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Liquid cell transmission electron microscopy allows for imaging of samples in a fully
hydrated state at high resolution and has the potential for visualizing static or dynamic
biological structures. However, the ionizing nature of the electron beammakes it difficult to
discern real physiological dynamics from radiation induced artifacts within liquid cell
samples. Electron flux thresholds for achieving high resolution structures from
biological samples frozen in ice have been described extensively by the cryo-electron
microscopy field, while electron flux thresholds which do not result in a functional change
for biological samples within the hydrated environment of a transmission electron
microscope liquid cell is less clear. Establishing these functional thresholds for
biologically relevant samples is important for accurate interpretation of results from
liquid cell experiments. Here we demonstrate the electron damage threshold of
fluorescently tagged lipid bilayers by quantifying the change in fluorescence before and
after electron exposure. We observe the reduction of fluorescent signal in bilayers by 25%
after only 0.0005 e−/Å2 and a reduction of over 90% after 0.01 e−/Å2. These results
indicate that the loss of function occurs at irradiation thresholds far below a typical single
high resolution (scanning) transmission electron microscopy image and orders of
magnitude below fluxes used for preserving structural features with cryo-electron
microscopy.
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INTRODUCTION

Visualizing biological dynamics at high spatial resolutions in their native, hydrated environment is
an exciting prospect made possible with liquid cell transmission electron microscopy (LC-TEM).
Significant work within the LC-TEM field in recent years has showcased the ability the technique has
for probing dynamics of biological and soft materials systems (Woehl et al., 2020; Wu et al., 2020;
Gibson and Patterson 2021). Yet imaging biological or organic samples in an aqueous environment
using electrons raises concerns over the transfer of energy from the probe to the sample, manifesting
as knock on damage (Baker and Rubinstein 2010), radiolysis (Glaeser 2016), charging (Jiang 2017),
and heating (Egerton et al., 2004). For the application of imaging biological dynamics, understanding
the impacts of electron irradiation damage on the sample is an important step in distinguishing
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representative physiological behavior from damage driven
artifacts. A necessary distinction for the discussion of radiation
damage is the difference between dose, the amount of energy
transferred to the sample expressed in Grays (Gy), and number of
irradiating particles per unit area which for electron microscopy
is typically expressed as e−/Å2 and referred to as electron flux or
density in literature. The relationship between flux and dose is
primarily dependent on the energy of the electrons in the probe,
the atomic composition, density, and thickness of the sample. For
300 keV electrons, a flux of 1 e−/Å2 on a thin layer of water is
equal to approximately 4 × 106 Gy (Schneider et al., 2014), where
the absorbed dose decreases as the electron accelerating energy
increases (Baker and Rubinstein 2010).

In hydrated systems the primary damage mechanism of
ionizing radiation is radiolysis of water which results in the
production of the primary radical species H+, OH•, eh

− (a.k.a
eaq

− or aqueous/hydrated/solvated electron), H•, OH, H2O2, H2,
and HO2

• (Kempner 2011; Schneider et al., 2014). Understanding
how the radical species produced as a result of radiation exposure
affect physiological function has been characterized extensively
for applications in radiotherapy for electron (Sowa et al., 2005;
Acharya et al., 2011), neutron (Kraft et al., 2010; Doria et al.,
2012), and photon (gamma, x-ray, and ultraviolet) (Tokalov and
Iagunov 2011; Acosta-Elias et al., 2017; Eom et al., 2017) sources.
Ionizing radiation effects from gamma, and x-rays on cellular
growth and biomolecule functionality has been characterized
suggesting physiological impacts after doses below 50 Gy
(Tokalov and Iagunov 2011; Reisz et al., 2014). While often
the effects of irradiation on a cell or tissue is characterized as
a physiological response, the impact of gamma irradiation on cell
morphology and structure has also been shown where
erythrocytes irradiated by gamma rays at doses from 15 to
50 Gy resulted in increased osmotic fragility, and alteration of
cell membrane roughness (Acosta-Elias et al., 2017). The
biological response of cells under electron irradiation has also
been studied, where micronuclei formation suggests
chromosomal dose sensitivity in similar ranges to those found
for gamma and x-rays (Acharya et al., 2011). The ability for living
cells to resist the effects of cellular damage caused by ionizing
radiation by activation of stress response pathways makes
establishing a specific lethal dose range difficult. General
activation of measurable cellular response has been
documented within the 2–50 Gy range which is significantly
lower than what is currently used in LC-TEM experiments.
However, most of the work done on the effects of ionizing
radiation on biological samples has not been performed in an
environment comparable to the conditions experienced by
samples which are imaged using LC-TEM.

