
Biological Systems

15 Physics of Biological Systems

Conrad Escher, Hans-Werner Fink, Tatiana Latychevskaia, Jean-Nicolas Longchamp,
Marianna Lorenzo, Jonas Verges, Flavio Wicki

in collaboration with: Eugen Ermantraut, Clondiag Chip Technologies GmbH (Germany); Prof. Jannik C. Meyer,
University of Vienna (Austria); Prof. Ute Kaiser, University of Ulm (Germany); Prof. Klaus Kern, Max Planck
Institut, Stuttgart (Germany); Dr. Yuriy Chushkin and Dr. Federico Zontone, The European Synchrotron
Radiation Facility, Grenoble (France); Dr. Annette Niehl and Dr. Manfred Heinlein, CNRS Strasbourg (France),
Prof. Christian Schönenberger, University of Basel (Switzerland).

Our primary goal is the structural investigation of in-
dividual biological objects, which involves both in-line
holography with low energy electrons and coherent
diffraction imaging, assisted by micro-structuring tech-
niques using a focused gallium ion beam device for
miniaturized electron optics and sample preparation.

Our current activities can be grouped in the following
interconnected projects:

- Electron Holography and Coherent Diffraction

Major experimental challenges are the improvement
of the spatial resolution, the creation of free stand-
ing films of graphene transparent for low-energy elec-
trons and the presentation of a single protein molecule
to a coherent electron wave front. Another, equally
important aspect for achieving high resolution struc-
tural information is the optimal hologram reconstruc-
tion, developing numerical algorithms to solve the in-
tegrals governing these coherent optics problems.

- Coherent Diffraction Imaging of Graphene-Supported

Single Biomolecules at Atomic Resolution

This is an independent effort (Ambizione project)
of Jean-Nicolas Longchamp. Methods to deposit
biomolecules onto freestanding graphene, in partic-
ular in-situ electrospray deposition, have been ex-
plored. The successful imaging of biomolecules was
cross-validated by TEM investigations at the mi-
croscopy center of our University. First detailed stud-
ies of a single virus are described in some detail below.

- Electron and Ion Point Sources

Field Ion Microscopy and related techniques are em-
ployed for fabricating and using bright electron and
ion point sources. A novel bright proton source has re-
cently been developed and used for Proton Projection
Microscopy which complements imaging with coher-
ent electrons within the very same system.

- Resolution enhancement in X-ray coherent diffraction

imaging by extrapolation of diffraction patterns

In collaboration with a group at the European Syn-
chrotron Radiation Facility in Grenoble, we have en-
hanced the resolution of a non-crystalline object ob-
tained from an X-ray diffraction pattern by extrapola-
tion beyond the detector area. The primary record is
missing about 10% information, including the pixels
in the center of the diffraction pattern. The extrapola-
tion is based on an iterative routine. A joint publica-
tion is currently under review.

15.1 Instrumentation

A new Low Energy Electron Point Source (LEEPS) micro-
scope has been designed (Fig. 15.1) and built (Fig. 15.2) by
our machine shop. The ultra-high vacuum compatible in-
strument is expected to be in operation by summer 2015.

We have been combining LEEPS microscopy with the
functionality of STM for the study of freestanding atom-
ically thin films and objects deposited onto them. These
techniques require similar hardware instrumentation but

Fig. 15.1 – Overall design of a new
LEEPS microscope for exploring in
situ adsorption of alkali atoms onto
freestanding graphene. Up to four al-
kali metals can be evaporated. The ro-
tatable evaporator is shown in more
detail on the left.
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Fig. 15.2 – Status of the new LEEPS
system as of March 2015.
EPS: electron point source;
S: sample and
ST: transfer mechanism which allows
to move samples and tips (electron
point sources) without braking the
ultra-high vacuum.

offer different, complementary imaging properties. The
most crucial modification to our previous system is the
implementation of STM electronics and a software pack-
age dedicated to STM signal and data processing.

For our recent review of the subject, see:
Holography and coherent diffraction with low-energy electrons:
A route towards structural biology at the single molecule level,
www.sciencedirect.com/science/article/pii/

S030439911400240X.

