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Cryo-EM is now an established tool for examining samples in their native, hydrated states—a leap made possible
by vitrification. Utilising this sample preparation method to directly visualise temperature-responsive samples
allows for deeper insights into their structural behaviours under functional conditions. This requires samples to
be plunge-frozen at elevated temperatures and presents additional challenges, including condensation within the
blotting chamber and difficulties in maintaining a stable sample temperatures. Here, we address these challenges

and suggest practical strategies to minimise condensation and reduce temperature fluctuations during the
plunge-freezing of samples at elevated temperatures (>40 °C). By preheating equipment and reducing chamber
humidity and blotting times, we can improve sample preservation and grid reproducibility. These considerations
are then demonstrated on poly(N-isopropylacrylamide) microgels, which exhibit a volume phase transition due

to temperature changes.

1. Introduction

Control over the practical process of plunge-freezing is pivotal for
advancing cryo-electron microscopy (cryo-EM) as a characterisation and
analysis tool, from investigating the structure of proteins (Nakane et al.,
2020) and polymer systems (Pothula et al., 2019) to virus assembly
(Luque and Caston, 2020) and drug delivery systems (KUNTSCHE et al.,
2011). Vitrification, rapid cooling that transitions a substance from a
liquid to an amorphous solid state, is crucial for preserving the native
structure of specimens at a molecular level (Dubochet et al., 1988;
Thompson et al., 2016; Iancu et al., 2007). Blotting the sample on a grid
is the most common approach in cryo-EM sample preparation. A small
3-4 pl droplet of sample on an EM grid is blotted via filter paper to form
a thin liquid film of the sample across the grid. This is then plunged
frozen into a cryogen liquid to vitrify the sample (Dobro et al., 2010;
Armstrong et al., 2020). Sample vitrification via blotting is a funda-
mentally challenging method; where identical preparation conditions
can still lead to inconsistent results due to variations in filter paper
contact and the fibrous nature of the filter paper itself (Armstrong et al.,
2020). However, methods and developments for improving sample
preparation and grid reproducibility have now become well-established
in the literature (Marie Haynes and Myers, 2023; Weissenberger et al.,
2021). This method has benefited from more autonomous approaches in
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recent years to improve grid reproducibility and ice thickness (Koning
et al., 2022). The ideal cryo-EM grid should present itself with a uni-
formly thin, electron-transparent vitrified sample layer. This is typically
aided by semi-automated blotting machines, including the Vitrobot from
Thermo Fisher Scientific and EM GP2 from Leica, both offering blotting
chamber temperatures between 4 and 60 °C. They can regularly be
found in cryo-EM facilities and have well-defined procedures and
methodologies for varying circumstances and sample requirements,
especially in the life sciences field (lancu et al., 2007; Hands-Portman
and Bakker, 2022). While still primarily used for biological research,
more work is being done to extend the method beyond structural
biology, particularly in the field of material research (Li et al., 2020,
2024). Furthermore, as the accessibility and availability of cryo-EM has
increased in recent years (Danev et al., 2019), there is an increasing
interest in using the unique characteristics of sample preparation for
cryo-EM in material analysis (Allen et al., 2015; Wirix et al., 2014). A
current challenge in characterisation within the material science field is
directly visualising temperature-responsive materials such as poly
(N-isopropylacrylamide) (pNIPAM) microgels (Grau-Carbonell et al.,
2023) and thermo-responsive copolymers (de Souza Melchiors et al.,
2022). Understanding the behaviour of these materials above and below
their lower critical solution temperature (LCST) is crucial for their
development and application (Scheffold, 2020). Cryo-EM is uniquely
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positioned to provide direct visualisation of these materials in a native
state and can reveal more detail than traditional dried TEM conditions
(Parry et al., 2008). Maintaining a sample at a desired temperature, such
as at an elevated temperature above its LCST and rapidly freezing via
vitrification, can be a tool to visualise temperature-dependent
morphological changes (de Souza Melchiors et al., 2022; Frederik
et al.,, 1991). Many temperature-responsive materials have an LCST in
the region of 30-40 °C, (Schild, 1992; Del Monte et al., 2021) making
them particularly relevant for medical applications (Chandorkar et al.,
2019). Here, we chose a Vitrobot blotting chamber and a sample tem-
perature of 45 °C, which offers a temperature margin above the LCST.
However, these elevated blotting chamber temperatures are less well
documented compared to procedures for freezing at 4 °C, 20 °C, or 37
°C. The plunge-freezing of elevated temperature samples (PF-ETS)
brings its own set of challenges, and it can be difficult to maintain
sample integrity during vitrification with a heated sample and blotting
chamber above 40 °C, while also achieving a uniform vitrified ice layer.
When working at elevated temperatures and high humidity levels, water
condenses onto all surfaces inside that chamber, including the tweezers
and grid, with the potential for water to drop into the liquid ethane,
rapidly heating it. Here, we test methodical approaches such as pre-
heating equipment and optimising the controllable parameters of the
Vitrobot, as we aim to manage the blotting chamber’s condensation and
blotting conditions. The proposed recommendations described in this
work aim to enhance the quality and reproducibility of vitrified samples
at elevated temperatures, thereby broadening the applicability of
cryo-EM in fields such as materials science and biochemistry.