Extensive characterization on the loss of structural
information with increasing electron exposure has been
described for biological samples using cryogenic electron
microscopy (cryo-EM) (Baumeister, Fringeli et al., 1976;
Baumeister, Hahn et al., 1976; Baker et al., 2010; Glaeser et al.,
2011), and more recently in liquid environments (Mirsaidov
et al., 2012; Keskin and de Jonge 2018), although the effect of
structure loss on a molecules function is not clear. Electron dose
thresholds for functional activity in liquids is not well described,

although dehydrated catalase monolayers have been
demonstrated to lose functional activity from electron fluxes as
low as 0.05 e−/Å2 (Hahn et al., 1976). Post mortem MALDI
imaging mass spectrometry on LC-TEM systems has
demonstrated the radiation induced fragmentation and
damage of short peptides and poly-ethylene glycol, indicating
that radiolysis induced damage results in structural and
functional changes for other soft, organic based materials
(Touve et al., 2019; Korpanty et al., 2021). Some concern has
been raised about the impact of the electron beam on biological
activity in LC-TEM (Glaeser 2012; de Jonge and Peckys 2016),
although electron flux thresholds for biomolecules in the thin
liquid environments used in LC-TEM has not been determined
experimentally. Here we explore the functional inactivation of
fluorescent lipid bilayers by electron irradiation within the
constrained environment of a TEM liquid cell.

METHODS

Bilayer Generation
Free standing silicon nitride membranes for use with liquid cell
TEM holders were fabricated as described previously (Moser
et al., 2018). Each silicon device contained five membranes
separated by 100 µm edge to edge. Membranes were
approximately 10 nm in thickness, 30 µm in width, and
600 µm in length. Devices were plasma cleaned under an
argon/oxygen plasma for 3 minutes to remove surface
contaminants and render the surface hydrophilic. Lipids were
purchased from Avanti Polar lipids and spread using Langmuir-
Blodgett (LB) deposition using an LB trough from KSV Nima. In
short, a mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-carboxyfluorescein (DOPE-CF) at a ratio of 19:1 and a
concentration of 1 mM in chloroform was made. Hydrophilic
silicon nitride devices were fixed to a hydrophilic silicon oxide
substrate and immersed in the subphase (18.5 MΩ·cm deionized
water) of the LB-trough, and 50 µL of the lipid solution was
deposited onto the surface of the subphase. The chloroform
solvent was allowed to evaporate fully for 30 min, and the
resulting lipid film was compressed to a pressure of 20 mN/m.
The substrate was then withdrawn and resubmerged in the
subphase vertically at a speed of 10 cm/min resulting in a
bilayer of the lipid mixture depositing on the surface of the
silicon nitride membranes.

Fluorescence and Electron Imaging
Fluorescence imaging was performed on a Leica Confocal DMi8
microscope with a 5x objective, a 488 nm laser at 1.5%, a zoom
factor of 3, and a 1024 × 1024 pixel scan area with a dwell time of
600 ms. Electron irradiation was performed on a 300 keV
Thermo Fischer probe corrected Titan equipped with a
monochromator and Gatan Imaging Filter (GIF) and
calibrated with a Faraday cup holder. Fluorescent lipid bilayers
were held in a hydrated environment using a Hummingbird
Liquid Stage (Hummingbird). The liquid cell was imaged first
with confocal fluorescence to confirm the presence of lipid
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bilayers, followed by loading into the electron microscope for
irradiation. The electron beam diameter was 450 μm, the beam
current was 2 nA for an electron flux of 0.0005 e−/Å2·s. The
sample was then irradiated at predetermined stage locations
such that there was not overlap of the electron beam between
adjacent regions, and the cumulative electron flux was varied by
changing the irradiation duration. Thickness of the liquid cell was
then estimated using electron energy loss spectroscopy, where
spectra were acquired in the corners of each window and the
inelastic mean free path (IMFP) was estimated using the log ratio
method (Malis et al., 1988; Jungjohann et al., 2012).

