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1. Abstract

Transmission electron microscopy, especially at cryogenic temperature, is largely used for studying
biological macromolecular complexes. A main difficulty of TEM imaging of biological samples is the
weak amplitude contrasts due to electron diffusion on light elements that compose biological organisms.
Achieving high-resolution reconstructions implies therefore the acquisition of a huge number of TEM
micrographs followed by a time-consuming image analysis. This TEM constraint could be overcome by
extracting the phase shift of the electron beam having interacted with a “low contrast” sample. This can be
achieved by off-axis electron holography, an electron interferometric technique used in material science,
but rarely in biology due to lack of sensitivity. Here, we took advantage of recent technological advances
on a dedicated 300 keVV TEM to re-evaluate the performance of off-axis holography on unstained T4 and
T5 bacteriophages at room temperature and in cryogenic conditions. Our results demonstrate an
improvement in contrast and signal-to-noise ratio at both temperatures compared to bright field TEM
images, with some limitations in spatial resolution. In addition, we show that the electron beam phase shift
gives information on charge variations, paving the way to electrostatic potential studies of biological
objects at the nanometer scale.

Keywords
= Off-axis electron holography
= Phase imaging
= High-contrast imaging
= Electrostatic potential measurements
= Cryo-EM
= Phase objects

2. Introduction

Transmission electron microscopy (TEM) is a major technique used for biological objects imaging.
The first electron microscope developed by Ernst Ruska and Max Knoll (Ortiz Ortega et al., 2022) was used
for cell imaging and led to the observation of various biological samples starting with bacteriophages
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(Peankuch and Kausche, 1940; Ruska, 1940). It was however clear that biological specimens exhibit a
very weak inherent TEM contrast due to the low atomic number of the chemical elements that compose
biological materials, like C, N, H, O and P, resulting in a weak change of the incident electron wave
amplitude after interaction (Simon et al., 2008). This weak amplitude contrast cannot be overcome by
increasing the electron dose because of the high sensitivity of biological specimen to electron beam
irradiation, which results in damages like sample heating, electrostatic charging, and ionizing damage
(radiolysis) (Egerton et al., 2004). To increase the TEM contrast, positive or negative staining approaches
were first developed (Brenner and Horne, 1959). These staining methods have the double advantage of
enhancing the sample contrast and protecting it against beam damage. They enable the observation of
macromolecules with improved resolutions down to 20 to 10 A at room temperature (RT) (Gallagher et
al., 2019). However, interaction of the contrasting agent with the sample may alter its structure, in addition
to dehydration required to maintain the TEM vacuum.

Approximately 50 years ago, cryogenic electron microscopy (cryo-EM) was developed to image
biological samples in their native environment, without staining or dehydration artifacts (Dubochet and
McDowall, 1981). In cryo-EM, the samples in solution are rapidly frozen in vitreous ice and studied at
very low temperature (around -175°C). Over the last two decades, cryo-EM has benefited from the
breakthrough development of direct detection devices (DDD) (Kuhlbrandt, 2014) and software
improvements with, for example, the development of Bayesian statistics for 3D particle reconstruction
(Scheres, 2012). This has enabled high-resolution structural studies (with spatial resolutions less than 4 A)
and led to the Nobel Prize in Chemistry in 2017 (The Nobel Prize in Chemistry 2017). However, the fine
analysis of 3D structures of low-contrast objects still requires recording hundreds to thousands TEM
images in order to extract images of 10°-10" macromolecules (particles) (Singer and Sigworth, 2020),
which are then classified, selected and averaged to regain sufficient signal-to-noise ratio and reconstruct
the 3D volume of the macromolecule at high resolution. This powerful single-particle analysis (SPA)
workflow remains then relatively time-consuming and struggles to attain high resolutions with very small
or highly flexible proteins (Benjin and Ling, 2020; D’Imprima and Kiihlbrandt, 2021).

As already stated, conventional TEM methods like cryo-EM only permit to detect the weak amplitude
variations of the electron exit wave while its phase shift is lost (Lichte, 2013). In biological samples, the
phase shifts of the electron wave are more significant than the amplitude changes, thus capable of
providing higher contrast of the sample if collected. Among various possibilities to retrieve the electron
exit wave phase is the electron holography technique. It was proposed in 1947 by Denis Gabor (Gabor,
1948) to retrieve the full information of the amplitude and phase of the exit electron wave condensing at
the detector to compensate for all optical aberrations that severely limited the TEM resolution (Tonomura,
1998).

The phase shift experienced by the e-beam, ¢(x,y), depends on the local electrostatic potential
V(x,y,z) and possible magnetic potential through the Aharonov-Bohn equation. Considering only the
electrostatic contribution to the phase shift and an electron path along the z axis, this equation is:

‘P(X:Y) = CE'fV(xryl Z)dZ (1)

Ce being a constant only related to the electron energy.

