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Cryofixation during live-imaging enables millisecond
time-correlated light and electron microscopy
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Summary

Correlating live-cell imaging with electron microscopy is
among the most promising approaches to relate dynamic
functions of cells or small organisms to their underlying ul-
trastructure. The time correlation between light and electron
micrographs, however, is limited by the sample handling and
fixation required for electron microscopy. Current cryofixa-
tion methods require a sample transfer step from the light
microscope to a dedicated instrument for cryofixation. This
transfer step introduces a time lapse of one second or more
between live imaging and the fixed state, which is studied by
electron microscopy. In this work, we cryofix Caenorhabditis
elegans directly within the light microscope field of view, en-
abling millisecond time-correlated live imaging and electron
microscopy. With our approach, the time-correlation is limited
only by the sample cooling rate. C. elegans was used as a model
system to establish compatibility of in situ cryofixation and sub-
sequent transmission electron microscopy (TEM). TEM images
of in situ cryofixed C. elegans show that the ultrastructure of the
sample was well preserved with this method. We expect that
the ability to correlate live imaging and electron microscopy
at the millisecond scale will enable new paradigms to study
biological processes across length scales based on real-time
selection and arrest of a desired state.

Introduction

Correlative light and electron microscopy (CLEM) is among
the most promising approaches to study functions of cells and
small organisms across length scales (Plitzko et al., 2009; de
Boer et al., 2015; Loussert Fonta & Humbel, 2015). CLEM
bridges the resolution gap by first using light microscopy to
map specific organelles and proteins at the cellular level and
then using electron microscopes to visualise ultrastructure in
the cellular context. Although CLEM refers to the correlation
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of a wide variety of light and electron microscopy techniques,
correlating live imaging with electron microscopy (EM) al-
lows dynamic functions at the cellular or organism level to be
related to the underlying ultrastructure. Current methods to
correlate live imaging with EM, however, suffer from limited
time resolution due to the fixation and sample preparation
required prior to EM. Here we demonstrate the time lapse be-
tween live imaging and sample immobilisation for EM can be
reduced from a limit of seconds to milliseconds by conducting
high-quality cryofixation directly in the light microscope field
of view.

Cryofixation is widely accepted as the gold-standard
fixation method for high-resolution imaging, most no-
tably (cryo)electron microscopy and tomography (Gautier
et al., 1986; McDonald & Morphew, 1993; Müller-Reichert
et al., 2003; Al-Amoudi et al., 2004; Brown et al. 2009;
Dubochet, 2012; Schertel et al., 2013; Schaffer et al., 2017).
High-pressure freezing and plunge freezing have been the
cryofixation methods of choice since the 1980s (Moor &
Riehle, 1968; Dubochet & McDowall, 1981; Moor, 1987);
however, these methods place a limitation on CLEM time
resolution. After a region and time of interest is located in
the light microscope, the sample must be transferred to a
dedicated instrument for cryofixation (i.e. high-pressure or
plunge freezing system). The transfer step introduces a time
lapse between live imaging and the fixed state, which is stud-
ied by electron microscopy. Development of automated sys-
tems (Verkade, 2008; Koning et al., 2014), some of which
are now commercially available, minimised this time lapse to
1–5 s, though preparation times up to a few minutes are still
common (McDonald, 2009; Plitzko et al., 2009; Koning et al.,
2014).