15.2 Imaging tobacco mosaic virus by low-energy

electron holography

Jean-Nicolas Longchamp, Tatiana Latychevskaia,
Conrad Escher and Hans-Werner Fink

Structural information about biomolecules at nanome-
ter, sub-nanometer or atomic resolution is nowadays pre-
dominantly obtained by X-ray crystallography and NMR
spectroscopy, whereby samples in the form of crystals
or in liquids are studied. This, however, entails impor-
tant structural information being averaged over many
molecules. Thus, relevant details in molecules exhibit-
ing diverse structural conformations remain undiscov-
ered. Besides this drawback, these methods can only
be applied to a limited subset of biological molecules
that either readily crystallize for use in X-ray studies or
are small enough for NMR investigations. A third ap-
proach towards imaging single particles is cryo-electron
microscopy; however, for biological samples the possible
resolution is limited by radiation damage caused by the
high electron energy employed in conventional transmis-
sion electron microscopes (TEM) [1]. Due to the strong

inelastic scattering of high-energy electrons, there is little
hope for obtaining structural information at atomic reso-
lution for a single entity. As the permissible dose is lim-
ited to 10 e-/ Å2 only, an individual molecule is destroyed
long before an image of high enough quality could be ac-
quired [2, 3]. The radiation damage problem is usually
circumvented by averaging over several thousand noisy
images in order to attain a satisfactory signal-to-noise ra-
tio [4]. The alignment and averaging routines inherent to
high-resolution cryo-electron microscopy limit its appli-
cation range to symmetric and particularly rigid objects,
such as specific classes of viruses.

Despite the shortcomings of the three conventional
structural biology tools discussed above, one needs to ex-
press respect for the vast amount of data that has been
generated over the past decades, reflected by the impres-
sive volume of the current protein database [5]. Neverthe-
less, a milestone for structural biology would definitely
be attained if methods and tools were available, that do
away with averaging over an ensemble of molecules and
enable structural biology on a truly single molecule level.
To obtain atomic resolution information about the struc-
ture of any individual biological molecule, different con-
cepts and technologies are needed. One approach of this
kind is associated with the recent X-ray free electron laser
(XFEL) projects. This approach initially appeared to be a
promising method for gaining information from just one
single biomolecule at the atomic scale by recording its X-
ray diffraction pattern within the short time of just 10 fs,
before the molecule is decomposed by radiation damage.
Unfortunately, there are now strong indications [6] that
again averaging over a large number of molecules is in-
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evitable in order to obtain images with a sufficiently high
signal-to-noise ratio enabling numerical reconstruction of
the diffraction pattern with atomic resolution [7–9].

The approach to structural biology at the single
molecule level described here, is motivated by the experi-
mental evidence that electrons with a kinetic energy in the
range of 50 - 250 eV are harmless to biomolecules [10–12].
Even after exposing fragile molecules like DNA or pro-
teins to a total electron dose of 106 e-/Å2, i.e. more than
five orders of magnitude higher than the critical dose in
TEM, no radiation damage could be observed. This, com-
bined with the fact that the de Broglie wavelengths as-
sociated with this energy range are between 0.7 and 1.7
Å, makes low-energy electron microscopy an auspicious
candidate for structural biology at the single molecule
level.

During the last three decades, DNA, phages, viruses
and individual ferritin proteins attached to carbon nan-
otubes were imaged by means of low-energy electron
holography with nanometer resolution [10, 11, 13–15].
For imaging, the objects of interest used to be placed
across bores in a membrane. Unfortunately, after such
preparation the holographic record often suffered from
biprism distortion limiting the resolution in the recon-
struction [16]. This artifact is suppressed if the specimen
is placed on an electrically conductive substrate with suf-
ficient transparency for low-energy electrons [17, 18]. Yet,
the substrate has to be robust enough to withstand the
deposition procedure [19]. It turned out that freestand-
ing graphene, an atomically thin layer of carbon atoms
arranged in a honeycomb lattice, fulfills all these require-
ments. Electron transmission measurements have shown
that more than 70% of the low-energy electrons are trans-
mitted through graphene and therefore are available for
imaging objects deposited on the two dimensional sub-
strate [17].

The discovery of the tobacco mosaic virus (TMV) at
the end of the 19th century marked the beginning of what
is now called virology [20–22]. Starting from 1936, TMV
was the object of several X-ray diffraction investigations.
In that year, Bawden et al. could retrieve a repeating pat-
tern with a periodicity of 2.2 nm, a measure nowadays as-
sociated with the pitch of the helical TMV structure [23].

Only three years later, Kausche, Pfankuchn and Ruska
were able to image TMV in an early version of a TEM [24].
In this pioneer work they disclosed the rod-like shape
of the virus with dimensions of 300 nm in length and
15 nm in width. These findings are still in good agree-
ment with the current values of 300 nm and 18 nm, re-
spectively. Based on the data available at the time, Watson
and Franklin proposed the helical TMV structure in 1954
and 1955, respectively [23]. The first molecular model at
atomic resolution was obtained from X-ray fiber diffrac-
tion experiments by Namba et al. in 1986 [25, 26].