The local electrostatic potential V(x,y, z) is the addition of the Mean Inner Potential (MIP) of the
materials which depends on the local atomic composition, density and ionicity (Cassidy et al., 2017) plus a
possible additional electrostatic potential due to local electric charges. To illustrate the contributions of the
MIP and of electric charges on the phase shift: a single oxygen atom induces a phase shift of about 27/50
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rad, while an elementary charge produces a phase shift of 22/100 rad (Lichte, 2013).

The off-axis electron holography set-up, which is presented in this work, consists of interfering the
part of the beam going through the object (i.e. the object beam) with one passing through a reference area
- vacuum or a constant thickness of low phase shift - (i.e. the reference beam), thanks to the use of an
electrostatic biprism (invented by G. Mollenstedt and H. Duker in 1955 (Mdllenstedt and Duker, 1955)).
The single biprism setup is shown in Figure 1a left. The light blue part is the reference beam and the dark
blue is the object beam. A positive potential is applied to the biprism to bend the two beam parts and make
them interfere. In this single biprism set-up the higher the biprism voltage, the larger the overlapping area
and the smaller the interference fringe spacing. In our work, we used a more sophisticated double biprism
setup (Figure 1a right) which allows for independent tuning of the interference fringe spacing which
controls the spatial resolution, and of the interference overlapping area which tune the field of view (FOV)
wideness (Harada et al., 2004). The interference between the phase shifted exit wave and the reference
wave is schematized in Figure 1b. It produces interference fringes (i.e. the hologram) of alternating dark
and white fringes (Figure 1b, bottom) whose Fourier analysis allows retrieving the phase shift of the
object wave (supplementary text S1). This phase shift information allows the study of different material
properties, for example, measuring electrical fields (Gatel et al., 2013), studying magnetic fields
(Andersen et al., 2020) or for strain field mapping (Hytch et al., 2011).

In ideal conditions of samples insensitive to beam damage and with a perfect detector, off-axis
holography currently can detect phase shifts beyond 27/1000 (Voelkl and Tang, 2010). To overcome
sample and fringe drift and optimize the fringe contrast, fringe stabilization as well as sample drift
correction processes and a m-shifting method (Gatel et al., 2018; Hytch and Gatel, 2021), have been
developed to enable long acquisitions and achieve high SNR phase images.

( ) Electron source ( ) Incident plane

wave

Condenser lens

/N%

Reference wave Object wave

Objective lens

Image Plane

* Biprism1

Intermediate lens

Biprism 2

Detector
Single Biprism Of f-Axis Double Biprisam Of f-Axis
Holography Holography

Figure 1. Overview of the off-axis set-up and principle. (a) Ray diagrams of the single biprism (left) and double biprisms (right)
off-axis electron holography set-ups. (b) Representation of the interference phenomenon between the unchanged reference wave
and the modified object wave generating the black and white fringes. The interference pattern is called the hologram.

The phase sensitivity depends on the electron dose used for the EH experiment (Lichte, 2013, Hytch et
al., 2021): the higher the dose the better the phase sensitivity, which obviously is lower for studying
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electron sensitive materials. In addition, the spatial resolution and the phase sensitivity depend on the size
of the mask used for the inverse Fourier transform calculation (supplementary text S1): the larger the
mask the higher the spatial resolution but the noisier the resulting phase image. With the I2TEM dedicated
microscope, we achieved a maximum phase sensitivity of ~2 mrad at a resolution of 2 nm for holograms
obtained in vacuum with a typical electron dose of several thousand e /A% Such performance cannot be
achieved on biological samples which will not support such high doses. The aim on the paper is to
demonstrate that electron holography can however provide valuable information on biological materials
that classical cryo-TEM cannot. To our knowledge, very few off-axis electron holography results were
published on biological samples, with most dating from 2007 and before (Simon et al., 2008) and only one
report on cryogenic electron off-axis holography carried out on ferritin (Harscher, 1999) with rather low-
resolution images. In this ferritin experiment, the contrast mainly comes from the iron rich core of ferritin
that can accommodate up to 4500 Fe* ions (Moreira et al., 2020). In addition to the less performant
hardware in the 2000’s, many problems stood against developing electron holography. Among them, at
cryogenic temperatures, the increase of inelastic scattering due to the ice layer as well as ice charging
reduce the interference fringes contrast and induce local phase shift variations (Glaeser, 2013; Simon et
al., 2008).

This paper presents the advancements of RT and cryogenic temperature off-axis electron holography
experiments performed on two bacteriophages, or “phages” for short, T4 and T5, which are well-known
viruses that specifically infect the Escherichia Coli bacteria, their only host (Linares et al., 2023; Yap and
Rossmann, 2014). We show an improved contrast of the phase images acquired at high and low electron
doses compared to conventional room-temperature TEM images. More interesting, we also provide
insights and analysis on the phase shift variations associated either with charge changes within the capsid
or with structural remodeling of the T4 tail. Comparison is made with holography performed on the
Tobacco Mosaic Virus (TMV) .