2. Results and discussion

In our testing, reducing condensation within the blotting chamber
and preheating tools is the primary factor in successful PF-ETS and
sample stability. Working with a blotting chamber at 45 °C and 80 %
humidity, some condensation is present, but the chamber window re-
mains clear, and there are no large water droplets. Between 80 % and
90 %, this slowly degrades, and above 90 %, visibility is drastically
impaired due to condensation and large droplets of water form on the
interior surfaces (Fig. 1, a). This presents the risk of pooling water
dropping through the hole into the ethane cup. At 80-90 % humidity,
this does not occur actively, and the chamber remains usable for longer.
We investigated the stability of the Vitrobot chamber as it was increased
from room temperature to 45 °C and 85 % humidity (Fig. 3b). It is good
practice to first set the temperature and, once stable, then set the desired
humidity level when using the Vitrobot; this preheating reduces the
condensation build-up within the chamber. In addition, our test showed
that condensation can build up on the Vitrobot tweezer arm during
plunge freezing if it is retracted during the heating process. This can be
reduced by having the arm extended (as though to apply tweezers)
during the heating process. This process, from room temperature to

m-temperature
Tweezers

Water Drops
Fall Into
Ethane

Higher Ethane
Temperature

Fig. 1. a) Vitrobot model of various issues faced at elevated temperatures and
live examples of the chamber at 45 °C with 80 % and 95 % humidity. b)
Condensation on preheated and room-temperature tweezers in blotting cham-
ber after 30 s in the chamber at 45 °C with 85 % humidity.
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being ready to plunge at 45 °C, takes around 45 minutes. Once stable at
the desired settings, the door was opened to add the filter paper and the
chamber recovered within 3 minutes. To further reduce condensation
build-up, we preheated the pipette tips and tweezers with grids to 45 °C
using a heat plate. When room-temperature tweezers were inserted into
the chamber, water immediately condenses onto them; this effect is
minimised by pre-warming the tweezers with grids attached, as
condensation can also form on the grid itself before the sample is applied
(Fig. 1b). As the tweezers and grid are preheated, when loaded into the
chamber, there is no need to wait for temperature equilibration,
allowing immediate sample application to the grid. This also reduces the
time for possible condensation to form on the grid and tweezer.

This preheating of the tools is also important for sample stability.
Temperature-responsive samples can exhibit rapid morphological
changes (Sershen et al., 2005) with temperature variations, therefore,
preheating eliminates any undesirable temperature jumps during
pipetting. In our experiments, pipette tips are heated by placing them on
the same heating plate as the samples. It’s also possible to submerge the
tips into a heated water or sample buffer solution.

A further consideration when PF-ETS is the selection of appropriate
blotting parameters which is crucial to ensure thin, uniform ice layers,
which are essential for high-resolution imaging (Glaeser et al., 2016).
Herein, we evaluated the Vitrobot blotting setting, considering: blotting
force, duration, and the properties of the blotting paper itself, here we
used grade 595 filter paper supplied by Plano GmbH. Vitrobot settings
vary from lab to lab and even machine to machine within labs. We
present our settings adjustments for different temperature as a guide for
fine-tuning individual machines. Continuing to use a temperature of 45
°C and 85 % humidity, we tested how different blotting times impact the
final EM grid. Initial tests were conducted using an aqueous solution and
or all experiments, the drain time was set to 0 s, the blot total to 1, and
the blot force to 0. With a blot time of 4 seconds, at 45 °C, all grids were
left empty with all the grids squares left without ice (Fig. 2). As blot time
was reduced by half-second intervals, at 3 s or less, grid squares began to
contain amorphous ice. Consistent amorphous ice was visible across the
grid at blot times between 1.5 and 2.5 seconds with less than 1 s giving
inconsistent results but usually very thick, non-transparent ice.