Current approaches carefully time cryofixation to occur at
a known time interval following user-initiation of a certain
dynamic process or perturbation. Such methods have allowed
electron microscopy studies to provide snapshots of dynamic
processes with a time resolution of �10 ms (Heuser et al.,
1979; Wendt-Gallitelli & Wolburg, 1984; Knoll et al., 1991;
Ménétret et al., 1991). However, these techniques do not
allow direct correlation between live imaging and electron
microscopy.
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Innovative design modifications have been introduced to
both the high-pressure and plunge freezer to facilitate cryofix-
ation timing. Plunge freezing is commonly used to prepare
ultra-thin (<100 nm) vitrified layers of purified single parti-
cles (ribosomes, proteins, viruses etc.) for structural studies by
cryo-EM. High-pressure freezing is used to preserve the ultra-
structure of larger samples, such as whole cells and small
organisms. For specific questions in cellular dynamics, where
the process of interest can be triggered using optogenetics or
electrical stimulation, specially modified high-pressure freez-
ers (such as the Leica EM ICE) have been developed to trigger
select responses just tens of milliseconds prior to cryofixation
(Watanabe et al., 2013). Unfortunately, many dynamic pro-
cesses cannot be artificially initiated (Shaikh et al., 2009; Chen
& Frank, 2016; Stepanek & Pigino, 2017), limiting applicabil-
ity of this method.

Currently there are no techniques available that allow direct
correlation of live imaging and electron microscopy with mil-
lisecond time resolution. Therefore, the state of each individ-
ual specimen must be inferred postfixation. Some information,
such as directionality leading up to fixation, crucial for inves-
tigations of, for example, intracellular transport (Stepanek &
Pigino, 2017), is lost entirely. Live imaging milliseconds be-
fore cryofixation would open the possibility to reproducibly
investigate rare, directional, or highly dynamic processes that
occur on the timescale of milliseconds.

In this work, we demonstrate millisecond time-correlated
live imaging and transmission electron microscopy (TEM),
enabled by cryofixing the sample directly within the field
of view of the light microscope. We used the roundworm

Caenorhabditis elegans as a model system to show that (i)
the in situ cryofixation technology is capable of revealing a
well-preserved ultrastructure in EM and (ii) the procedure is
compatible with established sample preparation techniques
for electron microscopy. With this newly developed approach
(Fig. 1), the time correlation of live imaging and electron mi-
croscopy is limited only by the sample cooling rate to the order
of milliseconds.

Results

Integrated light microscopy and cryofixation

The working principle of the in situ cryofixation system relies
on conductive heat transfer. A PDMS (polydimethylsiloxane)
microchannel is mounted onto a thin film resistive heater
(Fig. 1). The heater is placed in thermal contact with a liquid
nitrogen (LN2) cooled heat sink. The heater maintains the
sample in the microchannel at room temperature during live
imaging. At the desired moment, the power to the heater is
turned off. The sample cools rapidly and is cryofixed within
the light microscope field of view.

The distance between the sample and the heat sink (marked
by a red line in Fig. 1) is the most critical parameter
influencing the cooling rate, and thus the quality of the sample
preservation (Studer et al., 1995). In this work, this distance
ranges from �27 µm to 40 µm depending on the location of
the sample within the 25 µm channel depth. The total size
of the channel, including all four PDMS walls, is limited to
�70 µm × 130 µm × 1.7 mm to minimise the amount of

Fig. 1. Connecting in situ cryofixation to electron microscopy enables millisecond time-correlated live imaging and electron microscopy. The in situ
cryofixation decreases the time lapse between live imaging and the fixed sample state for EM to the order of milliseconds, or the time needed for the sample
to cool. (A) Live imaging, cryofixation and cryo-light microscopy are integrated into a single system. The integrated system is then connected to electron
microscopy. (B) In situ microfluidic cryofixation. A PDMS microfluidic channel is mounted onto a thin film resistive heater. The resistive heater is in
thermal contact with a liquid nitrogen cooled heat sink. The heater preserves the sample of interest at room temperature in the microchannel during live
imaging. When the heater is turned off, the contents of the channel cool rapidly and the sample is cryofixed within the field of view of the microscope.
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thermal energy that must be dissipated by the heat sink. The
microscale critical dimensions and low thermal mass make
the system a viable tool for cryofixation (Mejia et al., 2014)
assessed below by the preservation of sample ultrastructure in
TEM images. However, with an effective size of up to 40 µm
(15 µm channel bottom + 25 µm sample/media), the sys-
tem reported here requires the addition of cryoprotectants for
sample ultrastructure preservation (Studer et al., 1995; Mejia
et al., 2014).

