXLO process is fast and reprodu-

cible. In addition, the EXLO process is also easy to teach and
master. Figure 1c shows a subset of more than 60 3D-printed
polymer samples like those in Figure 1b, EXLO manipulated
by both veteran and novice users of EXLO performed on
and off over a period of ∼24 h. Veteran users averaged a ma-
nipulation time of 1:05 (minutes) while novice users averaged
a manipulation time of 2:51 (minutes) after receiving a brief
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few minutes’ explanation and demonstration of the process.
Thus, the number of samples that can be manipulated with
EXLO in a timely and reproducible manner cannot be
matched using INLO methods, as it can take a new user sev-
eral hours to days to successfully manipulate their first ambi-
ent sample using INLO successfully. Cryo-INLO methods
take even longer to master and accomplish. Thus, to better
handle artifact-free cryo-TEM FIB specimens, we present a
fast, easy, reproducible, and cost-effective cryo-FIB ex situ
lift out (cryo-EXLO) sample handling and micromanipulation
method for cryo-TEM.

Experimental Methods

We configured a conventional EXpressLO Nicola 640 lift out
stationwith two hydraulic micro-manipulators and installed it
inside a custom Coy glove box to keep the relative humidity
less than 10% (details in the schematic diagram in Fig. 2).
To reduce ice contamination during the EXLO process, the
glove box was also periodically backfilled with up to
22 psi of nitrogen gas. Metallized glass probes were used for
the cryo-EXLO manipulation processes. After probes were
pulled to a fine tip, they were dipped in hobby India ink
(e.g., carbon particles in colloidal suspension) and air dried
to provide a conductive outer tip surface (Giannuzzi, 2017).
Glass pulled tips can also be sputter-coated to yield a conduct-
ive outer surface (Giannuzzi et al., 2015). Metallized glass tips
are preferred over metal tips typically used for INLO since
they will not deform and can flex considerably without
breaking.
An FEI (now Thermo Fisher Scientific) Strata 400S (Ga+ ion)

FIB SEM was used for all cryo-FIB milling steps. A Quorum
PP3010T cryo stage and transfer system were used to maintain
cryogenic temperatures during the FIB milling and transfer
steps. The Quorum prep stage was maintained at −175°C.
Inside the FIB SEM, the cryo-stage was maintained at −165°C
while the anti-contaminator was maintained at −190°C.
To optimize the cryo-FIB time usage, several polymer

specimens within a 3D-printed array of specimens were
thinned to electron transparency (∼300 nm thick) in ambient
(e.g., non-cryo) conditions on a Thermo Fisher Scientific
Scios (Ga+ ion) FIB SEM in advance of access to the
cryo-FIB. The pre-thinned 3D-printed polymer samples on a
silicon substrate were attached to the cryo-FIB shuttle holder
using carbon tape and transferred into the cryo-FIB via the
usual Quorum preparation transfer station and load lock.
The remaining material tabs for each polymer specimen

were cryo-FIB milled free as needed and the samples were
then cryo-transferred for cryo-EXLO.
Yeast cells in solution were deposited on a carbon-coated