Fig. 2. Example grid maps. All grids were prepared with Vitrobot settings of 45
°C at 85 % humidity. Blot force 0 and blot total 1 for all girds. a) blot time 4 s b)
blot time 3 s ¢) blot time 2 s d) blot time 1.5 s.
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The reduction of blotting time at increased sample and atmospheric
temperature is likely down to a decrease in viscosity (Kestin et al.,
1978), a decrease in surface tension (Vargaftik et al., 1983) of the
sample as well as potential evaporation (Glaeser et al., 2016) of the
sample due to the elevated temperature and lower relative humidity.
Table 1 represents our in-house guidance on Vitrobot settings.

The humidity and condensation can have implications for the blot-
ting paper, which can become saturated, resulting in inconsistent blot-
ting over time with the same settings. We looked to how the saturation
level of the blotting paper varied with respect to the chamber environ-
ment. This was investigated by weighing the blotting paper in its dry
state before being placed into the chamber. This was done for durations
of 2, 5,10, 15, 20, 25, and 30 min, across four distinct temperature and
humidity settings (Fig. 3a). Following each exposure period, the blotting
paper was promptly weighed again to ascertain the water content,
indicated by the weight difference with each time interval repeated
three times.

However, at 80 % humidity, the blotting paper did not saturate
within the observation time. These results reflect the lack of saturation
within the chamber due to the limited set humidity (85 % instead of
100 %). At 85 % humidity at 45 °C was found to have a similar satu-
ration curve to that of a standard Vitrobot setting of 20 °C with 100 %
humidity and ultimately offers a good balance between limiting the
potential for sample evaporation and condensation.

In addition, we also examined the impact of different sample and
chamber temperatures on the stability of the liquid ethane temperature.
When preparing plunge-freezing samples, it is standard practice to
maintain low liquid ethane temperatures, and when freezing with
heated tweezers, extra care is needed to maintain the correct liquid
ethane temperature. Ethane possesses a liquid phase between —183 °C
and —90 °C and to avert the crystallisation of ice, liquid ethane must be
maintained below the limit for the transition of amorphous ice to crys-
talline ice at around —145 °C (Dubochet et al., 1988). Our experiments
involved measuring ethane’s temperature at different chamber and
sample temperatures 4 °C, 20 °C, and 45 °C (Fig. 3c). We found that the
ethane’s temperature remained safely below the point where crystalline
ice forms, even after freezing up to 8 samples in a row when working at 4
and 20 °C. However, at increased chamber temperatures of 45 °C, after
freezing 3 samples consecutively, the ethane began to warm. This was
likely due to a combination of exposure to the warm chamber and the
increased thermal energy of the tweezers. While this was still 10 °C
below the point where crystallisation can occur, it reinforces that while
freezing multiple samples, attention should be paid to the ethane tem-
perature and recooling to near its freezing temperature after 2-3 sam-
ples. This is especially important at increased chamber and sample
temperatures.

3. pNIPAM demonstration

After studying the variables of PF-ETS, we tested these methods on
Poly(N-isopropylacrylamide) (pNIPAM) microgels. These are thermor-
esponsive hydrophilic polymer networks that exhibit a volume phase
transition near the LCST, typically around 32 °C. Below the LCST,
PNIPAM chains are hydrated, and the microgel particles are in a swollen
state due to the predominance of hydrophilic interactions between the

Table 1
Optimised Vitrobot blotting settings for different temperatures. Blot Force 0 as
calibrated by TFS.

