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Abstract

Helium ion microscopy (HIM) offers the opportunity to obtain direct views of biological
samples such as cellular structures, virus particles, and microbial interactions. Imaging
with the HIM combines sub-nanometer resolution, large depth of field, and high surface
sensitivity. Due to its charge compensation capability, the HIM can image insulating
biological samples without additional conductive coatings. Here, we present an
exploratory HIM study of SARS-CoV-2 infected Vero EG6 cells, in which several areas
of interactions between cells and virus particles, as well as among virus particles, were
imaged. The HIM pictures show the three-dimensional appearance of SARS-CoV-2
and the surface of Vero E6 cells at a multiplicity of infection of approximately 1 with
great morphological detail. The absence of a conductive coating allows a distinction
between virus particles bound to the cell membrane and virus particles lying on top of
the membrane. After prolonged imaging, it was found that ion-induced deposition of
hydrocarbons from the vacuum renders the sample sufficiently conductive to allow
imaging even without charge compensation. The presented images demonstrate the
potential of the HIM in bioimaging, especially for the imaging of interactions between

viruses and their host organisms.
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Introduction

The last decade of helium ion microscopy (HIM) was characterized by a rapid
exploration of its sub-nanometer imaging and ion-beam nanofabrication capabilities in
materials science and engineering [1]. Although HIM soon proved to be a promising
tool in the life sciences, the examination of biological samples by HIM occurred at a
much slower pace. In recent years, it has been used in the field of cell biology for
imaging various human and animal cells. These include cartilage- [2], cancer- [3], liver-
[4], kidney- [5] and stem-cells [6] as well as fibrin fibers [7]. To visualize viruses and
their host organisms, HIM has so far been applied to image T4-phage infected E. coli
bacteria [8], various phases of the life cycle of the bacterial predator Bdellovibrio
bacteriovorus [9] and the vesicular structure of ethane-oxidizing archaea [10].

In this work, we use HIM to investigate Vero E6 cells infected with the novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Several members of the
family Coronaviridae have been described in the human population and usually cause
mild respiratory disease. SARS-CoV-2 demonstrated a world-wide spread causing a
significant global public health emergency [11],[12]. As of November 30th, 2020, more
than 63 million cases worldwide have been confirmed with the infection and over 1.4
million infected patients have died [13]. African green monkey kidney Vero E6 cells
have been reported to support SARS-CoV-2 replication in culture, while many more
cell lines have been reported to be refractory to SARS-CoV-2 infection [14]. Both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
have been used to image SARS-CoV-2 [15],[16],[17],[18],[19]. While TEM achieves
unsurpassed resolution and can visualize macromolecular structures like spike
glycoproteins or transmembrane proteins [20], SEM provides topographic images of

infected cells and virus particles distributed on their surfaces, however, after the
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samples have been coated with a conductive layer. Conversely, the HIM delivers a
topographic image of the uncoated surface morphology of cells and virus particles,
allowing to identify and investigate sites, at which a cell is interacting with the virus.
While its principle of operation is very similar to SEM, HIM utilizes a beam of positively
charged helium ions (He*) instead of negatively charged electrons to excite and detect
secondary electrons from the sample surface. Due to the high brightness and low
energy spread of its atomically sharp gas field ion source, the smallest attainable
focused spot size is about 0.3 nm [21]. With its significantly smaller convergence angle
compared to SEM, HIM achieves a much larger depth of field, which is particularly
useful for imaging three-dimensional structures [21]. Due to their higher mass, the He*
ions penetrate deeper into the sample and do not spread as wide as electrons,
resulting in a smaller escape volume of the secondary electrons and a higher surface
resolution of the HIM, compared to the SEM [22]. A further benefit of HIM is its charge
compensation capability during secondary electron detection. SEM imaging of
biological specimen usually necessitates a thin conductive coating to prevent negative
charge accumulation from the impinging electrons. Such coatings, albeit only a few nm
thick, can significantly alter and conceal fine details of biological nanostructures [2],
which is noticeable on SEM images of virus particles [18],[23]. Since in the HIM,
positive charge accumulates on insulating samples, a low-energy electron flood gun
can be used for charge compensation, which irradiates the sample with a diffuse beam
of electrons. This eliminates the need for a conductive coating, and allows a direct view
on nanoscale structures [6],[24]. Here, we demonstrate the benefits of high-resolution
HIM by imaging SARS-CoV-2 interacting with Vero E6 cells without any conductive
coating. The presented images allow the identification of SARS-CoV-2 virus patrticles,
their interaction with the cell membrane and a distinction between virus particles bound

to from those lying on the cell surface.