TEM grid and plunge-frozen in a mixture of liquid ethane
and propane cooled by liquid nitrogen (LN2).
Plunge-freezing equipment was readily accessible in our lab
and others have shown that thin (< 20 μm) layers of cells can
be successfully vitrified (Giddings et al., 2001). Note also
that high-pressure frozen samples could also be used for the
cryo-EXLO methods described below. The grids with plunge
frozen yeast cells were held in place via a screw and clip mech-
anism on the cryo-FIB shuttle holder under LN2 using the
Quorum slusher station and transferred into the preparation
stage and load lock formetal sputter coating prior to full inser-
tion into the cryo-FIB stage. The LN2 slusher station is used to
mount the yeast cells onto the cryo-shuttle holder and provides
a vacuum transfer mechanism via a rod attached to the shuttle
for transferring the shuttle holder into the intermediate prep-
aration chamber and then ultimately onto the cryo-FIB cold
stage. The anti-frost lid was closed during the transfer steps,
and opened during the sputter coating and the cryo-FIBmilling
steps. A suitable region of the yeast cells was identified, and a
thick (∼2 μm) layer of organometallic Pt was deposited and
cured with the ion-beam as described earlier (Hayles et al.,
2007). A thick Pt layer is necessary to reduce electrostatic
charge issues and also reduces curtaining artifacts during
cryo-FIB milling. Four EXLO yeast specimens were cryo-FIB
prepared in < 4 h with final dimensions of ∼20 μm× 7 μm×
300 nm. We used an assembly-line method to FIB mill the
specimens, milling the same type of pattern on each specimen
before lowering the beam current for the next FIB milling step.
We optimized the cryo-FIB milling steps and times and used
nominal FIB beam currents of 6.5 nA to mill the initial large
trenches, 2.8 nA to further thin the specimen, 0.9 nA for add-
itional thinning and the U-shaped undercut mill, followed by
smaller beam currents as needed (e.g., 0.46, 0.28, 93 pA) to
achieve the desired thickness. It should be noted that these
beam currents are a factor of 6× or more larger than those re-
ported for trenching and final milling of cryo-INLO specimens
(Parmenter et al., 2016; Schaffer et al., 2019). As will be
shown, our combined cryo-FIB milling methods plus
cryo-EXLO saves considerable time compared to cryo-INLO.
For both the polymer and the yeast cryo-EXLO methods,

C-Flat™ grids were pre-clipped in autogrids for easy and dir-
ect transfer after cryo-EXLO to an autoloader for analysis
with a Thermo Fischer Scientific Arctica cryo-TEM. The grids
were pre-processed at room temperature in a GloQube plasma

Fig. 1. (a) FIB-milled EXLO ready Si specimen. (b) 1 μm thick 3D-printed polymer practice lift out sample, FIBmilled free and ready for EXLO. (c) 3D-printed
samples EXLO manipulated to a carbon-coated EM grid and imaged in a light optical microscope.
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cleaner for 30 s at 20 mA to aid in Van der Waals adhesion of
the cryo-EXLO specimens.
The following manipulator steps were identical for both the

polymer and yeast cryo-EXLO and are shown schematically in
the diagram in Figure 2. A cryostat was developed for the dual
purpose of accepting a cryo-FIB shuttle holder with an anti-
frost lid and for the cryo-EXLO. After cryo-FIB milling, the
transfer rod was attached to the cryo-shuttle holder, the anti-
frost lid was flipped into the closed position, and the cryo-
shuttle holder was transferred under vacuum to a gold-coated
copper shuttle holder jacket inside the cryostat (Fig. 2a). The
rod was removed, and the cryostat assembly was covered
and evacuated for transfer to the glove box via an air lock
(Fig. 2b). The cryo-jacket keeps the cryo-FIB-milled lift out
specimens under cryogenic conditions. This entire transfer
process took only seconds to accomplish. This short time for
transfer is key to maintain the vitreous specimen at cryogenic
conditions as described in Figure 9 and “ThermalModeling of
Cryo-EXLO Specimens” below. Figure 2c shows a top-down

view of the cryostat inside the vacuum assembly with the cover
removed for clarity. Note the cryo-shuttle holder with anti-
frost lid in the closed position and inside the cryo-jacket and
the cryo-moat support are positioned for a subsequent transfer
step described below. The evacuated assembly is moved to the
glove box air lock (Fig. 2d). Note the gloves on the glove box
are omitted in this schematic for clarity (Figs. 2d–2f, 2h). The
assembly is moved from the air lock and into the glove box
(Fig. 2e). The assembly is vented and the cryo-shuttle holder
is transferred from the shuttle holder jacket onto a cryo-moat
support. The cryo-jacket is no longer needed so it is removed
from the cryostat (Fig. 2f). A larger view of the cryo-shuttle
holder on the cryo-moat support with the cryo-jacket removed
is shown in Figure 2g. The cryostat was positioned on the
Nicola 640 lift out station located inside the glove box and
the anti-frost lid was opened (Figs. 2h, 2i). Note that for sim-
plicity, the Nicola 640 lift out station is shownwithout its mo-
tor controllers or computer. The cryo-shuttle holder and
cryo-moat support in Figure 3 are shown outside of the

