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Imaging of proteins at the single-molecule level can reveal con-
formational variability, which is essential for the understanding
of biomolecules. To this end, a biologically relevant state of the
sample must be retained during both sample preparation and
imaging. Native electrospray ionization (ESI) can transfer even the
largest protein complexes into the gas phase while preserving
their stoichiometry and overall shape. High-resolution imaging
of protein structures following native ESI is thus of fundamental
interest for establishing the relation between gas phase and so-
lution structure. Taking advantage of low-energy electron holog-
raphy’s (LEEH) unique capability of imaging individual proteins
with subnanometer resolution, we investigate the conforma-
tional flexibility of Herceptin, a monoclonal IgG antibody, de-
posited by native electrospray mass-selected ion beam deposition
(ES-IBD) on graphene. Images reconstructed from holograms re-
veal a large variety of conformers. Some of these conformations
can be mapped to the crystallographic structure of IgG, while
others suggest that a compact, gas-phase–related conformation,
adopted by the molecules during ES-IBD, is retained. We can steer
the ratio of those two types of conformations by changing the
landing energy of the protein on the single-layer graphene sur-
face. Overall, we show that LEEH can elucidate the conformational
heterogeneity of inherently flexible proteins, exemplified here by
IgG antibodies, and thereby distinguish gas-phase collapse from
rearrangement on surfaces.

low-energy electron holography | single-molecule imaging | native
electrospray ion beam deposition

Proteins are dynamic objects whose biological function is often
tied to structural changes (1–5). Mapping this conformational

variability and associated dynamics is one of the major chal-
lenges in protein structure determination (6, 7). To this end,
high-resolution imaging capable of resolving submolecular detail
plays a central role because protein interactions occurring on the
submolecular or atomic level are linked to conformational or sto-
ichiometric changes in higher levels of the structural hierarchy;
i.e., structural motifs, domains, or entire subunits are influenced
(1, 8).

X-ray crystallography, cryogenic electron microscopy, and
NMR are the leading techniques for atomically resolved
structure determination from protein ensembles (9–13), which,
in the case of NMR, includes information about protein dynamics
on various timescales (14, 15).

For imaging conformational variability of inherently flexible
proteins such as antibodies, single-molecule techniques (16, 17)
have the advantage of being able to access the full conformational
space given by the flexibility of the protein. Specifically, in the
case of antibodies, understanding this flexibility can help in the
development of antibody-based therapeutics (18–20). Recent
developments toward the imaging of single macromolecules
include coherent diffraction with free electron lasers (XFEL)
(21–23), scanning probe microscopy (24–26), tomographic

methods in electron microscopy (16, 17), and low-energy electron
holography (LEEH), the method used here. LEEH (27–29)
operates at electron energies of 50 to 150 eV, which results in
negligible radiation damage and high contrast. Recently, LEEH
has been shown to be capable of imaging nanoscale objects (30)
and individual proteins at a spatial resolution in the range of 1 nm
(31). To apply an imaging method such as LEEH to a biological
question, the sample preparation procedure and imaging method
have to maintain a biologically relevant state of the specimen.
Simultaneously, LEEH requires ultrapure substrate conditions,
which suggests a vacuum-based deposition method. Thus, the
ideal sample preparation method for the imaging of proteins
with LEEH is native electrospray ion beam deposition (ES-IBD)
(31, 32) (see Materials and Methods for details). Native elec-
trospray ionization (ESI) provides protein ions of intact
stoichiometry and three-dimensional shape, which has been
confirmed by structure-sensitive gas-phase measurements, for
instance by ion mobility spectrometry (33–35). Subsequent
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deposition of these molecular gas-phase ions on surfaces in
ultrahigh vacuum (UHV) (p ≈ 10−10 mbar) yields an ultrapure
sample, ideal for LEEH microscopy.

Until now, only systems without a high degree of flexibility,
i.e., small, compact proteins (31) and suspended macromolecules
(30, 36, 37), have been successfully imaged by LEEH. Sample
preparation based on native ESI, however, is able to deliver
mass-selected native protein structures as large as an entire virus
(38) or as intricate as a membrane protein receptor complex
embedded in membrane mimetics (39, 40) into the gas phase and
onto the surface. Deposition under vacuum conditions enables
the imaging of large and flexible proteins and protein complexes
with LEEH.