Experimental

Vero E6 cells were cultivated in Dulbecco's modified Eagle's medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (Capricorn Scientific) in a 5%
CO2 atmosphere at 37 °C. SARS-CoV-2 (strain SARS-CoV-2 /Minchen-
1.2/2020/984, p.2) [25] was grown on Vero E6 cells and titrated as described [26].
Infection experiments were done under biosafety level 3 conditions with enhanced
respiratory personal protection equipment.

For HIM, cells were seeded onto coverslips placed in 24 well plates. The coverslips
were previously sputter coated with 30 nm of gold to improve charge neutralization
during HIM imaging. After 24 h nearly confluent monolayers were infected with SARS-
CoV-2 at a multiplicity of infection (MOI) of approximately 1 or mock infected using cell
culture medium. Following an incubation period of 18 h in a cell culture incubator
(37 °C) cells were washed with 0.1 M sodium cacodylate (NaCac) (pH 7.4) and fixed
in 2% (v/v) glutaraldehyde, 2% (w/v) paraformaldehyde in NaCac-buffer at room
temperature for 30 min and with fresh fixative overnight at 4 °C. The coverslips were
subsequently washed and dehydrated in a graded series of ethanol (50%, 70%, 95%,
99,5% (2x)), transferred to water free acetone and critical point dried in carbon dioxide.
HIM was performed with an Orion Plus (Carl Zeiss) at an acceleration voltage of about
36 kV and a working distance of 20 mm. The spot control was set to 6 to obtain a beam
current of 0.2 to 0.4 pA. To avoid charging effects during secondary electron detection,
an electron flood gun was used after each line scan, if not stated otherwise, with a
flood energy of 540 eV, flood time of 10 us and a focus of 107 V. It should be
mentioned that the flood gun parameters have to be optimized for each magnification
level. Before imaging, each sample was stored in the microscope's vacuum chamber

at 3.3x107 mbar for at least 24 h to remove most volatile organic contaminants.



Results and Discussion

A comparison between a native and an infected Vero E6 cell at multiple magnification
levels is shown in Fig. 1. Figure 1la shows a sequence of five HIM images of native
Vero E6 cells (mock-infected). Fig 1b displays a sequence of HIM images of Vero E6
cells after they have been exposed to SARS-CoV-2 at a multiplicity of infection of
approximately 1 (MOI 1). The surfaces of the infected cells are covered by a number
of micrometer sized vesicles and segments of cell membranes, which is a first
indication that apoptosis occurred during viral replication. Regularly shaped particles
below 100 nm diameter on the cell membrane shown in Fig. 1bs and 1bs were only
abundant on the cells of the MOI 1 sample and were therefore identified as SARS-
CoV-2 virus particles. The cell membrane of the infected cell is covered with the virus
particles, which are predominantly spherically shaped. Holes in the cell membrane, as
illustrated in Fig. 1as or Fig. 1ba-s (arrows), have previously been observed in uncoated
mammalian cells and indicate lipid hanodomains or caveolea [6]. Figure 1c shows an
evaluation of the virus particle size in five arbitrarily chosen regions on the MOI 1
sample resulting in an average diameter of the virus particles of (75.1 £ 12.8) nm,
noting that this value has been obtained from viruses after fixation and critical point

drying.
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Fig. 1: Comparative HIM images of the mock-infected and at MOI 1 infected Vero EG6 cells: a1)
— as) Mock-infected cell at different magnifications (FOV 200 um, 45 pm, 15 um, 1.7 um, 3 um)
and b,) — bs) infected at MOI 1 cells at different magnifications (FOV 250 um, 45 um, 15 pm,
1.7 um, 500 nm). The cell membrane is covered with the virus particles. ci1) — cs) Virus particle
diameter distributions determined. The inserted histograms show the respective image
evaluation with normal distribution, mean value and standard deviation. The average diameter

of all evaluated images is (75.1 £ 12.8) nm.