Data Analysis
For each image set, an optical bright field and fluorescent image
was collected before and after irradiation with the electron beam.
Fluorescent and bright field optical images were opened with and
pixel signal count integration was performed with ImageJ. The
bright field optical image was used to determine the dimensions
in pixels of the window area where the same region was used to
integrate signal in pixel counts in the corresponding fluorescent
image. For the image collected after electron irradiation, the same
procedure was used to integrate fluorescent signal in the

corresponding window region using an integration region
identical in pixel dimensions used to determine the fluorescent
signal in the image prior to electron irradiation. The resulting
difference in integrated fluorescent pixel intensity was used to
measure the loss in fluorescent activity. Pixel intensity data was
plotted and fit using R.

RESULTS

Inactivation of Fluorescence/Dose
Threshold
An illustration of our custom LC-TEM tip is shown in Figure 1A,
where the inset shows a cross sectional view of the assembled
liquid cell with a deposited lipid bilayer on the upper silicon
nitride membrane in Figure 1B. Figure 1C shows the structures
of the lipids in the bilayer, DOPC and DOPE-CF, which were
deposited in a 19:1 ratio. Liquid cells assembled without a
deposited lipid bilayer and filled with deionized water did not
show significant fluorescence as shown in Figure 2A (left),
Imaging of a liquid cell where the upper window had a
deposited lipid bilayer resulted in a significant increase in

FIGURE 1 | (A) Illustration of a liquid cell transmission electron microscope holder which contains an assembled set of silicon device filled with the
sample. (B) Cross section illustration of a liquid cell, with a lipid bilayer on the upper silicon nitride membrane. (C) The lipids used for monolayer formation,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-carboxyfluorescein (DOPE-CF) (left and right
respectively).

FIGURE 2 | (A) Fluorescence image of a set of blank silicon nitride windows assembled only with distilled water and fluorescence image of a liquid cell membranes
where the top membrane has been coated with a fluorescent lipid bilayer containing carboxyfluorescein. (B) Total fluorescent signal for blank and lipid deposited images.
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fluorescent signal shown in Figure 2A (right). The integrated
fluorescent signal is plotted in Figure 2B where a significant
increase in fluorescent signal is observed when lipid bilayers
are present. Imaging conditions and detector gain were
identical for all imaging experiments and while there was
some background autofluorescence for the water filled

liquid cells, the signal was significantly higher for liquid
cells with deposited lipid bilayers.

Serial confocal imaging of the lipid bilayers was also
performed to determine the sensitivity of the lipid bilayers to
photobleaching. Assembled liquid cells with bilayers were imaged
with confocal fluorescence microscopy, and videos of
fluorescence were acquired for 2 h of sustained imaging. The
integrated fluorescent signal from each frame was measured and
plotted (shown in Supplementary Figure S1) where no
significant change in fluorescence was observed over the first
60 min (about 1,000 frames) of imaging, followed by a decrease in
fluorescent signal over the final 60 min due to photobleaching.
For the following described electron irradiation experiments less
than 50 cumulative frames were used to find focus and acquire
images used for data processing suggesting that any observed
changes in fluorescence signal during electron irradiation
experiments were not due to photobleaching. Bilayers were
also cycled in and out of the vacuum of the microscope
without electron irradiation to ensure that fluorescence signal
was not lost due to silicon nitride membrane flexing under
pressure differentials of the microscope (Supplementary
Figure S2). The above described control experiments indicate
that any change in fluorescence signal during electron irradiation
was not the product of photobleaching or mechanical strain the
samples experienced under typical experiment conditions.