3. Material and methods

Preparation of T4 bacteriophages: 5 mL of Escherichia coli MC4100 bacteria (E. coli) obtained from
Pierre Genevaux (LMGM-CBI, Toulouse) were first incubated in Lysogeny broth (LB) medium overnight
at 37 °C with 180 rpm shaking. The culture was then diluted 10 times and incubated at 37°C with 180 rpm
shaking for 30 minutes before adding 450 pL of T4 bacteriophage solution. The mix was incubated for 3.5
hours in the same conditions as previously. Intact and fragmented E. coli were all collected by low-speed
centrifugation at 5000 g for 20 minutes at 4 °C. The supernatant containing the bacteriophages was then
transferred to a new tube. The obtained solution was then ultra-centrifuged at 35000 g for 40 minutes at 4
°C to pellet the bacteriophages. The LB supernatant was eliminated, and the bacteriophages were
resuspended in 10 mL of 10 mM HEPES buffer, pH 7.0 (without additional salts). The solutions were
stored at 4°C.

Preparation of T5 bacteriophages: T5st(0) (Genbank Acc AY692264) a heat-stable T5 mutant often
used in T5 studies (Barberi et al., 2021; Zivanovic et al., 2014) was produced in the bacterial strain E. coli
FsuP+, concentrated by NaCl/PEG-induced precipitation, and purified on CsCl gradient as described by
Boulanger et al. (Boulanger et al., 1996). Phages were extensively dialyzed against 100 mM NaCl, 10 mM
Tris-HCI, pH 7.6, 1 mM CaCl2, and 1 mM MgCI2 at a concentration of 1.8 x 10** pfu/ml

Tobacco mosaic virus (TMV): TMV was a generous gift from Gérard Péhau-Arnaudet (Institut
Pasteur, Paris)
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Room temperature TEM grids preparation: 4 puL of the bacteriophage solution was mixed with 1uL of
10 nm gold beads 1/20 (BBI Solutions). 4uL of the mix was drop cast on either a glow-discharged
ultrathin carbon grid (Ted Pella ©) or a graphene-quantifoil grid (Sara Bals, EMAT, Belgium). For
deposition on the graphene grid, we followed a protocol proposed by Adrian Pedrazo Tardajo (EMAT,
Belgium). A plastic ruler (or a plastic sheet) was electrostatically charged and held over the grid while a
drop of the phage solution was deposited on the grid. After waiting for 2 minutes, the liquid excess was
eliminated, and the ruler removed.

Cryo-EM grids preparation: 4 uL of the bacteriophage solution were mixed with 1uL of 10 nm gold
beads diluted 1/20 of the original solution (BBI Solutions). 3 pL of the mix was deposited on a freshly
glow-discharged lacey copper grid using a Pelco Easy Glow system operating at 25 mA for 30 sec. The
grid was blotted, then plunged in liquid ethane on a Leica EM-GP automated cryo-plunging machine to
form vitrified ice.

Calculation of the mass density of the T4 tail: The tail of the T4 bacteriophage is 92.5 nm long and is
composed of two coaxial tubes. The inner tube is made of hexameric rings of gp19, while the surrounding
tail sheath is composed of hexameric rings of gp18. Each hexamer of gp18 wraps around one hexamer of
gpl9, which forms a 4.06 nm-high ring (Aksyuk et al., 2009), each ring being rotated by 17.2° relative to
the neighboring ones (Yap and Rossmann 2014). Given the molecular weight of gp18 (54.8 kDa) and
gp19 (18.4 kDa), the mass density of the extended T4 tail can therefore be estimated as follows: (54.8 +
18.4) x 6 / 4.06 = 108 kDa/nm. When contracted, the inner tube keeps the same configuration with six
gp19 molecules making 4.06 nm-high rings, leading to a mass density of 18.4 x 6 / 4,06 = 27 kDa/nm. In
contrast, the tail sheath retracts following a conformational change of the gp18 proteins and the 23 rings of
gpl8 form a 42 nm-long contracted tail (Leiman et al., Cell 2004). The density of the contracted tail
sheath can then be calculated as follows: 54.6 x 6 x 23 kDa / 42 nm = 179 kDa/nm. The total density of
the retracted tail (retracted sheath + inner tube) therefore equals 206 kDa/nm.

3. Results

The T4 and T5 bacteriophages consist in three main parts (Suppl Figure S1): an icosahedral head or
capsid (prolate for T4, isometric for T5) that containing the phage DNA, the tail and the baseplate. Tail
fibres are attached to the baseplate and play a role in host cell recognition (Hyman and van Raaij, 2018).
Upon infection of bacteria, the T4 tail sheath contracts to allow DNA ejection. Contrary to T4, the T5
bacteriophage’s tail is flexible and non-contractile (Arnaud et al., 2017). Although longer, its diameter is
twice smaller (12 nm) than that of the T4 tail (24 nm), which make it more challenging to observe.