As the He* ions can penetrate several hundred nanometers into the sample [27], the
outer rim of the cells appears brighter because the ions pass through the cells and
generate additional secondary electrons at the back of the cells and in the gold coated
specimen slide [28]. The edges appear brightest where the cells bend upwards from
the substrate. As shown in Fig. 2, the edge-resolution in two highly magnified images
has been determined by plotting the corresponding grey scale values over the edges
of two holes, resulting in values of 1.3 nm and 2.1 nm. The edge-resolution of the
images is caused by an interplay between the size of the focused He* beam and the
widening of the beam within the sample material. The obtained values are typical for

biological materials [6].
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Fig. 2: Edge-resolution of two HIM images, averaged over 5 gray scale plots each that were
fitted by logistic regression. The corresponding edges of holes in the cell membrane are shown
in the inserted images (red lines); respective mean values and standard deviations of dzse.-750%

are given below.

An effect frequently occurring during HIM imaging with charge compensation can be
observed in the sequence of HIM images shown in Fig. 3ai-3, where a location on a
MOI 1 infected Vero E6 sample was first imaged at a field of view (FOV) of 23 um (Fig.
3a1), followed by two higher magnification images with a FOV of 4.5 um and a FOV of
1 um (Fig. 3a2). Fig. 3as shows the same region as Fig. 3ai1, but the parts that were
previously imaged at high magnification (FOV of 4.5pum) with a dose of
1.4x10% ions/cm appear noticeably brighter. This is caused by the He* beam induced
carbonaceous deposits, which produce a thin conductive coating. In addition to
improved conductivity of the specimen the deposited layer may contribute to the
electron density of the surface, thus increasing secondary electron yield. This effect,
commonly referred to as electron and/or ion beam induced deposition, is well known

from charged particle microscopes. Residual gas in the HIM as well as the specimen
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itself are considered the main contributor of hydrocarbons [29],[30]. This effect is

therefore likely to be more pronounced when imaging biological samples in HIM.

il

Fig. 3: Effect of carbbn dé;)osition during HIM imaging: a;) HIM image (FOV 270 pum) of a cell
infected at MOI 1 with charge compensation. a;) HIM images at high magnification (FOV
4.5 um and 1 um) with charge compensation. as) The same image section as ai) after imaging
the regions in a,. Due to increased conductivity, this region appears significantly brighter than
the rest of the image. b:1) — bs) HIM images of a cell infected at MOI 1 at different magnifications
(FOV 20 pm, 5 um, 450 nm) with charge compensation; c1) — ¢3) HIM images of the same cell
(FOV 20 um, 2 um, 450 nm) after imaging the magnified sections in b), c1) — ¢2) with and c3)

without charge compensation.



Fig. 3bi-bs shows an infected Vero E6 cell at different magnification levels. Fig. 3bs
depicts the highest magnification (FOV 450 nm) of the cell seen in Fig. 3b1, showing
the virus particles on top of the cell membrane in a side view. Note that after the zoom-
out in Fig. 3c1, the previously imaged regions appear again brighter. After imaging
Fig. 3c2 with a dose of 1.9x10'7 ions/cm?, the flood gun was turned off, which allowed
imaging of Fig. 3cs without any external charge compensation. From the quality of this
image, it can be inferred that the deposited carbon layer rendered the sample
sufficiently conductive. However, small structures are still visible on the membrane
surface, which may originate from surface topography or material contrast. The
deposited carbon is presumably thinner than typical conductive metal or carbon
coatings for SEM imaging, and it does not show any surface masking and clustering
as seen on the gold substrate in the upper left of Fig. 3b2. The energy of the incident
hydrocarbons is much lower compared to the energy of sputter deposited metals,
however, it is possible that this unintended but useful carbon layer can be avoided by
HIM operation in ultra-high vacuum [31],[32],[33].