Native ES-IBD, however, involves several processes that
can potentially alter the protein’s conformation (41): a liquid–
gas-phase transfer, the electrospray ionization process, the
transfer of the molecular ions into vacuum, and a collision
with freestanding graphene upon deposition. Thus, we are
presented with two questions: 1) whether LEEH, at the
present subnanometer resolution, can elucidate the different
conformations assumed by large and flexible proteins following
deposition onto freestanding graphene and 2) to what extent the
observed protein conformations are influenced by the ES-IBD
process, specifically by native ESI, the gas-phase flight, and the
subsequent landing on the graphene surface.

Here, we demonstrate the imaging of individual Herceptin
molecules, a monoclonal IgG antibody, deposited by native ES-
IBD on ultraclean freestanding single-layer graphene (SLG).
We use a newly constructed LEEH instrument, in combination
with our mass-selective ES-IBD method (32), to record and
analyze a large number of holograms. LEEH imaging of the
deposited proteins reveals a multitude of structures, which can
be interpreted as intact antibodies in different conformations. We
find that the understanding of both the gas-phase conformation
and the landing process are crucial for interpreting the protein
conformations observed on the graphene surface. The majority
of the molecules appear in a compact conformation, which is
presumably due to gas-phase folding about the hinge region in
the flexible antibody structure. Other conformations, tied to en-
ergy transfer upon landing on the surface, feature more extended
hinge regions and can be mapped to the known crystallographic
structure of IgG antibodies.

Results and Discussion
IgG antibodies are glycoproteins consisting of four peptide
chains (two heavy chains and two light chains) that interconnect
to form three subunits, each of which is composed of two
peptide chains that form a loop around a cavity. The subunits are
arranged in a characteristic Y shape constituted by two antigen-
binding Fab subunits and the Fc subunit, which mediates the
biological function. The hinge region connecting the subunits
exhibits a high degree of flexibility, which allows each of the
subunits to move and reorient independently. This flexibility
is crucial for antibodies to fulfill their biological role (16, 42)
and is reflected by a remarkable variety of possible antibody
conformations. Because of this flexibility, the imaging of
antibodies poses a substantial challenge for techniques relying
on averaging over many molecules (7, 17). Thus, antibodies are
ideal candidates for exploring protein flexibility on the level of
individual molecules with LEEH.

Herceptin molecules (molar mass 149 kDa) are deposited on
freestanding single-layer graphene following native ES-IBD and
mass-to-charge selection in a time-of-flight mass spectrometer
(43) (Fig. 1 A and B). Native ES-IBD inherits accurate control
over the chemical identity and protein fold from the use of
native ESI (39, 40, 44, 45) and combines it with controlled,
gentle deposition of the mass-selected species in UHV (31). Soft
landing at low kinetic energies ensures that the molecules remain
chemically intact upon impact on the substrate (25, 26, 31, 43,
46–49). Mass spectra recorded before deposition (Fig. 1B) show
that the molecules are chemically intact and retain a tertiary
structure close to the native conformation (41, 44, 50). We refer
to the antibody gas-phase ions as native-like to indicate that
changes in environment during the sample preparation process
might have induced deviations from the native structure of the
proteins in solution, such as side-chain collapse (51) or subunit
rearrangement (41).

After deposition, the proteins are investigated by LEEH
(Fig. 1C). Images of the proteins are obtained from holograms
by numerical reconstruction. We employ a one-step propagation-
based reconstruction algorithm (52), which results in a two-
dimensional (2D) amplitude image that maps the absorption
of the imaged protein (see Materials and Methods for details).

LEEH is a single-molecule imaging method, and hence we
can access the entirety of different conformations the antibodies
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Fig. 1. Deposition and imaging workflow for native ES-IBD/LEEH. (A) Scheme of the native ES-IBD process, proceeding from solution through the gas phase
to soft-landing deposition. Before deposition, the beam is mass selected to ensure that only the relevant species land on the surface. (B) Mass spectrum of
the Herceptin deposition beam after mass selection. The low charge states indicate that the proteins are in native-like conformations. (C) Scheme of the
LEEH measuring and reconstruction process.
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Fig. 2. Y-shaped conformation. (A) Amplitude reconstruction of an individual antibody molecule. All three subunits and the hinge region are clearly
distinguishable. In the hinge region, two strands stem from the bottom subunit identifying this subunit as the Fc subunit. The two Fab subunits (top) are
captured in different orientations; on the top left subunit, the cavity in the center of the subunit appears as a bright spot. (B) Model of the antibody
conformation observed in A, obtained from the 1IGT crystallographic structure by bond rotation in the hinge region. The sizes of the individual subunits
are in close agreement; the slight deviations are likely due to additional degrees of freedom in the hinge region that have not been included in the model.