Retrieving information about unstained TMV at the
sub-nanometer scale is possible by means of cryo-electron
microscopy since the 1980’s [27, 28]. The most recent
models that can be found in the protein database are ei-
ther obtained from X-ray fiber diffraction data (2.9Å res-
olution) or transmission electron microscopy investiga-
tions (5 Å resolution) [5]. In both cases, the Angstrom res-
olution could only be obtained by averaging over a vast
number of entities.

We shall show below that by means of low-energy
electron holography, it is possible to image individual
TMVs deposited on ultra-clean freestanding graphene.
The viruses are imaged with one nanometer resolution
exhibiting details of the helical TMV structure.

15.2.1 Materials and Methods

In our low-energy electron holographic setup, inspired
by Gabor’s original idea of in-line holography [29–31],
a sharp (111)-oriented tungsten tip acts as source for a
divergent beam of highly coherent electrons [31–34]. The
electron emitter can be brought as close as 100 nm to the
sample with the help of a 3-axis nano-positioner. The part
of the electron wave elastically scattered off the object is
called the object wave, while the un-scattered part rep-
resents the reference wave. At a distant detector, the re-
sulting interference pattern, the hologram, is recorded.
The magnification of the imaging system, given by the ra-
tio between detector-to-source and sample-to-source dis-
tances, can be up to hundred.

A hologram, in contrast to a diffraction pattern, con-
tains the phase information of the object wave, and the

Fig. 15.3 – Virus deposition on ultra-clean freestanding graphene. (a) The cleanliness of the graphene sample carrier is
first inspected by means of low-energy electron holography under UHV conditions; (b) A 0.5 ng/µl drop of TMV solution is
applied onto the substrate; (c) After waiting a few seconds for the sedimentation of the viruses, the excess water is removed
with blotting paper and (d) The sample is heated to 125◦C for 45 min.
The viruses are now ready to be imaged by means of low-energy electron holography.

66

Physik-Institut der Universität Zürich | Annual Report 2014/15



Fig. 15.4 – (a) Low-energy
electron hologram of freestanding
graphene covering a square aper-
ture milled in a Pd-coated SiN
membrane. The graphene layer ap-
pears ultra-clean. (b) and (c):
Holograms of after TMV depo-
sition. Scale bars correspond to
50 nm.

Fig. 15.5 – Low-energy electron
holograms with increasing magni-
fication and decreasing source-to-
sample distance. The electron en-
ergy amounts to 131 eV in (a),
103 eV in (b) and 89 eV in (c) and
the source-to-sample distances to
1500 nm, 450 nm and 180 nm, re-
spectively.

object structure can thus be reconstructed unambigu-
ously. The reconstruction is achieved by back propaga-
tion of the hologram, which corresponds to a Fresnel-
Kirchhoff integral transformation [35–39]. The resolution
is limited by the de Broglie wavelength (λ) and the nu-
merical aperture of the detector (NA). With λ = 0.7 Å and
NA = 0.54, atomic resolution shall be possible.

Ultra-clean freestanding graphene, covering ion
milled square-like apertures of approximately 500 nm
side length, is prepared by the platinum-metal catalysis
method [40]. Thereafter, the cleanliness of the graphene
is inspected in our low-energy electron holography mi-
croscope operating under UHV conditions. Viruses were
prepared following the recipe by Niehl et al. [41]. They
were extracted from ORMV-infected nicotiana benthami-
ana leaves, purified by precipitation and sedimentation
and re-suspended in 10 mM sodium-phosphate buffer.
For TMV deposition (see Fig. 15.3), graphene samples

prepared as described above are taken out of the low-
energy electron microscope.

15.2.2 Results and Discussion

Figure 15.4 displays low-energy electron holograms
recorded at kinetic energies of 131 eV and 125 eV. In these
images, the rod-like viruses are apparent besides traces of
dirt resulting from the sample preparation procedure.

In contrast to TEM, in low-energy electron hologra-
phy no lenses are employed and the magnification power
of the instrument can be chosen simply by changing the
distance between electron source and sample. If the field
emission current is maintained constant, the reduction of
the source-to-sample distance implies also a decrease of
the electron energy (see Fig. 15.5). With increasing mag-
nification, the interference fringes become more and more
pronounced.