Subsequently, irradiation experiments consisted of
fluorescence images acquired after device assembly (and before
electron irradiation) and were acquired with the optical objective
located below the holder as illustrated in Figure 3A. Irradiation of
the sample with 300 keV electrons (at a constant flux) was then
performed as depicted in Figure 3B, followed by fluorescent
imaging to observe functional changes induced by the electron
beam (Figure 3C). Initial irradiation experiments were
performed by first collecting a fluorescent and bright field
image, shown in Figure 4A, and then loading the sample into
the microscope and left in a neutral stage position (0 μm, 0 μm x
and y coordinates). The sample was then exposed with an
electron beam with a diameter of 450 µm and a cumulative
flux of 0.1 e−/Å2 as depicted in Figure 4B. After electron
irradiation the sample was taken back to the confocal
microscope and fluorescence and bright field images were
again acquired shown in Figure 4C. Figure 4 illustrates that
fluorescence signal can be used as a functional reporter for lipid
bilayer function where the position of the electron beam can be
seen by the region of lost fluorescence when compared to the non-
irradiated region.

To improve throughput of subsequent experiments multiple
electron irradiation experiments were performed within a single
assembled liquid cell. Figure 5A shows a fluorescence image of a
liquid cell with a deposited lipid bilayer prior to electron
irradiation. The sample was then loaded into the microscope
and irradiation was performed by moving the stage to locations
notated by Figure 5B and irradiating with differing electron
fluxes at each position. The stage x and y positions and beam
diameters (approximately depicted by the dotted circles in
Figure 5B) were such that there was no overlap of electron
irradiation in any of the positions depicted. The beam diameter

FIGURE 3 | (A) Illustration of the fluorescent imaging strategy, where the
liquid cell was imaged from below the liquid cell tip with a 488 nm laser
generating a bright field and fluorescent image (B) Illustration of electron
irradiation, where the orientation of the liquid holder was always such
that the lipid bilayer was always on the top of the liquid cell. (C) Illustration of
the fluorescent imaging strategy after electron irradiation, where bright field
and fluorescent images were collected of the liquid cell immediately post
irradiation.

Frontiers in Nanotechnology | www.frontiersin.org March 2022 | Volume 4 | Article 7724694

Moser and Evans Biological Functional Thresholds by LC-TEM

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


was maintained consistent for each location so that several
windows would be irradiated for each region and the electron
flux was varied by changing the exposure time. Figure 5A shows
the fluorescence image for one of these experiments prior to

electron irradiation and Figure 5C shows the fluorescence image
after exposing each region successively, where a gradient of
decreased signal relative to the incident electron flux can be
seen. These experiments were repeated for different electron flux

FIGURE 4 | (A) Fluorescent and bright field optical image of a liquid cell assembled with deionized water and fluorescent bilayers prior to irradiating with 300 keV
electrons. (B) Bright field optical image showing the approximate location of the electron beam with a flux of (0.1 e/Å2). (C) Fluorescent and bright field optical images of
the same liquid cell shown in (A) after irradiation with 300 keV electrons. The region of exposure can be seen by the loss of fluorescent signal corresponding to the noted
area in (B).

FIGURE 5 | (A) Fluorescence image of the liquid cell prior to electron irradiation. (B) Bright field optical image of an assembled liquid cell were the size, location, and
fluxes of 3 different electron exposures of the sample are noted. (C) Fluorescence image of the same liquid cell from (A) after electron irradiation in the locations and fluxes
as noted in (B). (D) Measured signal loss from window regions which have been irradiated with electrons at fluxes of 0.01, 0.005, 0.001, 0.0005, and 0.0001 e−/Å2.
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conditions and sample thicknesses was measured with EELS after
the final fluorescence image was taken to verify the presence of
liquid. The loss of fluorescence signal for each window region
irradiated, across multiple samples, was quantified and plotted as
shown in Figure 5D for cumulative electron fluxes of 0.0001,
0.0005, 0.001, 0.005, and 0.01 e−/Å2. The number of observations
for each electron flux was 10, 6, 14, 13, and 11 respectively, and the
red curve in Figure 5D is an exponential fit to the measured data.