Experiments were performed on a TEM dedicated to in-situ and electron holography experiments (see
suppl. Text S2). First experiments were performed with a One View CMOS camera by Gatan®, which was
later upgraded by a K3 DDD by Gatan®. As already demonstrated with a K2 camera, using a DDD
significantly improves the fringe contrast and subsequently reduces the phase error in off-axis electron
holography (Chang et al., 2016). The K3 camera, which has faster readout and improved processing speed
(Eisenstein et al., 2019), enabled significant improvements upon the results. At relatively low electron
dose (< 80 e/A?%), the One View CMOS with scintillator allowed achieving low contrasted interference
fringes with a measured contrast less than 10% leading to phase noise higher than 0.1 rad. Under the same
conditions, the measured contrast on the K3 camera was about 40%. At higher electron doses, between 80
and 450 e /A% the measured fringe contrast was above 10% with the One View camera (fringe spacing:
~0.8 nm) and about 45-50% contrast with the K3 (fringe spacing: ~0.6 nm), leading to an estimated 3 to 4
times improvement of the fringe contrast, and therefore a similar decrease in the phase noise.
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Off-axis electron holography of unstained bacteriophages at room temperature

Off-axis electron holography was first performed at usual electron doses for these experiments. Figure
2a presents the amplitude and raw phase images calculated from an off-axis hologram acquired on the
unstained T4 bacteriophage. The hologram was recorded over 40 seconds under constant live drift
correction, and the m-shift mid-acquisition process was activated. The total electron dose was 484 e/A?,
which is a high dose for a biological specimen. However, we observed that the general morphology of the
phages remained intact at this dose.

The amplitude image (Figure 2a, left), which corresponds to an in-focus zero-loss energy-filtered BF
image (Yesibolati et al., 2020), displayed a low-contrast phage with no morphological detail of the capsid
and barely visible tails. The phase image in Figure 2a (right) showed a higher contrast in addition to the
detection of the tails. The capsid appeared rounded, contrary to its native icosahedral shape, which was
likely due to sample dehydration. The phase sensitivity, measured on the low contrast graphene support,
was 0.05 rad at a spatial resolution of 1 nm. The mean phase shift, as shown in the phase profile in Figure
2b is 2.7 rad (taking into account the background signal). In general, the average phase shift measured
across the 40-50 capsids in our entire data set was 2.5 +0.3 rad, and 0.25 +0.05 rad on non-contracted tails,
similar to the presented phase image. On the hologram of a contracted T4 phage acquired (suppl. Figure
S2), we measured a higher phase shift of 0.9 rad compared to a non-contracted tail due to the thickness
increase and the structural change of the tail sheath upon contraction (Aksyuk et al., 2009).

2 (b)>o
4

20 40 l_.ry(nm) 80 100 120 140

10 20 30 40 50 60 70 80 9
(nm)

Figure 2. High electron dose RT off-axis electron holography experiment on the T4 (a-b) and T5 (b-c) bacteriophages. (a) T4

amplitude (left) and raw phase (right) images of the analysed hologram. (b) Phase profile of the T4 capsid shown in (a)

represented by the blue arrow. (c) Positively stained T5 phage (left) acquired on a Jeol 1400. T5 amplitude (middle) and phase

(right) images. (d) Phase profile of the capsid shown in (c) represented by the red arrow.

Off-axis holograms were also acquired on T5 bacteriophages at similar electron doses (Figure 2c).
Unlike with T4, the thinner tail in T5 virions that can be seen in the positively stained T5 (Figure 2c left)
was not detected, in neither the amplitude (Figure 2c middle) nor the phase (Figure 2c right) images,
suggesting a higher sensitivity to electron beam irradiation. In this example, we measured a phase shift of
2.1 rad at the capsid (Figure 2d) while with a phase sensitivity of 0.05 rad, consistent with the value
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measured on T4 particles, and a spatial resolution of 1.6 nm. The average phase shift value measured on
30 capsids was 2.5 rad.

These high-dose electron holography experiments performed on unstained bacteriophages provided
high sensitivity phase images with low phase noise and of much higher contrast compared to under-
focused BF images. However, the spatial resolution of these images did not match that of negatively
stained samples in BF microscopy (see Suppl. Figure S3 for T4 phage comparison with other microscopy
methods), as shown by the lack of details on the T4 tail, or even the absence of phase contrast on the T5
tail. We attributed this lack of resolution to the electron beam damages resulting of the high dose
irradiation in absence of protection by a contrasting agent.

Implementing low-dose off-axis electron holography at room temperature

To limit radiation damages on the sample, we implemented a low-dose workflow on the I2TEM
microscope (see suppl. text S2 and S3 and suppl. Figure S4) by developing the plugin ‘Lenses-BD’ to save
two sets of lenses parameters configurations: ‘search mode’ at low magnification to select the field of
view, and ‘record mode’ for high magnification hologram recording (see suppl. Figure S5).