assume on the SLG surface. Some of the conformations show
the characteristic Y shape (53, 54) with three distinct subunits
known from the crystallographic models (Fig. 2A and see Fig.
A–C). Additionally, structures with two distinguishable subunits
(see Fig. 4 E–G) and compact structures without substructure
(see Fig. 5 C and D) are observed. The correct interpreta-
tion of the molecules that do not appear Y-shaped requires an
in-depth consideration of the processes occurring during native
ES-IBD. These processes include conformational changes occur-
ring in the gas phase, deposition on the surface, and adsorption
in different molecular geometries. Before we discuss this in
detail, we focus on the subset of antibody molecules presenting
Y-shaped structures.

Fig. 2A shows a high-resolution image in which the size of the
smallest resolved features is 5 Å. The features of the antibody are
readily recognized: The molecule resembles the characteristic Y
shape of the antibody structure with three clearly distinguishable
subunits. The size of the molecule and its subunits match the
expected sizes based on X-ray crystallography data of IgG anti-
bodies (53–56). We identify three major subunits, interconnected
by a well-resolved hinge region of two discernible peptide chain
segments originating from the lower subunit. This feature of the
hinge region, along with the lower subunit’s slightly larger dimen-
sions, allows its identification as the Fc subunit. The other two
high-contrast regions in the upper part of Fig. 2A are hence the
Fab subunits. Beyond the identification of the subunits, further
detail can be inferred: The two separate dark areas in the Fc
subunit can be interpreted as the two heavy chains constituting
this part of the antibody, with the area of low contrast dividing
the peptide chains marking the hydrophobic pocket hosting the
glycan chains.

The reconstruction of holograms yields 2D images, which can
be interpreted as projections of the individual molecules along
the optical axis. Thus, different molecular configurations will
be mapped to different shapes. Depending on their orientation
with respect to the surface, the shape and size of the antibody
subunits, as well as the visibility of the cavity, can vary signifi-
cantly. The experimentally observed shapes can be reproduced by
merely rotating the subunits around the hinge region, assuming
a flexible hinge and intact, rigid subunits. The best-fitting struc-
ture for the molecule presented in Fig. 2A is shown in Fig. 2B
(also SI Appendix, Fig. S2). We find that the two identical Fab
subunits are captured in different orientations: The right Fab

subunit exhibits a compact shape, and the left subunit presents
a torus-like shape with an area of low contrast in its center that
can be interpreted as the characteristic cavity in the subunit
structure. Depending on its orientation, the Fab subunit can
indeed appear in a variety of shapes, including both the com-
pact and the torus-shaped forms observed in Fig. 2. The range
of this variety, especially regarding subunit size, is depicted in
Fig. 3.

The intrinsic flexibility of the hinge region, which is manifest at
the single-molecule level as evidenced in Fig. 2, allows the sub-
units of one molecule to reorient independently. This results in a
large number of subunit configurations that map to significantly
different appearances of subunits in the reconstructed images of
different antibody molecules. The examples of experimentally
observed Y-shaped antibody molecules shown in Figs. 2A and
4 A–C display a wide variety of subunit shapes and sizes. The
variations observed in the overall size of the molecules can be
justified by noting that subunits can not only reorient by rotation
around the hinge region within the substrate plane, but also
rotate out of this plane, which effectively decreases the apparent
distances between subunits. The statistical distribution of the
sizes of individual subunits (Fig. 3A) matches the expected size
distribution for the subunits of the crystallographic model (55)
under different orientations (indicated in Fig. 3B). The agree-
ment of measured and expected size distributions of the individ-
ual antibody subunits, as well as the observation of characteristic
structural features such as the cavity, suggests that individual
antibody subunits, which are in themselves more rigid than the
full antibody structure, retain their conformation during the
ES-IBD process even when the antibody as a whole changes
shape due to the flexibility of the hinge region.