The in situ cryofixation system is designed as a self-
contained, modular microscopy stage (Fig. 2). With this de-
sign, the sample can be transferred while in contact with the
cold heat sink, enabling cryotransfer following cryofixation.
The main heater responsible for temperature control within
the microchannel is thermally connected to the heat sink by
a cold copper post. The microfluidic device, composed of the
main PDMS microchannel and a silicon injector chip, is aligned
and mounted onto the main heater.

Fig. 2. In situ cryofixation system. The modular system design facilitates sample transfer at cryotemperature following in situ cryofixation (see Supporting
Information for sample transfer procedures). The cold post thermally connects the heat sink and the main heater. The microfluidic device (green) is
aligned and brought into contact with the main heater. Auxiliary heaters ensure the full fluidic network remains heated and flowing up until the moment
of cryofixation. The microfluidic device consists of a silicon injector chip (green) and a PDMS microchannel, which contains the sample of interest. The
main PDMS microchannel forms part of a 5 mm × 5 mm PDMS foil. An air gap surrounds the microchannel to reduce the overall thermal mass and thus
increase the sample cooling rate. The array of microposts on the foil provides mechanical support that prevents excessive loading of the microchannel
walls in the fully assembled system. The PDMS foil is bonded to the bottom side of the silicon injector chip to form the microfluidic device. One millimetre
of the 1.7 mm long microchannel is suspended across the view window in the silicon, serving the dual purpose of making the sample visible and reducing
the thermal mass. The silicon injector chip is used to introduce the sample into the PDMS microchannel. Fluidic tubing (0.8 mm outer diameter) connects
to the injector chip inlets and outlets. The sample enters the injector chip by the inlet ports etched through the silicon (bottom of microfluidic device) and
flows through the U-shaped bypass channels (top of microfluidic device) into the main PDMS microchannel. At the centre of the field of view, the channel
width narrows from 30 to 10 µm and the straight channel becomes a zigzag structure. Although C. elegans can be pushed into the zigzag structure by
sufficiently high pressure, the worms cannot enter the structure independently as the geometry prevents body bending. The trapping structures block
C. elegans migration to the left whereas minimal pressure driven flow prevents the nematode from migrating to the right. The orange arrow denotes the
direction of the flow.
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In the fully assembled system, the sample of interest is visi-
ble within the microchannel through a 1 mm diameter view
window in the silicon injector chip. Here, L1 C. elegans, with
a body diameter of �12 µm, was selected as a model sys-
tem. C. elegans is a popular model system for genetics, neuro-
science and developmental biology (Brenner, 1974; Sulston
& Horvitz, 1977; White et al., 1986; Bargmann, 1998; Fire
et al., 1998; The C. elegans Sequencing Consortium, 1998).
As a simple, multicellular eukaryotic organism with a well-
defined nervous system, C. elegans allows investigation of the
underlying molecular and cellular mechanisms that relate to
animal behaviour (Schafer, 2005; Urmersbach et al., 2016).
As correlative light and electron microscopy links structure
to function, it is a well-suited technique for C. elegans studies
(Bert et al., 2016; Karreman et al., 2016).

Trapping structures were incorporated into the microchan-
nel to facilitate positioning of the C. elegans along the chan-
nel axis (Fig. 2). The traps maintain the nematode in the
microscope field of view during live imaging without re-
stricting typical body bending behaviour (see Supporting
Information). To ensure nematode viability, the channel
temperature was set within less than 2°C of the desired
set-point using a temperature sensitive fluorescent probe
(RhB-ITC-Dextran) prior to each experiment (see Supporting
Information).