The cell structures shown in the HIM images of Fig. 4a are sharply resolved over tens
of um, which demonstrates the high depth of field of HIM compared to SEM [34]. In
image 4as at the surface of the cell a cluster of virus particles seems to be bound to
the cell membrane (arrow). We suggest that this resembles the particle clustering by
host defense protein BST-2 as it was observed for human coronavirus229E and
guantified in HeLa cells by Wang et al. [35]. However, the metal coating applied by
Wang et al. is clearly visible at high resolution in the SEM images as a rough layer on
the cell membrane and hiding the true topography [24],[24],[36]. In contrast, the HIM
images presented here not only allow for the quantification of particles and clusters,
but also enable an unveiled view on the interaction of virus particles with the cell

membrane. The presented particle cluster seems to have a coalesced appearance,
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which might be caused by the agglutinating BST-2 mediated virus-virus and virus-
membrane interaction [37],[38]. Furthermore, elongated membrane structures
between the virus particles and the cell membrane became visible (arrowheads). Fig.
4b shows another cell on the MOI 1 sample at different magnification levels. In the
highest magnification shown in Fig. 4bs (FOV 850 nm), the ultrastructure of these
tubular structures is depicted (arrowheads). Their ridge-like structures give these
tubular connections the appearance of a tensed freely suspended membrane linking
the virus particles to the cell membrane. We assume that this resembles the tubulating
cell membrane, which is stabilized by BST-2 to prevent viral scission. This alternative
BST-2 interaction was already described for HIV infected cells via immuno-TEM [39],
but has not yet been observed for SARS-CoV-2. Aside from this observation the HIM
images allow the distinction between these viruses bound to the membrane and virus
particles lying on top of the membrane (Fig. 4b, arrows). Compared to a SEM study, in
which all visible virus particles on a cell membrane were quantified [38], HIM images
could provide additional information about bound and unbound particles, resulting in
more accurate data by counting only the bound particles. The presented images
demonstrate, that the HIM is well suited for the imaging of virus-membrane and virus-
virus interactions, e.g. when the virus particles are bound to the cell membrane or/and

have a coalesced appearance.
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Fig. 4: HIM imagies of cells infected at MOI 1 imaged with charge compensation. a;) — as)
Different magnifications of an infected cell (FOV 17 um, 3.5 um, 1.3 pm). At high magnification
as) clusters of virus particles (arrow) and tubular membrane structures (arrowheads) between
the virus particle and the cell membrane become visible. b:) — bs) Different magnifications of
an infected cell (FOV 18 um, 6 pum, 850 nm). At even higher magnification the ultrastructure of
this tubular structure becomes visible. Ridge like structure, resembling taunted cell membrane,
can be observed between the virus particle and the cell surface (arrowheads). Unbound
viruses (arrows), just lying on top of the cell, can be easily distinguished from these bound viral

particles.

It is known that the spike glycoproteins can be visualized by TEM. As the HIM images
depicted the virus particles without conductive coating, it is an interesting question,
whether or not the spike glycoproteins could in principle be resolved in HIM images.
Inspecting our highest magnification images, Figs 3bs and 3cs, we do not see

unequivocal evidence of structures indicating the spike glycoproteins, however, it is
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conceivable that a dedicated sample preparation could preserve their structure for

imaging in HIM.

Conclusion

In this study, HIM images of Vero E6 cells without infection and infected with SARS-
CoV-2 are presented. On infected cells the ultrastructure of the cell-virus interaction,
as well as among virus particles, could thus be shown. The absence of a previously
applied conductive coating allowed the distinction between virus particles bound to the
cell membrane and virus patrticles lying on top of the cell membrane. The images unveil
the three-dimensional appearance of SARS-COV-2 and the surface of Vero E6 cells
at MOI 1 with an edge-resolution of up to 1.3 nm. Additionally, it has been shown, that
ion-induced deposition renders the sample surface sufficiently conductive to be imaged
without charge compensation. The presented images demonstrate the potential of the
HIM in bioimaging, especially for the imaging of interactions between viruses and their
host organisms. HIM thus represents a versatile complement to conventional methods

in the life sciences.
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