Examples of phase images of T4 and T5 bacteriophages extracted from low-dose RT holograms are
displayed in Figure 3. For the T4 virion displayed in Figure 3a, the electron dose was 30 e/A? for a 10
second exposure without n-shifting, resulting in a phase image of 0.08 rad phase sensitivity and a spatial
resolution of the phase image equal to 2.9 nm. The capsid induced a 2.6 rad maximum phase shift (Fig.
3b) and the tail, less visible than at higher dose, a 0.25 rad phase shift. The amplitudes of these phase
shifts are similar to the one measured at high-dose and attest the uncorrelation of the phase shift with the

100 ) 150 200 250

(nm

0 60 80 100 120
(nm)

electron dose.

Figure 3. Low electron dose RT off-axis electron holography. (a) Phase image of the T4 bacteriophage. (b) Phase profile drawn
across the T4 phage in (a) and shown by the black arrow. (c) Phase image of the T5 bacteriophage. (d) Phase profile drawn across
the T5 phage in (c) and shown by the orange arrow.
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The T5 phage in Figure 3c was observed with a total dose of 60 e/A? leading to a phase sensitivity of
0.06 rad (~27/100) at a spatial resolution of 1 nm. The tail was visible, unlike at high dose, but not the
details of the tail rings. The head (DNA filled capsid) induced a phase shift of 2.5 rad (Figure. 3d), a value
similar to the T4 bacteriophage capsid, while the phase shift was of 0.25 rad for the tail.

These experiments show that it is possible to obtain contrast for biological specimen in these phase
images under low-dose conditions, while these samples are barely visible in bright field mode in the same
condition. As expected, this is paralleled by a better structural preservation of the sample from radiation
damages. However, the increased phase noise resulting from the low electron dose prevented the
observation of structural features like the 4-nm periodic stacking of the tail rings, despite the use of a
highly sensitive DDD camera.

Cryogenic off-axis electron holography of vitrified T4 and T5 bacteriophages

In order to further improve structural preservation of the sample from the electron beam and image the
phages in their native hydrated state, we turned to cryogenic TEM. Phages were embedded in vitreous ice
by plunge-freezing in liquid ethane and observed with a liquid nitrogen-cooled holder, which preserves to
some extent the structure of the sample from the electron beam (Glaeser and Taylor, 1978). We first
assessed beam-induced damages on vitrified bacteriophages on a Jeol 2100 LaBg 200 keV TEM equipped
with a Gatan Ultrascan US4000 (4kx4k) CCD and a Gatan Imaging Filter (GIF Quantum model 964)
(Schroder et al., 1990). A selected ROI was increasingly irradiated with multiple exposures of equal doses.
Beam-induced damages were assessed both qualitatively and by a cross-correlation with the first image
using the ‘image J” software (Suppl. Figure S6). The electron doses in these experiments are measured
with + 10 e/A? uncertainty (each image is obtained using a 20 e/A? exposure). The main observations
were the following: (1) the tail structure was damaged at doses around 70 e/A? while the phage overall
shape remained qualitatively intact at this dose; (2) the capsid decoration protein Hoc was damaged (loss
of contrast) around 90 e/A?; (3) the capsid structure was damaged and bubbles formed in the ice at doses
around 110 e/AZ,

Off-axis holography of vitrified T4 phages was then performed on the I2TEM at cryogenic
temperature for 20 seconds with the -shift procedure and a total dose of 50 e/A? that is below 70 e /A? at
which radiation damages are detected. The amplitude and phase images of a such an experiment are
displayed in Figures 4a and 4b. As expected at this low electron dose, the T4 capsids were barely visible
in the amplitude image and tails were not detected. Under a high contrast lens microscope (Jeol 2100 HC),
the tail becomes slightly visible in an in-focus BF image, with a low contrast and a barely visible if not at
all, baseplate. (Suppl. Figure S3f). In contrast, the phase image fully revealed the bacteriophage structure
including the capsid, the tail, as well as the thinner neck linking the capsid and tail. Importantly, the
capsids appeared with their icosahedral shape, and the baseplates were clearly detected unlike in room
temperature experiments. The rings of the phage tails were nonetheless not visible. In this experiment, the
phase shift measured at the capsid at cryogenic temperature was 0.85 rad maximum, lower than the 2.5 rad
measured at RT. The high noise (phase sensitivity = 0.16 rad at a spatial resolution of 1.3 nm) appeared to
be due the ice thickness variations, which induce phase variations as seen on the right side of the phase
image in Figure 4b, as well as the ice overlap with our object as no vacuum exists around the sample.