Cryofixation of C. elegans during live imaging

To establish a proof of principle for millisecond time-correlated
live imaging and electron microscopy by in situ cryofixation,
we injected L1 C. elegans into our microfluidic cryofixation
system, recorded its movement up to the time of cryofixa-
tion and then imaged sections of the worm by TEM. Figure
3 shows images extracted from a 10 frames per second (fps)
video of a C. elegans within the microchannel. The nematode
was suspended in M9 with 10% (m/m) trehalose added as
a cryoprotectant. The C. elegans here are genetically modi-
fied to express the calcium indicator GCaMP3.35 in striated
body wall muscles (Schwarz et al., 2012). Neural excitation
triggers transient changes in intracellular calcium concen-
tration, leading to a local increase in GCaMP fluorescence
intensity during muscle contraction, as seen in Figure 3. Be-
cause a 510 nm long pass emission filter was used, autofluo-
rescent gut granules were also observed during fluorescence
imaging.

Cryofixation was triggered during a mid-body muscle con-
traction, arresting the nematode within the microscope field
of view. To our knowledge, the live video of Caenorhabditis ele-
gans cryofixation is the first demonstration of in situ cryoarrest
within milliseconds. Panels 4 and 5 show the C. elegans before
and after cryofixation, respectively. In Figure 3, a 10 fps frame
rate was used to ensure an appreciable fluorescence signal. A
bright field video of a different C. elegans cryofixation recorded
at 100 fps is given in the Supporting Information. From the

Fig. 3. Images extracted from a 10 fps video of C. elegans cryofixation
during calcium imaging. Cryofixation was triggered during a mid-body
muscle contraction. Panels 1–4 (0–4100 ms) and Panels 5–6 (4200 ms
and 3D) show the nematode before and after cryofixation respectively.
The C. elegans was suspended in M9 with 10% (m/m) trehalose added
as a cryoprotectant. Images for the volume reconstruction were taken
under cryoconditions. With the sample cryoarrested, exposure time can
be increased beyond the time of the event itself, as in the 3D reconstruction,
where the total 2.6-s exposure for the image stack far exceeds the time for
a body bend. Imaging was performed using a 20×/0.40NA air objective
with 3.9 mm working distance. The scale bar is 30 µm.
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higher frame rate video, the C. elegans stops moving and the
channel contents solidfy within three video frames (see Sup-
porting Information), or within 30 ms.

Connecting in situ cryofixation to electron microscopy

The modular design of our microfluidic cryofixation stage en-
ables the frozen sample to be transferred at cryotemperature
from the light microscope to liquid nitrogen storage. During
live imaging, the copper heat sink is partially submerged in
a liquid nitrogen-filled cryobath (Fig. S3). Following in situ
cryofixation, the entire assembly (Fig. 2) is transferred from
the testing system into a dewar, where it is submerged under
LN2. It is critical that the sample temperature remains below
–140°C during all transfer steps to avoid ice recrystallisation.
Due to the size of the heat sink, the temperature of the assem-
bly remains below –190°C during transfer with no measur-
able temperature increase between removal from the testing
system and immersion in LN2 (Fig. S4). Removing a single
retaining ring allows sample recovery under LN2 with LN2

cooled forceps. The microfluidic device is then stored under
LN2 in a vented cryovial until further processing.

Microfluidic cryofixation was found to be compatible with
freeze substitution and resin embedding protocols for room
temperature electron microscopy (Cavalier et al., 2009). The
microchannel was accessed by scoring the ends of the chan-
nel outside of the 1 mm diameter view window under LN2

prior to freeze substitution. Freeze substitution was then per-
formed with a Leica EM AFS according to usual procedures, as
described in the materials and methods.