We can reproduce the plethora of experimentally observed
structures from the crystallographic model by simulating the
flexibility of the hinge region via a stepwise rotation of the ϕ
and ψ angles of the Gly-236 residues (55) of both the heavy
chains by 60◦, sampling 64 = 1,296 different configurations
(SI Appendix, Fig. S2). Among them, roughly 400 configurations
with three clearly distinguishable subunits can be identified.
From each of these structures, many projections are gener-
ated for different viewing directions. A visual comparison
of these projections with the experimental data allows the
identification of suitable matches (Fig. 4 and further detail in
SI Appendix, Figs. S2 and S3).
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Fig. 3. Subunit size and shape. (A) Size distributions (length and width) of individual distinguishable subunits. Length and width, longer and shorter
distance, respectively, were measured at right angles as indicated by the blue and red lines in Insets. (B) Projections of the 1IGT crystallographic structure
and its individual subunits. The arrows indicate the direction of projection. Projection directions were chosen to display maximal differences in shape and
size expected for subunits of different orientation. Given the flexibility of the hinge region, these projections indicate the range of shapes and sizes the
antibody subunits can assume on the surface. Comparison of the experimental distribution in A to the size range obtained in B suggests that the antibody
subunits remain intact upon landing on the surface.

While this model creates many projections that show three
distinct subunits, the majority of the projections obtained feature
overlapping subunits, and hence fewer than three subunits can
be clearly distinguished. Likewise, in the experiment, only 2%
of the antibody molecules appear as Y-shaped with three clearly
identifiable subunits, which correspond to Y-shaped conforma-
tions adsorbed in a flat geometry (Fig. 4D).

In addition, two types of structures can be identified: A total of
20% of the analyzed molecules (1,259 molecules in five separate
experiments) lead to images with two distinguishable subunits
(Fig. 4 E–G) and around 78% of the observed molecules are
compact structures with no discernible substructure, neither
subunits nor cavities (Fig. 5 C and D). The structures in which
only two subunits can be distinguished can be understood as
projections of molecular configurations that are adsorbed on
the graphene in a vertical geometry, as schematically depicted
in Fig. 4H, with at least one subunit rotated out of the surface
plane. In a vertical geometry, the antibody interacts with the
graphene only via one or two of its subunits leading to a partial
(Fig. 4F) or complete (Fig. 4G) eclipse of the third subunit
when viewed as a projection onto the graphene plane. This
interpretation is supported by the fact that a third subunit is
partially recognizable in some of these structures (Fig. 4F).
The subunits observed in these conformations match the
intact subunits of the crystallographic model in size and shape
(Fig. 3). Additionally, in some images, one of the two subunits
appears larger than the other, which is indicative of partially
overlapping subunits (for example, Fig. 4E). Because of the
flexibility of the molecule, the resulting vertical conformations
are diverse in appearance; further examples are given in
SI Appendix, Fig. S4. Vertical antibody adsorption geometries,
as proposed here, have also been observed using other imaging
techniques, e.g., in a combined atomic force microscopy
and molecular dynamics investigation, both in water and in
air (57).

While the dimensions of the species with two distinguishable
subunits are congruent with out-of-plane antibody geometries,
the compact structures do not match the projections obtained
from Y-shaped antibody conformations. The dimensions of the
latter structures are larger in comparison with the length and
width distribution expected of the individual subunits (Fig. 5 A

and B); hence these structures cannot be individual subunits. This
suggests that the compact conformations are intact antibodies
whose subunits are in significant overlap, which results in the lack
of observable substructure.