Similar cryogenic electron holography experiments were carried out on T5 bacteriophages at 50 e/A?
(Figure 4 c-f). The phase sensitivity was 0.08 rad, a better value which we ascribe to a thinner ice and a
buffer solution with a composition. The spatial resolution of the phase images, was fixed for all cryo-EM
experiments by adjusting the biprism voltages, leading to the target interfringe value of 1.3 nm. As
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observed with T4 virions, the T5 structure was well preserved with the capsid shape and the thin tail
contrasted and identifiable. The baseplate, located at the end of the tail, is not well defined. Similarly to
T4, full capsids (Figure 4d) displayed a maximum phase shift of 0.95 rad at cryogenic temperature (Figure
4f), a much lower value than at RT (2.5 rad). Interestingly, an empty capsid (Figure 4e) induced almost no
phase shift in its center and about 0.2-0.3 rad at its periphery (Figure 4f), indicating that the phase shift
measured in full capsid is mostly due to its content rather than the empty shell.

(nm)
Figure 4. Cryogenic off-axis holography. (a-b) Low electron dose cryogenic off-axis holography of vitrified T4 phages. (a)
Amplitude image. (b) Phase image. (c-f) Low electron dose cryogenic off-axis holography of vitrified T5 phages. (c) Phase
image. (d) Phase image (cryo) of a full T5 bacteriophage head. (e) Phase image (cryo) of an empty T5 bacteriophage head. (f)
Phase profile of the full head (blue profile) and the empty head (red profile) in (d) and (e).

These data on T4 and T5 phages show the higher capabilities of cryogenic off-axis electron
holography to observe the structure of biological samples when compared to similar experiments at room
temperature, but also point to a loss of phase sensitivity. Indeed, the phase shift measured at the capsid
location is substantially reduced by the presence of the ice compared to phase shift measured on the
sample only lying on the graphene support used at RT (see the detailed explanation in suppl. Text S4 and
Suppl. Figure S7). In addition to this extrinsic phase shift decay, the MIP of the capsid and its contents
also decreases with decreasing temperature due to the higher density of biological material at low
temperature: this point was demonstrated by M.N. Yesibolati et al. in (Yesibolati et al., 2020), by
measuring by off-axis electron holography the MIP of water of about 4.48 eV in the liquid state compared
to 3.5 eV measured in vitreous ice (Harscher and Lichte, 1998). Therefore, thinness of the ice, which is
known as a major optimization parameter for bright field imaging of biological molecules by cryo-EM,
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may be even more critical in the case of cryogenic electron holography.

As expected, phase sensitivity in cryogenic conditions improved when holography on T4 or T5 phages
was performed with higher electron doses, going from 0.16 to 0.07 rad for doses increasing from ~30 to
100 e/A? (Figure 5a). However, some experiments did show good phase sensitivity (0.07 rad) at low dose,
most probably due to more homogeneous and thinner ice. The sensitivity threshold required to detect
structural features of about 4 nm size (i.e. the stacking periodicity of the rings in the T4 tail) was estimated

(a) , (b)
Noise Vs Dose s —B
0.95 SNR comparison on the T4 capsid SNR = capsid
s - ® T4 bacteriophage 100 std
0.20 [: tarl 5
E m  Th bacteriophage ) .
> . -~ Sensitivity threshold 80 H BF-TEM (Jeol1400, [,[:[))
;E 0.15 . < M BF-cryo-TEM (Talos, K2)
[ a % & 60 W Room temp. off-axis phase(I2TEM, One view CCD)
@
. 0.10 ] - Y £ a0 B Room temp. off-axis phase (I2TEM, K3)
j 0.054 " R L w [ Cryo-off-axis phase image (I2TEM, K3)
& 20
0.00+ T T T T T 1
20 40 60 80 100 120 0
Dose (e/A2)

to be around 0.06 rad, which may explain why we are not able to observe the tail rings.

Figure 5. Noise and SNR evaluation of the off-axis holography results. (a) Phase sensitivity in radians of the T4 and T5 phase
images obtained by cryo-off-axis holography plotted in function of the electron dose. The sensitivity threshold of 0.06 rad, which
is shown with the blue dotted line, is our estimation for visualizing the tail rings. (b) Histogram comparing the best achievable
SNR using different TEM techniques. Every histogram is the average of three values, and the error bar corresponds to the
standard deviation. The SNR formula is displayed with Sg,psiq the capsid mean signal, B the background mean signal, and Ngq the
noise (standard deviation).

Finally, the performance of cryogenic off-axis electron holography was also assessed by calculating
the signal-to-noise ratio (SNR) of TEM images obtained at room temperature and in cryo conditions, in
bright field or holography, with different detectors (Figure 5b). Bright field electron microscopy at room
temperature was performed on a 120keV TEM using a CCD camera, while images in cryogenic conditions
were acquired on a 200 keV Thermofisher® Talos Arctica microscope equipped with a K2 DDD. SNR was
calculated using the following formula:

Scapsid - B

SNR =
Nstd

with:
e Scapsia the average signal measured inside the capsid.
e B the average background signal (to correct for errors due to the support around the phage not
being at zero) measured in an empty and flat area.
o Ny is the standard deviation of the average signal of the background (noise).