Figure 4 shows the same C. elegans in light and electron
microscopy with an effective millisecond scale time-lapse be-
tween the images. We assessed the quality of the sample

preservation using the microfluidic cryofixation method by
TEM of freeze substituted and resin embedded sections of C. el-
egans. The C. elegans was suspended in M9 medium with 10%
(m/m) glycerol as a cryoprotectant prior to cryofixation. Over-
all, the TEM images reveal that C. elegans ultrastructure was
well preserved, with smooth, well-defined membranes. The ne-
matode is free from vacancies that would indicate crystalline
ice damage. On closer inspection, the higher-magnification in-
set in Figure 4 illustrates a nucleus with visible nuclear pores
and minimal segregation patterns from ice crystallisation.
Generally, ultrastructure deformation is not noted throughout
the nematode section with the exception of the nuclei, whose
reticulated appearance in some locations is characteristic of
crystalline ice damage. It cannot be concluded, however, to
which extent damage occurred during cryofixation or freeze
substitution procedures (Brown et al., 2009).

Discussion

Millisecond time correlated live imaging and electron mi-
croscopy is a fundamental advance towards real-time selection
and arrest of a desired state in order to investigate dynamic
biological processes across length scales. With that goal in
mind, the in situ cryofixation system design provides unique
capabilities for sample manipulation and observation prior
to cryofixation. Heat transfer was optimised to warm the 3D
microfluidic network, ensuring continuous flow of medium
until the moment of cryofixation (see Supporting Informa-
tion). This feature is unique to this cryofixation system and
can be exploited to exchange the sample, introduce reagents,
apply shear stress, and otherwise manipulate the experimen-
tal conditions. The effects of environmental variations can be
continuously monitored with the light microscope, opening

Fig. 4. Millisecond time correlated light and electron microscopy. The C. elegans, suspended in M9 with 10% (m/m) glycerol as a cryoprotectant, was
cryofixed within the field of view of the light microscope. Transmission electron microscopy images of the same nematode indicate that overall the
ultrastructure was well-preserved using in situ microfluidic cryofixation, however, varying degrees of crystalline ice damage were observed in the nuclei.
The Supporting Information includes further transmission electron microscopy images as well as larger versions of the TEM images shown here.
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the possibility to select and arrest a desired state for high-
resolution imaging.

In addition to correlating light and electron microscopy,
the in situ cryofixation system permits the correlation of other
imaging modalities in which cryogenic operation is advanta-
geous. Cryoarresting the sample permits, for example, longer
exposure times in fluorescence microscopy to increase photon
collection without bleaching, phototoxic side effects, or arte-
facts from sample dynamics (Kaufmann et al., 2014; Masip
et al., 2016). As many fluorophores emit orders of magnitude
more photons at cryogenic temperature than at room temper-
ature (Kaufmann et al., 2014; Li et al., 2015; Weisenburger
et al., 2017), localisation microscopy can achieve significant
resolution improvements under cryogenic conditions (Li et al.,
2015; Weisenburger et al., 2017). Future work may include
sample transfer from our system to super resolution-enabled
cryofluorescence microscopes, which would be an ideal com-
plement to ultrastructural imaging by EM due to the specificity
of fluorescent tagging.

In situ cryofixation inherently provides a direct transition
between live imaging and cryo-light microscopy within mil-
liseconds. In future work, we plan to better exploit this char-
acteristic by optimising the spatial resolution of our setup for
both live imaging and subsequent cryo-light microscopy. One
fundamental limitation of in situ cryofixation is that only air
objectives can be used during the live imaging phase. Im-
mersion objectives, which are often employed in confocal and
super resolution microscopy, would interfere with the rapid
cooling due to the thermal inertia of the immersion medium.
Once frozen, however, the object could be imaged without
restrictions using dedicated cryoimmersion objectives (Faoro
et al., 2018).