DISCUSSION

The results above describe the loss of fluorescence signal due to
electron irradiation and suggest the disruption of the fluorescent
carboxyfluorescein tag or supporting lipid bilayer by primary or
secondary damage. Observed fluorescence signal was decreased
by 25% after just 0.0005 e−/Å2 and decreased by over 90% after
0.01 e−/Å2. Notably, the approximate absorbed dose by a thin
liquid sample from a flux of 0.0001 e−/Å2 is ~4 × 102 Gy, while the
dose from a flux of 0.01 e−/Å2 is ~4 × 104 Gy. These doses are still
considerably higher than irradiation dose values which have been
described as impacting the physiology of living systems. These
results suggest that biological function in a liquid cell is affected
by a relatively low electron flux compared to what is traditionally
used in LC-TEM imaging. So, why the discrepancy with other
electron microscopy techniques such as cryo-EM which still uses
single image doses 4,000x higher (10–40 e−/Å2) for structural
annotation of 3D structure at atomic resolution?

Thresholds Showing Functional Loss are
Much Lower Than Thresholds for Atomic
Imaging
A central concept of biology is that structure and function are
directly related, where the function of a protein is dictated by its
sequence and 3D structure. Any alteration of amino acid
composition or the structural folding of a protein can have
significant impact on its functional activity. In many cases,
functional activity of a protein can be altered by reducing a
disulfide bond critical to the active site. As mentioned earlier, the
thresholds determined for cryo-EM have been based on the loss of
structural resolution and not the loss of function of themolecule. For
example, Peet et al. found that the 4 Å reflection from the diffraction
pattern of paraffin crystals at 80 K faded by 50% after ~15–20 e−/Å2

of a 300 keV beam, and the 4 Å reflection from the diffraction
pattern of a bacteriorhodopsin protein crystal faded by 50% after
~5 e−/Å2 (Peet et al., 2019). Similar results have shown fading of
reflections from catalase crystals at similar electron flux values at
200 keV and 80oK (Baker et al., 2010). For most single particle cryo-
EM studies, better than 5 Å structural resolution can be determined
from electron fluxes below 50 e−/Å2 (Grant and Grigorieff 2015).
Indeed, the highest resolution single particle 3D reconstruction to
date using cryo-EM (Yip et al., 2020) achieved ~1.2 Å andwas solved
with data acquired at 50 e−/Å2. The discrepancy in published
electron flux thresholds for cryo-EM structural imaging and the
LC-TEM results described here can be explained by the advantage of
using cryogenic temperatures and embedding the sample within a

frozen matrix of vitreous ice, where the effects of radiation damage
can be reduced by decreasing the temperature of the sample (Stark
et al., 1996). Cryo-EM samples also benefit from being trapped in a
solid matrix of ice, where the radical species produced by hydrolysis
of the surrounding water molecules are not free to diffuse and react
with adjacent water molecules or the sample as they are in a liquid
system (Schneider et al., 2014). Finally, it may be that there are
damage events which are beyond the resolution limit of cryo-EM
(such as single atom knock on damage) that would still result in a
chemical and functional change in the molecule. For example, it is
well described that water undergoes hydrolysis during electron
irradiation and forms a number of complex radical species.
While these hydrolysis events cause a substantial change in the
chemistry and resulting behavior of the water (Park et al., 2015;
Abellan et al., 2017), they are not detectable through imaging alone
for LC-TEM or cryo-EM with current detectors and microscopes.
Therefore, the damage events which result in the inactivation of the
fluorescent bilayers might result from structural changes which
occur at spatial frequencies that are below what is achievable
using cryo-EM. These differences indicate that LC-TEM
experiment design cannot rely solely on the previously
established cumulative electron fluxes outlined by the cryo-EM
field when attempting to observe biological dynamics in liquid.