Phase images obtained by high-dose off-axis holography at room temperature showed significant SNR
improvements by almost one order of magnitude when compared to bright field. The SNR average value
rose from 4.1 in bright field mode at 80 KeV on a CDD camera to 35.5 by holography using a CMOS
detector, and this value almost doubled to 65.9 when adding the benefit of a DDD. Importantly, despite
increased phase noise due to the amorphous ice, phase images obtained by off-axis holography in the
I2TEM also improved the SNR very substantially in cryogenic conditions, from 0.8 to 8.5, when
compared to bright field images acquired on the Talos Arctica, using a DDD on both microscopes.
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Dependence of phase shift on electric charges within the capsid

As indicated in the introduction, the phase shift experienced by the electron beam depends on the local
electrostatic potential. This property has been used to probe the electrostatic potential both due to the
mean inner potential (MIP) of the material under study and possible additional electrostatic fields due to
free electric charges. Our experiments show that a much higher phase signal in the head relative to the tail,
and a striking difference between full and empty capsids. We therefore wondered whether part of this
phase shift reflected the electrostatic potential due to the negative charge of DNA.

It has been shown that ions can diffuse through the T5 bacteriophage capsid wall and modify the
global charge of the particle (Cordova et al., 2003). Hence, the tetravalent cation spermine is thus able to
neutralize the otherwise negatively charged DNA (Raspaud et al., 1999; Yamasaki et al., 2001), resulting
in small DNA rearrangements within the capsid, without any DNA ejection or major shape, size and
conformational changes of the capsid (Frutos et al., 2016). We therefore investigated the capability of
electron holography to detect charge variations induced by spermine addition to the T5 bacteriophage
suspension, and compared phase images obtained at RT on non-treated and spermine-treated T5 phages.
We performed these comparative experiments on multiple T5 samples and observed a significant phase
shift decay from 2.5 rad for the non-treated phages to 1.5 rad for the spermine-treated ones as shown in the
Figure 6. This experiment demonstrates that electron holography is able to probe local electrostatic
potential changes due to local electric charges resulting here from interaction between DNA molecules
and counterions.

11
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Figure 6. Phase shift variation with charge at RT. High electron dose RT phase image of non-treated T5 top (left and middle), and
spermine-treated T5 (top right). Below: Phase profile of non-treated and spermine-treated T5 (arrows shown in the upper images).

Similar observations of the electric charges effect can be seen in the phase images in Figures. 2a, 2c,
3a and 3c, and in Figure. 6 of the non-treated sample. In these phase images, the “yellow” areas of about
85 nm large with phase shift larger than 1.5 rad correspond to the DNA-filled capsid itself, while the “red”
areas which extend over few tens of nanometers away from the capsids with phase shift decreasing with
the distance to the capsid from about 1.5 rad to O correspond to the electrostatic fields resulting of the
electrostatic charges of DNA located within the capsid. As observed in phase shift image of the spermine-
treated sample (Figure. 6 right) the electrostatic fields due to the less charged capsid is evidently lower
and extends to O over a smaller distance. This local charge variation detection offers a new potential
application for off-axis holography in the absence of current charge measuring techniques at the level of
single objects.

Relationship between material structure and electrostatic phase shift

In inorganic compounds of single type of atom (Si, Al...), the MIP can be deduced from its structure
and density. However, it necessitates considering the material electronic structure - even different forms of
graphite have different MIP (Auslender et al. 2021). In contrast, establishing a link between the MIP and
the density in biological materials is by far more difficult as the latter are composed of many more
different types of atoms with various electronic structures and their MIP depends on the sample
environment.
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To explore this question, we compared the phase shift values in the two configurations of the T4
phage tail with the mass density of these two structural states, when it is extended or contracted (Suppl.
Figures S1 and S2). As described in Material and methods, we estimated the mass density of the T4 tail to
108 kDa/nm in the extended form, while this value increases to 206 kDa/nm upon contraction of the tail
sheath. We compared these values to the electrostatic phase shift measured from phase images on profiles

perpendicular to the tails, namely 0.25 rad for the extended conformation and 0.8 rad for the contracted

o x.y)
t

form. As shown in Table I, the ratio of the electrostatic phase shift to the sample thickness was

almost proportional to the mass density, which could be explained as both consist of the same molecules
but being in different configuration (the diameter of the extended and contracted tail is 24 and 33 nm
respectively, however, the thickness of the material contributing to the electrostatic phase shift is 19 nm
and 28 nm, respectively, when removing the 5 nm-wide lumen of the empty inner tube). In that case, the
increase of the relative phase shift / thickness can be related partly to the increased density but also to the
change of the electronic structure.