Fig. 2. Schematic diagram of the cryo-transfer process from the cryo-FIB transfer rod to the cryostat vacuum assembly. (a) The cryo-shuttle holder is
transferred to the cryo-jacket inside the cryostat. (b) The transfer rod is removed and the cryostat is covered with a lid to evacuate the assembly. (c) A top
down view of the cryo-shuttle holder positioned inside the cryo-jacket with parts labeled. (d) The cryostat assembly is moved into the airlock of the glove
box. (e) The cryostat is moved into the glove box from the airlock. (f) The cryostat is removed from the vacuum assembly. Pre-cooled forceps are used to
position the cryo-shuttle holder on the cryo-moat support after LN2 boils off below its top surface and the cryo-jacket is removed from the cryostat. (g) A
larger view of the cryo-shuttle holder on the cryo-moat support with the cryo-jacket removed. (h) The cryostat is positioned on the lift out station. (i) The
frost cover is flipped open; a grid carrier is position into the recessed region, and ex situ lift out and manipulation can begin.
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cryostat to illustrate its position. Note that the top of the cryo-
shuttle holder is discolored due to the Au–Pd sputter-coating
performed inside the Quorum preparation chamber. The anti-
frost lid, the predefined positions designed to accept a plunge-
frozen grid of yeast cells, and a recessed region for grids or pre-
clipped grids are labeled.
The LN2 level in the cryostat was kept just below the work-

ing surface of the cryo-shuttle holder to perform cryo-EXLO
in the cryogenic vapor phase. A pre-clipped grid and the ma-
nipulators were pre-cooled in LN2 just prior to the
cryo-EXLO process. The pre-clipped grid was then positioned
on the cryo-shuttle holder work surface into its predefined re-
cessed area, and the manipulator probes were positioned for
cryo-EXLO as per Figure 2i. Note that once the manipulators
are positioned, they remain in the cryogenic vapor phase
throughout the lift out and the manipulation process. Once
the cryo-shuttle holder was transferred and positioned in the
cryostat cryo-moat support on the lift out station,
cryo-EXLO was performed nearly identical to ambient
EXLO. Themajor distinctionwas that the cryo-EXLOprocess
was performed on the cryo-shuttle holder work surface in
cryogenic vapor above the LN2 surface. Specific steps and ap-
paratus for cryo-EXLOwere designed to reduce ice contamin-
ation and to make sure the specimen remained vitreous
throughout all steps.
We also performed conjugate conduction-radiation thermal

analysis of the FIB specimen geometry and temperature envir-
onment. We modeled the geometry of a FIB chamber with
Quorum cryo-stage hardware and a FIB-thinned ice specimen

inside its trench walls. The details of the modeling will be pre-
sented elsewhere, but we include some of the pertinent results
below for completeness and validation of the cryo-EXLO
method.

Results and Discussion

Cryo-EXLO of Polymer Sample

Figure 4 summarizes the cryo-EXLO steps for the polymer
specimen. Figure 4a shows an SEM image of the electron
transparent polymer specimen completely FIB milled free
and ready for cryo-EXLO. Figure 4b is a light optical micro-
graph obtained with the Nicola lift out system where the
microscope focal plane is at the 3D-printed sample surface.
Thus, after cryo-EXLO, the probe containing the manipulated
polymer specimen (shown arrowed) is above the 3D-printed
sample surface and therefore out of focus. The manipulator
probe with the specimen attached is raised about 500 μm to
1 mm to permit stage movement such that the holey-carbon
TEM grid is positioned under the probe. The probe with
the specimen is then lowered and the specimen is manipu-
lated to the grid, as shown in Figure 4c. Once the specimen
is released from the probe, the probe is used to gently pat
down the specimen (arrowed in Fig. 4c) to ensure that it re-
mains adhered to the carbon film. The anti-frost cover is
closed, the cryostat is covered and removed from the glove
box and the grid is cryo-transferred to the autoloader for
cryo-TEM. The cryo-EXLO process time between images
in Figures 4b, 4c was only about 6 min. It is expected that

Fig. 3. The cryo-shuttle holder with anti-frost lid shown positioned on the cryo-moat support.