A second limitation for live imaging is that the current de-
sign of our cryofixation system requires a minimum working
distance of 2.5 mm. In practice this is not a strong limita-
tion, as long working distance high-NA objectives are readily
available (e.g. the Mitutoyo 50 × 0.75 NA). With more ad-
vanced designs, a minimum working distance below 0.5 mm
could likely be achieved, making a wider selection of high-
NA air objectives available for live imaging and subsequent
cryofixation (e.g. Mitutoyo 100 × 0.9 NA with a working
distance of 1.3 mm). Further improvements will focus on
optimisation of our cryofixation stage for mechanical stabil-
ity and on methods to enable the precise spatial correlation
of light and electron microscopy images of in situ cryofixed
objects.

Sample size and tolerance to cryoprotectants determine the
applicability of our system to specific samples. Given our cur-
rent design, the combined size of the microchannel and the
PDMS layer separating the channel from the heat sink is
�40 µm. Therefore, the addition of cryoprotectants is neces-
sary for ultrastructural preservation (Studer et al., 1995; Mejia
et al., 2014). Here we have utilised 10% (m/m) trehalose or
10% (m/m) glycerol to cryofix C. elegans. C. elegans naturally

produce trehalose in response to stressful environmental con-
ditions (Chiu et al., 2011), and glycerol is a well-established
cryoprotectant for long term storage of C. elegans under liq-
uid nitrogen. Other samples, however, may not tolerate an
equivalent concentration of these cryoprotectants due to tox-
icity or reduced tolerance to osmotic stress compared to C.
elegans. A suitable cryoprotectant type and minimum concen-
tration needs to be assessed on a case by case basis depending
on sample size, cryoprotectant type (permeant vs. nonperme-
ant), and sample type, as solute concentrations in the sample
act as natural cryoprotectants (Studer et al., 1995; Leforestier
et al., 1996; Erk et al., 1998). Cryoprotectant choice should be
referenced to a screening assay for cryoprotectant toxicity and
tolerance to osmotic stress, which varies with molecular mass
and concentration of the cryoprotectant (Pellerin-Mendes
et al., 1997; Reid et al., 1997).

A main focus of future developments is to redesign the mi-
crofluidic device fabrication protocols to reduce the effective
sample size (via both reduced bottom wall thickness and chan-
nel height) and minimise required cryoprotectant concentra-
tions. COMSOL simulations from our previous work (Mejia
et al., 2014) indicate that under ideal conditions a cooling
rate of 105–106°C s–1 could be achieved throughout the depth
of a 15 µm channel with a 0.5 µm bottom (effective sample
size of 15.5 µm). This is similar to theoretical cooling rates
for slam-freezing (�106°C s–1), which also relies on one-sided
heat conduction at atmospheric pressure (Heuser et al., 1979;
Studer et al., 1995). Experimental results for slam-freezing re-
port preservation for biological samples in the range of 10–15
µm without cryoprotectants (Heuser et al., 1979; Leforestier
et al., 1996). Achievable results, however, can vary widely
based on the water/solute content of the sample (Studer et al.,
1995; Leforestier et al., 1996; Erk et al., 1998) and the to-
tal sample thickness (i.e. thermal mass) (Escaig, 1982; Studer
et al., 1995), which determine the necessary cooling rate for
vitrification.

In summary, we have described an approach to attain mil-
lisecond time correlated live imaging and electron microscopy
by cryofixing the sample directly in the light microscope field
of view. As a proof-of-principle, we demonstrated cryofixation
of motile Caenorhabditis elegans roundworms during calcium
imaging, monitored at video-rate. C. elegans was used as a
model system to establish (i) compatibility of in situ microflu-
idic cryofixation with standard sample preparation techniques
for electron microscopy and (ii) in situ cryofixation technology
is capable of producing a well-preserved sample ultrastructure
in EM. Previously reported approaches based on high-pressure
freezing or plunge freezing require a transfer step between live
imaging and cryofixation. Our approach improves the achiev-
able time correlation of live imaging and electron microscopy
by up to three orders of magnitude, from a limit lying in the
order of seconds to milliseconds.