Electron Beam Induced Functional Loss of
Fluorescence CouldManifest Multiple Ways
While our results demonstrate loss of fluorescence due to damage to
the molecules of the fluorescent lipid bilayer, it is not immediately
apparentwhere the damage is taking place or the chemical changes that
are occurring due to the inability to resolve individual lipid molecules.
In the work above, the DOPC lipids consisted of two 18 carbon fatty
acid chains, a phosphocholine head group, and in the case of the
fluorescent lipid (DOPE), a covalently linked carboxyfluorescein dye
which consists of several aromatic rings.While this is a relatively simple
biological molecule compared to larger proteins or DNA oligomers,
there are at least 5 different ways that primary and secondary damage
from electron irradiation could result in a loss of fluorescence function
and signal. Both primary and secondary damage to any of the aromatic
rings of the carboxyfluorescein dye would affect its conjugation and
therefore its ability to fluoresce, resulting in signal loss. The slightly
increased electron density of the aromatic rings of this molecule may
result in an increased scattering cross section and resulting increase in
likelihood of inelastic collisions. Indeed, recent cryo-EM reports have
demonstrated site-selective damage in proteins occurring at other
electron dense regions such as disulfide bridges, charged amino
acids, and metal binding sites (Hattne et al., 2018). The reliance of
biologicalmolecules on critical bonds or interactions for function iswell
known and hints at the difficulty for biological imaging with LC-TEM
where the loss of a single bond due to electron irradiation could cause
the loss of function but not structure.

Besides disrupting the pi-conjugation of the aromatic rings of
carboxyfluorescein, other forms of damage to the
carboxyfluorescein-DOPE or the DOPC molecules could also
cause the loss of fluorescent signal. For example, primary or
secondary damage disruption (knock on or chemical cleavage) of
the linker that connects the lipid head group to the
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carboxyfluorescein moiety would cause a release of the
fluorophore into bulk solution while the lipid bilayer stays
attached to the window and cause the loss of fluorescent
signal. Additionally, damage to the alkane fatty acid chain or
the polar phosphate head group of the lipid molecules could also
disrupt the hydrophobic/hydrophilic forces which hold the
bilayer together on the silicon nitride membrane causing
regions to delaminate and thereby lose fluorescence. Altering
the chemistry of the lipid molecules which affect its amphiphilic
nature would affect its ability to stay anchored over the window
and could explain the loss of fluorescence over the irradiated
regions. Secondary damage resulting from a reaction of the lipid
bilayer with the radical species produced from hydrolysis could
also react with and change the chemistry of the lipid fatty acid
chain, phosphate head group, or carboxyfluorescein dye. Indeed,
the chemistry of lipid oxidation from ROS has been described
extensively in the literature (Frankel 1984; Frankel 1987).
Unsaturated lipids in particular are susceptible to oxidation by
radicals, where the carbon-carbon double bond is a site for
hydrogen abstraction by OH• radicals, forming a lipid radical
(L•) and H2O (Girotti 1985). Once generated, lipid radical
formation can be propagated where lipid radicals are oxidized
by O2, which can then abstract a hydrogen from a neighboring
lipid to form LOOH and a new lipid radical. This cycle can
continue and form new lipid molecules until the L• radical
concentration climbs high enough for lipid radicals to react
with each other resulting in cross linking (Gardner 1989). In
addition to oxidation and crosslinking, other structural changes
can include fragmentation and cyclization (Gardner 1989).
Functionally, the impact of lipid oxidation in membranes and
biological systems have been demonstrated tomanifest as damage
to integral membrane proteins (Stark 2005) and increased
membrane permeability (Nakazawa and Nagatsuka 1980;
Wong-Ekkabut et al., 2007). It is worthwhile to note that
radical scavengers, such as an alcohol to scavenge OH•

radicals, have been used to mitigate the effects of radiolysis
induced damage in LC-TEM experiments (Sutter et al., 2014;
Korpanty et al., 2021). In this case however, it is important to also
consider how the sample is impacted by the presence of the
scavenger or any intermediary radical formed during the
scavenging reaction. While the damage observed is likely the
product of some combination of primary and secondary damage
events it is not possible with our current experimental process to
determine which, if either, is the dominant mechanism.