Fig. 4. (a) SEM image of cryo-FIB-milled polymer specimen ready for cryo-EXLO. (b) Cryo-EXLO of the polymer specimen shown arrowed on the
manipulator probe. (c) Light optical microscope image from the Nicola system after cryo-EXLO micromanipulation of the polymer specimen onto a
carbon-coated (C-Flat) TEM grid. (d) Low magnification energy filtered cryo-TEM image of the cryo-EXLO-manipulated polymer specimen.
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this manipulation time can be significantly reduced with re-
finement. Figure 4d shows a low magnification cryo-TEM im-
age of the cryo-EXLO-manipulated polymer specimen. While
some ice contamination is evident, these artifacts are on par
with ice contamination observed in cryo-INLO FIB-prepared
specimens. Note there are very large contamination-free re-
gions of the polymer as described in detail below. The success-
ful cryo-EXLO manipulation of a polymer specimen implies
that this technique may be used for other materials science
applications.
Figure 5 shows energy-filtered cryo-TEM images of the

polymer sample and the C-Flat™ carbon support film from
low to high magnification. Also shown is the radially inte-
grated intensity as a function of frequency of each fast
Fourier transform (FFT) obtained for each region indicated
by the images. Note there is no broad peak at 2.57 nm−1 which
would indicate ice contamination during the cryo-transfer
process. Thus, successful cryo-EXLO of a polymer specimen
was performed. We expect that cryo-FIB-EXLO can easily
be applied to other beam-sensitive materials of interest to
physical scientists.

Cryo-EXLO for Vitreous Biological Samples

As shown in the sequence of images in Figure 6,wewere able to
cryo-FIB, cryo-transfer, and cryo-EXLO manipulate the
plunge-frozen yeast, and image the thinned yeast specimen
via cryo-TEM. Figures 6a and 6b show SEM images at two dif-
ferent tilt conditions of four cryo-FIB thinned specimens from
plunge-frozen yeast cells. All four specimenswere FIBmilled to
electron transparency and were ready for cryo-EXLO in< 4 h.

Together with the rapid cryo-EXLO process, the preparation
of four complete EXLO-type specimens was therefore signifi-
cantly faster compared to the typical cryo-INLO approach
which requiresfinal thinning steps after the lift out is completed
(Parmenter & Nizamudeen, 2021). The yeast cells were cryo-
transferred to the lift out station inside the glove box as de-
scribed above. Figure 6c shows a cryo-EXLO-manipulated
light optical microscope (LOM) image of the yeast specimen
shown with the arrows in Figures 6a and 6b, and then
cryo-EXLO manipulated onto a pre-clipped C-Flat™ carbon
support film grid (Fig. 6d) so that it could directly be cryo-
transferred into the cryo-TEM sample autoloader cassette.
Note that the images in Figures 6c and 6d were acquired
with an elapsed time of only ∼3.5 min between them. Thus,
we were able to reduce the manipulation time between the
polymer specimen above (Fig. 4) and the yeast cells (Fig. 6)
by nearly a factor of 2×. Since the cryo-TEMwas not available
until the next morning, we cryo-transferred the grid/autogrid
assembly with the cryo-EXLO specimen into LN2 storage
and then cryo-transferred the grid/autogrid into the autoloader
cassette and cryo-TEM the following day.
Figure 6e shows a low magnification energy filtered

cryo-TEM image of cryo-EXLO-manipulated yeast cells.
Details of the cryo-TEM results denoted by regions labeled
1, 2, 3, and 4 are described below. As is evident, there is
very little ice contamination on the specimen.
To be clear and re-emphasize the EXLO steps—there is

NO poking or stabbing of the specimen with the probe.
The long axis of the probe is approximately parallel to the
specimen lamellae plane, so as the smooth surface of the
probe nears the FIB-milled specimen surface, the specimen