We expect that the ability to correlate live imaging and
electron microscopy at the millisecond scale will enable new
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paradigms based on real-time selection and arrest of a desired
state to study biological processes across length scales. Contin-
uous fluidic flow, a unique feature of this cryofixation system,
can be exploited to manipulate the experimental conditions
until the moment of cryofixation. The effects of environmen-
tal variations can be continuously monitored with the light
microscope, opening the possibility to select and arrest a de-
sired state for high-resolution imaging.

The general transfer procedures from in situ cryofixation
to liquid nitrogen storage developed as part of this work can
be readily extended to connect in situ cryofixation with other
high-resolution imaging techniques. In future studies, we
aim to connect in situ cryofixation to cryo-super resolution
microscopy, room temperature FIB/SEM volume imaging,
and to cryo-EM following cryo-FIB milling. We further seek
to develop protocols for precise spatial correlation of light and
electron microscopy images of in situ cryofixed objects.

Materials and methods

C. elegans strain HBR4: goeIs3[pmyo-3::GCamP3.35::unc-
54–3′utr, unc-119(+)]V, expressing the green fluorescent
protein calcium indicator GCaMP3.35 (Schwarz et al., 2012),
was used for the fluorescence/cryofluorescence imaging. C. ele-
gans were grown on nematode growth medium (NGM) agarose
plates seeded with E. coli OP50 and held at 20°C (Schwarz
et al., 2012). The C. elegans were suspended in M9 buffer with
10% (m/m) cryoprotectant (D(+)-trehalose dihydrate, Carl
Roth GmbH + Co, Germany or glycerol, Invitrogen, CA, USA)
and then introduced into the microchannel. The microfluidic
device and NiCr resistive heater were fabricated similar to pre-
viously reported procedures (Mejia et al., 2014).

Fluorescence microscopy was performed using a 20×air ob-
jective (0.4 NA) with a Nikon E-600 microscope and a Nikon
IntensiLight mercury lamp. Microchannel temperature cali-
bration was performed using DI water with 1% (m/m) Rho-
damine B isothiocyanate–Dextran (RhB-ITC-Dextran 70 kDa,
Sigma-Aldrich, MO, USA) according to procedures described
in detail in the Supporting Information. For the temperature
calibration, a 546/10 nm excitation and a 575 nm long
pass emission filters were used whereas a 480/40 nm ex-
citation filter and a 510 nm long-pass emission filter were
used for fluorescence measurements of C. elegans. Fluores-
cence images in Figure 3 were acquired with an Andor Neo
sCMOS camera. The volume reconstruction shown in Fig-
ure 3 was obtained using a 26-slice wide-field z-stack image,
each slice taken 1 µm apart with a 100 ms exposure and
successively deconvolved to remove out-of-focus light. Light
and cryo-light microscopy images shown in Figure 4 were
taken with a Canon EOS 700D digital camera fitted with an
infinity-correction tube (Proximity series, InfiniTube, Infinity
Photo-Optical Company, CO, USA) and a 10× air objective
(0.2 NA).

C. elegans were freeze substituted at –90°C in anhydrous ace-
tone with 0.1% tannic acid for 24 h and in anhydrous acetone,
2% OsO4, 0.5% anhydrous glutaraldehyde (EMS Electron Mi-
croscopical Science, Ft. Washington, USA) for additional 8 h.
After a further incubation over 20 h at –20°C samples were
warmed up to +4°C and washed with anhydrous acetone sub-
sequently, using a Leica EM AFS (Leica Mikrosysteme Vertrieb
GmbH, Wetzlar, Germany). The 5 mm × 5 mm PDMS foil con-
taining the freeze substituted sample was then mechanically
removed from the silicon injector chip. Samples were then em-
bedded in Agar 100 (Epon 812 equivalent) at 60°C over 24 h.
The embedded sample was sectioned into �70 nm thick sec-
tions with an ultramicrotome and visualised in CM120 TEM
(Philips Inc. Eindhoven, the Netherlands).
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