Prospects for Biological Imaging With
LC-TEM
Determining the irradiation thresholds for inactivation of lipid
bilayers is relevant to LC-TEM work with biological systems as
they are key components of cellular membranes where they play
important roles in regulating intra/extracellular gradients, anchoring
integral and peripheral membrane proteins, and packaging or
compartmentalizing cellular components. Most all these functions
are tied to the amphiphilic properties of lipids which allow them to
assemble and anchor membrane associated proteins. The loss of
fluorescence signal from the bilayers irradiated in the experiments

described here could possibly be due to the disruption of the
hydrophobic or hydrophilic regions of the lipid molecules
through electron irradiation, as they anchor to the silicon nitride
membranes through these intramolecular forces. Previous results
have demonstrated the shrinking of bacteria imaged in LC-TEM
under electron irradiation, suggesting a loss of cellular membrane
integrity (Woehl et al., 2014; Moser et al., 2018; Moser et al., 2019),
and as noted above similar observations have been made for cell
membranes exposed to gamma radiation (Acosta-Elias et al., 2017).
As such, the thresholds determined for inactivation of lipid bilayers
are a relative starting point for dose thresholds for imaging dynamics
in whole cells using LC-TEM. An important note is that the presence
of damage does not necessarily preclude the possibility of performing
LC-TEM experiments on biological samples. Rather, reliable
interpretation of LC-TEM data must account for all the types of
damage to different biomolecules at various electron irradiation
thresholds to accurately conclude whether any observed motion or
dynamics was truly linked to functional biomolecules. The work here
establishes a starting point for working with electron fluxes which
may allow for functional activity within the environment of a liquid
cell, although it is by no means comprehensive of all classes of
physiological molecules at this point.While the work here focuses on
lipids, a number of other biomolecules such as proteins and DNA
must also be investigated to determine their functional damage
thresholds. The wide range of biological interactions and
environmental states however suggests that characterization of
electron beam impacts on all biological systems will not be a
trivial task. For example, some proteins function in their native
environment to reduce or oxidize substrates and the inherent
reducing environment caused by electron beam irradiation may
make it difficult to observe native dynamics for one or both of these
protein types. Similarly, some proteins rely on transition metal
centers for electron transfer while others simply create a channel
for movement of ions across a membrane. The lack or presence of
metal atoms within the protein of interest may significantly impact
the functional damage threshold and its ability to be studied by LC-
TEM. As a result, electron thresholds for functional activity should
be determined in an experimentally specific manner and relative to
the system under investigation. While the diversity of biological
samples may be overwhelming for complete characterization of
sample-beam interactions, it also presents exciting options for
exploring the real boundaries of LC-TEM and ensuring
physiological interpretation of movies. The results reported here
are a first step for identifying electron fluxes required tomaintain the
functional activity of biomolecules under electron irradiation in a
liquid cell, an important step towards realizing the visualization of
biological dynamics with LC-TEM.

CONCLUSION

We describe a method for experimentally measuring the
functional activity of fluorescent lipid bilayers anchored to
silicon nitride membranes in a liquid cell before and after
electron irradiation, where the change in lipid functional
activity is inferred from the absolute change in activity from an
optical reporter. Functional activity, via our fluorescent reporter, is
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observed to decrease by decreased by 25% after just 0.0005 e−/Å2 and
decreased by over 90% after 0.01 e−/Å2. These thresholds are
substantially lower than those typically used in transmission
electron microscopy imaging for liquid, cryogenic, or material
samples. Damage resulting in functional change or inactivity may
range in molecular location and mechanism, and are likely the
product of several (or all) of the above proposed damage
mechanisms in some combination. Additional LC-TEM
experiments will be needed to determine both functional electron
dose thresholds as well as the types of functional changes which
occur across a wide range of biologically relevant molecules in order
to accurately interpret the results of future work on biological
samples with LC-TEM.
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