Temperature (°C) Humidity (%) Blot Time (s)

4 100 4-5

20 100 4

30 95 3

45 85-90 1.5-2.5
55 85-90 1-2
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amide groups and water molecules. Upon heating above the LCST,
intermolecular hydrogen bonding within the polymer network becomes
more favourable compared to polymer-water interactions, leading to a
hydrophobic collapse of the pNIPAM network, expelling water, and
resulting in a significant decrease in the hydrodynamic radius of the
microgel particles (Saunders and Vincent, 1999; Senff and Richtering,
1999). There have been ongoing investigations into the understanding
and characterisation of this material (Scheffold, 2020; Shaulli et al.,
2023). This temperature-dependent morphology makes pNIPAM
microgels particularly suitable for this form of characterisation and thus
as a test for the effectiveness of the previous findings. We used standard
PNIPAM microgels with 5 mol% BIS, in a water solution. For imaging
below the LCST, a temperature of 25 °C was used with a sample con-
centration of 5 mg/ml. For imaging above the LCST, the sample was
then diluted to 2 mg/ml with water, as above the LCST the microgels
collapse and become more hydrophobic. This transition increases hy-
drophobic interactions between particles, leading to a higher tendency
for aggregation. Fig. 4 visualises the difference in the morphology of the
temperature variation where at 25 °C, particles are in their swollen,
hydrophilic state stabilising them, resulting in well-spaced particles. The
diameter was found to be, on average, 600 nm with a standard deviation
of 36 nm. The sample above its LCST was found to have an average
diameter of 390 nm with a standard deviation of 38 nm and particles are
closely packed due to their collapsed hydrophobic state reducing their
stabilisation effect. By following the steps previously set out, it was
possible to freeze samples with a grid quality matching that of lower
temperatures and maintain sample integrity and grid quality.

4. Experimental methods
4.1. Vitrobot atmosphere monitoring

The experiment took place over 45 min with a starting temperature
of 22 °C and 37 % humidity. The Vitrobot atmospheric temperature was
accurately measured by independent temperature probes situated inside
the chamber as well as the Vitrobot internal sensors. Measurements of
temperature and humidity were taken at 30 s intervals. The values dis-
played by the Vitrobot were also recorded at the same time points as the
measurements taken by the probe. Here, we see that it takes around
15 minutes for the chamber to reach the second condition, with the
Vitrobot reading significantly lower temperatures until it stabilises. At
20 min, the door was opened for a total of 15 s to change the blotting
paper, which was a chance to wipe away any condensation. While there
is a small drop in temperature and a large drop in humidity, the chamber
recovers within 2 min, meaning that changing blotting paper is very
achievable by freezing multiple samples to avoid long-term build-up of
condensation and possible blotting paper saturation.

4.2. Ethane temperature

Ethane temperature was measured with a temperature probe cali-
brated to —100 °C and capable of measuring down to —200 °C. The
probe was cooled with liquid nitrogen in advance to minimise the
temperature delta between the probe and ethane. Between the mea-
surements, the probe was in a nitrogen atmosphere, maintaining a
temperature of around —180 °C, again minimising the effect of the probe
on the ethane. The probe was inserted into the ethane cup before and
after each grid vitrification marked as a ‘single run’. For consecutive
runs, the initial ethane temperature was measured and then remeasured
after 3 consecutive grid vitrification with no additional ethane cooling in
between. Each experiment was repeated 3 times to acquire the range of
ethane temperatures.

4.3. PNIPAM synthesis

pNIPAM microgels were synthesized with 5 mol% BIS using the free



L. Harley et al.

Micron 188 (2025) 103745

(2]
-~

-190—

Ethane
Freezing

-180— Point

-170—

Humidity (%)
Ethane Temperature (°c)

Ice
Crystalisation
Risk

a) 100 4 b)
804

_ ——20c 100% _

2 60 ——45¢ 80% )

s ——45¢85% e

= ——45¢ 100% 3

3 g
= 40

& g
204

0o 5 10 15 20 25 30 0 10 20

Time (Minutes)

Time (Minutes)

Single.
Run

30 40

e
20 consecutive
Runs

Vitrobot Temperature (°c)

Fig. 3. a) Blotting paper saturation over time at 20 °C 100 % humidity and 45 °C at 80, 85 and 100 % humidity expressed as a percentage of the blotting paper’s
maximum potential weight gain, representing the total saturation level relative to the atmospheric conditions within the chamber. The maximum saturation of the
blotting paper was calculated by leaving the blotting paper in the chamber at 100 % humidity for 1 h at the different measuring temperatures b) Monitoring of
Vitrobot IV temperature and humidity where dashed lines represent the Vitrobot display and solid lines represent the true chamber conditions measured by a probe at
the position of the grid. 45 °C set at t=1 min, 85 % humidity set at t=23 min and the door was opened for 15 s to add filter paper. ¢) Ethane temperature range before
and after grid vitrification after a single grid ‘Single Run’ and after 3 consecutive grids ‘Consecutive Runs’.