Fig. 15.6 – High-magnification holograms of TMV and the respective reconstructions. (a) and (c) Holograms of TMV
recorded with 80 eV, respectively 89 eV electron energy. (b) and (d) reconstructed TMV images from (b) and (c) (inverted
grayscale). Arrows emphasize the presence of apex-like features on the rim of the TMV. These details are attributed to the
helical structure of the virus. The scale bare corresponds to 10 nm.
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Fig. 15.7 – Confronting an
atomic TMV model with the
measurements.
(a) Atomic TMV model
constructed from the avail-
able coordinates [42].
(b)-(c) Close-ups of the im-
ages in Fig. 15.6.
(d) Intensity scan along the
blue line in (b).
(e)-(f) Images as in (b)-(c)
with the atomic TMV model
superimposed.
In (b) arrows mark fur-
ther apex-like features co-
inciding with the atomic
model. In (c) the distance
between bright stripes is
marked according to the lit-
erature value of 6.9 nm for
the thickness of a subunit.

In Figs. 15.6a and 15.6c, two high magnification holo-
grams are displayed. From these holograms the shape
of the corresponding viruses is reconstructed at one
nanometer resolution (see Figs. 15.6b and 15.6d). The di-
ameter of the virus corresponds to 18 nm as expected.
Furthermore, one can observe, as emphasized by arrows
in Fig. 15.6b, apex-like features on the rim of the virus,
which we attribute to the helical TMV structure.

Given an electron de-Broglie wavelength around
1.4 Å and since in low-energy electron holography the
resolution is neither limited by lens aberrations nor
by radiation damage, Angstrom resolution may be ex-
pected. The nanometer resolution that we report here is
attributed to residual mechanical vibrations. In a low-
energy electron hologram the spacing between consec-
utive interference fringes gradually decreases towards
higher orders. Hence, high-order interference fringes and
thus finest structural details are most susceptible to such
vibrations.

Even if the current resolution is of the order of one
nanometer, one can already compare the images obtained
with low-energy electrons with an atomic TMV model
constructed by Jean-Yves Sgro [42] with the atomic coor-
dinates available from the protein database (Fig. 15.7a).
Figures 15.7b and 15.7c are close-ups of the TMV im-
ages displayed in Fig. 15.6. Once the atomic TMV model
is superimposed to match the width of the viruses (see
Figs. 15.7e and 15.7f), the apex-like features that we pre-
viously attributed to the helical structure of the virus are
now coinciding with the peaks of the helical structure in
the model.

The agreement between model and experimental data

obtained from a single particle is remarkable. To take
into account the kink in the TMV shown in Fig. 15.7e,
two copies of the model, rotated by 6◦ with respect to
each other, are superimposed on the low-energy elec-
tron images. By this, further details, marked by arrows
in Fig. 15.7b, which correspond to the helical structure
ofthe virus are now congruent with the atomic model. In
Fig. 15.7d, an intensity plot along the blue line present
in Fig. 15.6b is displayed. The distance between deple-
tions in this graph corresponds to approximately 2.35-
2.40 nm, a length that almost perfectly fits the expected
2.30 nm helical pitch from X-ray fiber diffraction investi-
gations [5, 43, 44]. Moreover, in Fig. 15.7b-c equidistant
bright stripes across the virus are visible. The distance
between these features amounts to approximately 7 nm,
which most likely corresponds to the literature value
of 6.9 nm associated with the thickness of a TMV sub-
unit [44, 45]. Such stripes have been observed in TEM in-
vestigations of uranyl acetate stained in-vitro assembled
viruses [46, 47] but, to our knowledge, never on in-vivo
purified TMV.

With this, we have demonstrated the potential of low-
energy electron holography for structural biology at the
single particle level. The mapping of any internal struc-
ture of the virus is precluded due to the thickness of
TMV. However, this limitation is only relevant for objects
thicker than 5 nm, i.e. thicker than the majority of proteins
for instance.

The current nm resolution will soon be pushed to
Å resolution by improving the mechanical stability. Fur-
thermore, we have recently reported that by employing
a slightly modified experimental setup, where a parallel
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beam of low-energy electrons is illuminating the sample,
we could image a region of 210 nm in diameter of free-
standing graphene with 2 Å resolution [48]. This scheme
will be used to image TMV with a similar resolution.

The sample preparation method used here is certainly
only applicable for a very small subset of biological enti-
ties that withstand the heat treatment. However, we have
recently shown that it is possible to electrospray deposit
in vacuo gold nanorods of 20 MDa molecular weight onto
freestanding graphene without damaging the atomically
thin substrate [12]. This demonstrates that the deposi-
tion of proteins onto graphene is within reach and con-
sequently structural biology at the single particle level
by means of coherent low-energy electron microscopy
should soon emerge.
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