To explain the origin of the different classes of antibody
structures (structures with distinguishable subunits and compact
structures) observed on the surface and how they relate to
the antibody’s native conformation, we need to consider the
influence of the entire sample preparation process of ES-IBD
on the protein structure. The conformation of a flexible protein
can change at several points in this process: during ionization,
gas-phase flight, collision with the graphene surface, and due
to adsorption interaction. Mass spectrometry and ion mobility
measurements have shown that antibodies neither unfold nor
fragment in the gas phase; i.e., their collision cross-sections are
in the range expected for native-like protein structures and the
peaks observed in the mass spectra correspond to the intact
protein (41, 58, 59). We additionally verified that the structures
we observe are tied to native-like conformations by comparing
them to structures obtained by deliberately denaturing the
proteins in solution, which leads to a significant change in both
the mass spectrum and the size distribution of the molecules
observed on the surface (SI Appendix, Fig. S5). However, ion
mobility measurements along with corresponding molecular
dynamics simulations suggest that the tertiary structure of flexible
proteins collapses onto itself in the gas phase during native
ES-IBD (41, 60–62). This is reflected in the collision cross-section
(CCS) measurements: The CCS of the gas-phase antibody
measured by ion mobility (6,827± 81 Å

2
) (41) is significantly

smaller than the CCS calculated for extended structures (e.g.,
9,780± 30 Å

2
for the Protein Data Bank structure 1IGT) (55).

In the case of antibodies, the highly flexible hinge region plays a
key role since it allows the subunits to come into close contact
(41, 60). Compact structures without distinguishable subunits
observed on the surface can hence be interpreted as chemically
intact antibodies that have collapsed in the gas phase and
retained a compact conformation upon landing on the surface. To
substantiate this interpretation, we compared the sizes of three
different collapsed antibody structures simulated by Hansen et al.
(41) that match the reduced CCS to our experimental data. These
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Fig. 4. Diversity in antibody adsorption geometry. (A–C) Amplitude reconstructions of individual antibody molecules in a flat adsorption geometry, depicted
schematically in D, and corresponding conformations obtained from the PDB model. For all three molecules, the three subunits are clearly distinguishable,
and the visibility of the hinge region and the cavities of the subunits varies. (A) Hinge region not visible, cavities can be seen on all three subunits. (B) Hinge
region partially visible, cavity visible on one subunit (top left). (C) Hinge region partially visible, no cavities can be seen. (E–G) Amplitude reconstructions of
individual antibody molecules in a vertical adsorption geometry schematically depicted in H. All three molecules have two clearly distinguishable subunits
with the third one partially visible in F. The fact that one of the subunits appears larger in both E and G could indicate a contribution of the third subunit
located above the other subunits as sketched in H. All six images correspond to a field of view of 25 × 25 nm2.

models yield a length range of 6 to 12 nm and a width range of 5
to 9 nm, which is in good agreement with the experimental size
distributions found here (Fig. 5 A and B).

Despite the strong indication that antibody molecules collapse
in the gas phase, we observe a significant population of molecules
with an extended hinge region that fit the Y-shaped antibody
structures known from crystallography, both in flat and vertical
geometries. There are two possible explanations for the occur-
rence of these extended structures on the surface. On the one
hand, the extended conformations could already be present in the

gas phase and retained upon landing on the surface. On the other
hand, these structures could result from the landing process.
Since both ion mobility measurements and the corresponding
simulations (41) suggest that extended gas-phase conformations
are very unlikely, the former process would not significantly
contribute to the number of extended structures on the surface.
This is further confirmed by the fact that collision cross-sections
calculated from the models associated with the extended struc-
tures (Fig. 4) using the software tool IMPACT (63) yield CCSs in
the range of 9, 700± 100 Å

2
, which is significantly larger than the
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of molecules were evaluated at each landing energy: 378 molecules at 0.5 eV, 1,259 molecules at 5 eV, 382 molecules at 10 eV, and 239 molecules at 25 eV.

experimentally observed values (41) and correlates more closely
with the values calculated from the crystallographic model.