Fig. 4. Cryo-EM micrographs of pNIPAM 5 % BIS a) 5 mg/ml vitrified at 25 °C.
Total dose < 6e/A2, defocus —6 ym. b) Single microgel particle at 25 °C with an
average particle diameter of 600 nm represented with a blue outline and a red
outline representing the average diameter of the microgel particle at 45 °C.
Total dose < 12e/1°\2, defocus —6 pm. ¢) 2 mg/ml vitrified at 45 °C. Total dose <
6e/A2, defocus —8 pm d) Single microgel particle at 45 °C with an average
particle diameter of 390 nm represented with red outline and in blue the
diameter of the gel at 25 °C. Scale bar 500 nm. Total dose < 12e/A2, defocus
—8 um.

radical precipitation polymerization method. N-isopropylacrylamide
(Acros Organics, 99 %), NIPAM, is the monomeric unit that is recrys-
tallized in hexane before use, and N,N-methylene bis(acrylamide) (Sig-
ma-Aldrich, 99 %), BIS, is the cross-linker. In addition, N-(3-
aminopropyl) methacrylamide hydrochloride (Polysciences), APMA, is
added as a co-monomer to incorporate free amine groups into the
microgel network. 2,2-Azobis(2-methylpropionamidine) dihydro-
chloride (Sigma-Aldrich, 98 %), AAPH, is used to initiate the polymer-
ization. First, in a three-neck round bottom flask, NIPAM (1.430 g), BIS
(0.099 g), and 5 ml of APMA previously prepared (0.01205 g in 15 ml
H,0) were dissolved in 85 g H20. The reaction mixture was purged with
nitrogen for 30 min before the temperature was raised to 70 °C. Next,
0.0365 g AAPH, previously dissolved in 5 ml H20, was added to the

reaction mixture. One minute after the initiator was added and the so-
lution had started to turn white, the rest of the APMA solution was
introduced to the reaction using a syringe pump at an addition rate of
0.5 ml/min. The reaction mixture was kept at 70 °C for 4 h before
cooling down rapidly in an ice bath. Following this protocol, soft ther-
moresponsive microgels with 5 mol% crosslinker were obtained with
the presence of amine groups throughout the microgel network that
could serve for fluorescently labeling the microgels. A purification step
follows to remove all unreacted monomers in the solution by centrifu-
gation (3-4 times).

4.4. PNIPAM vitrification & imaging

For 25 °C - 3 pl of the sample was placed onto a quantifoil 2/1 400
mesh copper grid (previously glow discharged). The grid was then
blotted for 4 s, plunged into liquid ethane (Vitrobot) and transferred into
liquid nitrogen.

For 45 °C — The sample was preheated to 45 °C for 30 min prior to
vitrification. Pipette tips were also placed into this heater. 3 pl of the
sample was placed onto a quatrefoil 2/1 400 mesh copper grid (previ-
ously glow discharged). The grid was then blotted for 2 s, plunged into
liquid ethane (Vitrobot) and transferred into liquid nitrogen.

Grids were then placed into a Cryo-TEM (Titan Krios G4, Thermo-
Fisher Scientific). The TEM was operated at 300 kV and a 70 pm
objective aperture. Micrographs were acquired using a Gatan K3 de-
tector with a 20 eV filter-slit setting via serialEM. Size measurements
were carried out by hand in ImageJ over 50 microgel particles at each
temperature.

5. Conclusion

We propose a framework of guidelines and best practices to support
advanced material characterisation in cryo-EM by utilising PF-ETS.
Reducing the chamber humidity at elevated temperatures and
reducing blotting times, resulted in amorphous grids while minimising
the negative effects of condensation. Furthermore, preheating pipette
tips and tweezers is an essential step to maintain sample integrity while
also reducing further condensation. Although the Vitrobot was utilised
as a reference system in this work, the procedures of preheating, blotting
and chamber adjustments can be translated onto various vitrification
devices. By improving the quality and reliability of vitrified samples
kept at elevated temperatures before freezing, we aim to broaden the
applicability of cryo-EM’s applicability in fields like biochemistry and
materials science to tackle the limitations in characterising temperature-
responsive samples under conditions that more closely resemble their
natural environments. This broadened scope allows for the examination
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of materials and biological processes that are active at temperatures
above the established blotting chamber temperatures.
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