Fig. 5. From left to right: energy filtered cryo-TEM images of the polymer sample and C-flat carbon support film from low to high magnification. Also
shown is the radial intensity of the fast Fourier transform (FFT) of each region indicated by the images. Note there is no broad peak at 2.57 nm−1 which
would indicate ice contamination in the form of hexagonal ice during the cryo-transfer process.
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jumps and adheres to the probe via Van der Waals forces. If
necessary, the rounded smooth probe tip is used to gently pat
down the specimen to ensure that it adheres to the carbon
support film. In addition, a second manipulator probe can
be used to help with specimen orientation and manipulation
as per standard ambient EXLO practice. Thus, as evident, it
is possible to manipulate fragile biological cryo-FIB prepared
specimens without impaling or inducing physical damage to
the specimen.
Figure 7 shows higher resolution energy-filtered cryo-TEM

images from regions labeled “1” and “2” in Figure 6e. Note
that the yeast cell wall is evident on both images as well as a
vesicle within the yeast. The change in mass-thickness contrast
running diagonally in Figure 7, number “2” is due to slight FIB
curtaining. While noticeable, the curtaining does not alter the
results. The FFTs and radial intensity vs. frequency plots from
these regions exhibit no evidence of devitrification indicating
that the cryo-EXLO process, workflow, andmethods function
as designed and planned. Cryo-TEM images from regions la-
beled “3” and “4” from different yeast cells indicated in
Figure 6e are detailed in Figure 8. In this case, FFTs did
show a trace of a devitrification in the ice region shared be-
tween these adjacent yeast cells as evident by the FFTs, radial
profile, and Fourier filtered maps. However, the yeast cells
show no evidence of crystalline regions, and the results show
unambiguously that cryo-EXLO succeeded in keeping the
yeast cells vitreous. There is currently no way to tell at what
step devitrification of this region occurred, but we plan on ex-
tensive research for future assessment of the entire workflow
and processes.

Thermal Modeling of Cryo-EXLO Specimens

We modeled the materials, geometry, and properties of a FIB
SEM chamber equipped with a Quorum cryo-stage. The sim-
ulations include heat transfer due to radiation from the FIB
SEM column and the chamber walls, conduction through
the walls, the columns, and the sample stage, and convection
from the LN2 channels running through the heat conducting

cryogenic stage. The LN2 flow was adjusted in the model
such that the cryo-stage temperature would reach a tempera-
ture between −165°C and −170°C, and the FIB SEM vacuum
chamber cold finger was set to ∼−190°C. Figure 9a shows a
100 nm thick ice specimen undercut via a U-shape, only at-
tached via material tabs. Note that the color distribution in
Figure 9a represents a total scale of ∼1.3°C with the
center of the specimen and material tabs varying by
only∼1°C. This model shows that the specimen remains under
cryogenic conditions and below the vitreous temperature of
ice (∼−140°C)while LN2 is continuously flowing. Thesemod-
eling results are consistent with all cryo-FIB work reported to
date, i.e., the specimen will remain vitreous while touching an-
other cryogenic surface. Note that for cryo-EXLO, at least one
or more specimen surfaces will remain touching a portion of
its FIB trench walls (e.g., Figs. 1a, 1b, 4a, 6a, and 6b). Thus,
this predicts that a cryo-EXLO FIB-milled specimen will re-
main vitreous inside its trench indefinitely while LN2 is sup-
plied to the bulk sample shuttle holder. Note that if the
cryo-EXLO specimen ceases to touch any trench surface
then it is impossible for the specimen to stay in the trench
and the specimen will be lost. We note that it is important to
use a thick cryo-deposited conductive coating prior to themill-
ing process to prevent charging artifacts that may exceed the
Van der Waals forces which keep the specimen in contact
with the trench surfaces.
Figure 9b shows a graph of the average specimen tempera-