We next performed EH on the well-characterized Tobacco mosaic virus (TMV) (Sachse et al. 2007),
whose mass density is estimated to 131 kDa/nm (see TEM holograms in Suppl. Figure S9). TMV is a rod-
shaped plant virus with a typical length of 300 nm, a diameter of 18 nm and a ~4 nm-wide central channel
that contains genomic RNA. Electrostatic phase profiles extracted perpendicular to the TMV main axis

indicated a mean value of the electrostatic phase shift measured of 0.47 rad. In this case, the ratio [@/

mass density] was ~1.5 higher than for the T4 samples. This higher MIP likely reflects the difference in
the structure and the charge of the TMV when compared to the T4 tail, like the presence of phosphates in
the genomic RNA packed in the TMV capsid.

Electrostatic phase | sample @(x,y) | density ey density

shift - ¢ (x,y) thickness (t) t t
T™MV 0.47 rad 18 nm 0.026 131 kDa/nm 1.98E-4
T4 Phage 0.25 rad 19 nm 0.013 108 kDa/nm 1.2E4
extended tail
T4 Phage 0.8 rad 28 nm 0.028 206 kDa/nm 1.35E-4
contracted tail

Table |

4. Discussion

In this article, we showed significant improvements on the contrast of images using off-axis electron
holography experiments performed on unstained biological samples. This was done at both RT and
cryogenic temperature as well as high and low electron doses. In cryo, the phase noise associated to the
required low-dose is added to the decay of the SNR due to the interferometric overlap of ice areas in the
off-axis holography experiment. Regardless, we were able to obtain preliminary results, with phase
images showing the detailed bacteriophages morphology, setting a new checkpoint in contrast-enhanced
imaging of biological methods. More work is however needed to reduce the phase noise and special care
has to be given to prepare the cleanest possible sample solution (no contaminations) deposited on flat and
thin support (as graphene layer succeed to be) and thin ice layer of constant thickness for cryogenic
experiments. Beside inherent requirements of working in low dose conditions at cryogenic temperatures

13
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on samples embedded in vitreous ice, another limitation in cryogenic off-axis holography experiments
comes from the absence of dedicated automated TEM allowing to combine cryo-EM and off-axis electron
holography. In particular, the I2TEM microscope is dedicated to material sciences without optimized tools
for low dose experiments. Despite the current limitations, spatial resolution can be improved if the fringe
spacing is reduced (by increasing the biprism voltage) while maintaining a sufficient signal-to-noise ratio
(SNR), i.e., sufficient fringe contrast. One possibility would be to create vacuum holes near the regions of
interest (ROISs) so that the reference beam passing through them does not experience additional phase shift
or intensity loss and thus reduce noise in the phase image. Cryo FIB milling (Rigort and Plitzko, 2015)
could be used to create such holes near the ROI. This could allow resolving features up to the maximum
spatial resolution defined by the fringe spacing while maintaining sufficient phase sensitivity and finding
the right compromise between a smaller fringe spacing and a sufficiently large field of view. However, for
the bacteriophage samples, the spatial resolution we achieved was more than sufficient to resolve the
details we wanted to study.

We also demonstrated that the DNA neutralization of the T5 capsid by spermine affected the measured
maximum phase shift as the capsid became less negatively charged. Quantifying the capsid charges
variation would require to perform electron off-axis experiment of sample almost “floating” in vacuum
and not lying on a conducting support (Gatel et al., 2013). Free charges located on the support could
indeed partially screen the electric potential of the capsid and lead to artifacts in the charge measurement.
Quantifying the charges also requires to separate, in the electrostatic potential V(x, y, z) of equation (1),
the contribution of the MIP from that of these additional charges. The MIP depends on several factors
related to the electronic structure of the sample. The number of these factors increases with the number of
components of the studied sample.

For a given sample, EH can give relevant information on the structural modifications (electronic structure,
density, etc.) resulting from configuration changes.

The MIP depends on several factors related to the electronic structure of the sample. The number of
these factors increases with the number of components of the studied sample and is not straightforward for
biological samples. As suggested by the comparison of the electrostatic phase shift for the T4 tail, EH may
give relevant information on the structural modifications (electronic structure, density, etc.) resulting from
configuration changes. In contrast, drawing information from samples with different composition and
structure may be more complicated, as illustrated here by our comparison of T4 and TMV particles. We
believe that semi-quantitative methods could be developed for such complex specimens, while
guantitative measurements could be done on simpler models like small proteins with known 3D structures
with the help of simulations as comparisons.

5. Conclusion

The ability of off-axis holography to detect charge variations within biological objects could be
ground-breaking, as no method for local charge measurement currently exist for biological sample. In
addition, for a given sample, EH is able to give relevant information on the structural modifications
(electronic structure, density, etc.) resulting from configuration change. Further developing off-axis
holography, as well as combining it with other methods like in-line electron holography could further push
the limits of this technique and enable the achievement of even better and more reliable results.
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