ture (with geometry as per Fig. 9a) as a function of time
once the LN2 is turned off. Turning off the LN2 simulates
the transfer steps necessary to move the bulk sample shuttle
holder between cryogenic conditions (e.g., from the cryo-FIB
stage to the cryo-air-lock sub-stage to the cryo-EXLO cryostat
and onto the cryo-EXLO moat shuttle holder). The graph in
Figure 9b demonstrates that the modeling ice specimen will re-
main vitreous (< ∼ −140°C) for ∼4.2 min due to thermal con-
ductivity after the LN2 flow stops. This is more than sufficient
time to transfer the bulk cryo-shuttle holder from the cryo-FIB
stage to the cryo-EXLO cryostat since the transfer step re-
quires only seconds to perform before the cryo-shuttle holder

Fig. 6. (a, b) SEM images of four cryo-FIB prepared yeast EXLO specimens. (c) cryo-EXLO-manipulated yeast specimen arrowed in (a, b). (d) Light optical
micrograph of cryo-EXLO yeast on C-flat grid. (e) Lowmagnification cryo-TEM image of the cryo-FIB-milled and cryo-EXLO-manipulated yeast specimen.
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is again cooled with LN2 by the cryo-jacket within the cryo-
stat, and from the cryo-jacket to the cryo-moat. Thus, the
heat transfer model demonstrates that the cryo-EXLO process
allows the specimen to remain at or colder than vitreous

conditions during all FIB milling and cryo-transfers steps.
These thermal modeling results support the cryo-TEM experi-
mental results showing that cryo-FIB milling and cryo-EXLO
manipulation are possible.

Fig. 7. Cryo-TEM results of cryo-EXLO-manipulated FIB-milled yeast cells. Images, FFTs, and radial frequency plots from regions 1 and 2 (see
Fig. 6e) show no evidence of devitrification.

Fig. 8. Cryo-TEM results of cryo-EXLO-manipulated FIB-milled yeast cells. Images, FFTs, radial frequency plots, and FFT maps from regions 3 and 4
(Fig. 6e) show evidence of devitrification in the ice between yeast cells.
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Conclusions

This work describes a method of cryo-EXLO for
cryo-FIB-thinned specimens for analysis by cryo-TEM. It should
be appreciated that these site-specific cryo-EXLO-manipulated
specimens canbeanalyzedbyother cryo-characterization techni-
ques. The transfer steps and apparatus necessary for cryo-EXLO
from the cryo-FIB to the cryo-TEMwere described in detail.We
designed methods and apparatus to limit ice contamination in-
cluding the use of an anti-frost lid, a cryostat during
cryo-EXLO, and a vacuum transfer assembly for all cryo-shuttle
holder transfer steps. To avoid ice contamination and maintain
the vitreous phase of specimens, cryo-EXLO is performed in a
cryostat with the cryo-shuttle holder positioned in the cryogenic
vaporphaseabove thesurfaceof liquidN2 (LN2)usinganEXLO
manipulation station installed inside a gloveboxmaintainedat<
10% relative humidity and inert (e.g., N2 gas) conditions.
Thermal modeling showed that a cryo-EXLO specimen
will remain at cryogenic temperatures indefinitely while con-
fined to its FIB trenches while LN2 is continuously supplied
to its bulk cryo-shuttle holder. Once the LN2 is cut off, mod-
eling shows that the EXLO specimen in its trench will warm
slowly, remaining vitreous for over 4 min, allowing more
than sufficient time for the cryo-transfer steps which take
only seconds to perform. Cryo-EXLO was applied success-
fully to cryo-FIB-milled specimens prepared from a polymer
and plunge-frozen yeast cells. Cryo-TEM of both the
polymer and the yeast showed minimal ice contamination.
The yeast maintained its vitreous phase from cryo-FIB to
cryo-EXLO to cryo-TEM. Future work will include cryo-
tomography of yeast and other materials via cryo-EXLO
methods. In particular, we plan on applying cryo-EXLO
for cryo-TEM tomography using high-pressure frozen
samples. These results show the potential of cryo-EXLO
for cryo-FIB-EM of beam-sensitive, liquid, or biological
materials.
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