Generally, the landing of a three-dimensional flexible object
has to be considered as a transition from a gas-phase conforma-
tion into an adsorption conformation (25). This transition is char-
acterized by the conversion of translational kinetic energy upon
landing (46, 64); hence, kinetic energy transfer is a defining factor
regarding possible structures on the surface. Charge transfer
and adsorption interaction, between molecule and surface, also
influence the adsorption conformations. Since we do not observe
molecular motion or diffusion during the measurement, we can
exclude thermal energy as a factor that influences the surface
conformations. The occurrence of extended antibody confor-
mations on the surface can thus be related to the dissipation
of kinetic energy during the landing process or the adsorption
interaction, which can convert collapsed molecules into extended
conformations. Whether the transition from a collapsed into an
extended structure occurs depends on the orientation of the
molecule upon impact and strongly on its kinetic energy (46,
65). The molecules are slowed down to landing energies of less
than 5 eV per charge, and hence the kinetic energy at impact
is around 110 to 130 eV per molecule at charge states between
+22 and +26. This translates to ∼10 meV per atom, which is less
than the thermal energy at room temperature (kBT = 25 meV)
and hence far from a reactive collision regime (65). However,
this energy is mostly transferred into soft vibrational modes of
the molecule as well as into the deformation of the surface.
As a consequence, major conformational changes coupled to
these soft modes can occur even at low collision energies, while
changes in primary and secondary structure are unlikely. For a
collapsed antibody, soft modes can be the rotations of the subunit
around the hinge region. These processes favor extended surface
conformations with increasing deposition energy (46). Experi-
mentally, we have observed a dependence of the conformation of
the antibody molecules on deposition energy. The percentage of
extended structures with distinguishable subunits increases from
11± 2% at the lowest landing energy of 0.5 eV per charge to

22± 4% at a landing energy of 5 to 10 eV per charge and to
33± 3.5% at 25 eV per charge (Fig. 5E). This means that more
molecules present collapsed adsorption conformations when de-
posited at very low landing energy.

Considering that even high-energy protein–surface collisions
of 500 eV per charge, as used in surface-induced dissociation
(SID) (66, 67), yield folded subunits recoiling from the sur-
face, we can conclude that the antibody subunits remain intact
upon landing at the energies used in our experiments. Thus, our
observation of the dependence of the distribution of antibody
appearance on the deposition energy further underpins the idea
that the compact structures observed are indeed collapsed and
that both extended and collapsed conformations are chemically
intact antibody molecules with folded subunits.

Conclusion
We have shown the potential for nondestructive imaging of highly
flexible proteins at subnanometer resolution using LEEH. Our
investigation of individual antibody molecules evidences a large
structural variability, both of the molecules’ subunit orientation
and of the overall molecular geometry, as expected for such a
highly flexible protein. This large array of conformations includes
the antibody structures known from other imaging methods.

Furthermore, we found that the sample preparation process
plays a crucial role in shaping the molecular conformations on
the surface. While the deposited proteins retain their primary,
their secondary, and a native-like tertiary structure, both the
transition from solution into the gas phase and the landing on a
surface can induce conformation alterations, such as a collapse
of the molecules onto themselves in the gas phase and the
recovering of extended conformations due to surface collisions.
This specifically allows us to image proteins that retain structures
reminiscent of the gas-phase conformations and to compare
them to known crystallographic structures, which is an important
consideration for the many applications of structural biology in
the gas phase (68). Furthermore, our study allows us to assess the
conformational changes induced by the surface interaction.
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Overall, we have shown that LEEH can already serve as a
complementary method to other imaging techniques in eluci-
dating flexible protein structures. Future research toward single-
molecule protein structure determination will have to focus on an
improved resolution and full three-dimensional reconstruction
as well as on controlling the protein conformation during the
landing process.

Materials and Methods
Low-Energy Electron Holography. Our LEEH microscope is set up in an in-
line holography geometry as originally suggested by Gabor (69). The sample
is illuminated by low-energy electrons (50 to 150 eV) that are emitted
by a sharp tungsten tip brought in close distance (ca. 200 to 500 nm) to
the graphene. The pattern emerging from the interference between the
wave scattered by the proteins and the unscattered reference wave forms
the hologram, which appears on the fluorescent screen of a microchannel
plate detector (Fig. 1C) and is reconstructed numerically. By tuning the
tip–sample distance, it is possible to adjust the magnification factor (up
to magnifications of 107 for the system presented here), permitting the
acquisition of both survey images (SI Appendix, Fig. S1) and holograms of
individual molecules. Our LEEH microscope operates at a base pressure of
10−10 mbar and under room temperature conditions. The tungsten tip
emitters are prepared by electrochemical etching followed by annealing in
UHV.

LEEH requires an atomically clean, electron-transparent substrate. Thus,
the proteins are deposited by native ES-IBD in UHV on SLG. SLG is the
substrate of choice for LEEH imaging because it is transparent for electrons
even at the low electron energies used in LEEH. Furthermore, graphene is
conductive, which is essential for distortion-free imaging as it provides an
equipotential surface at the sample and reduces possible charging effects.
Additionally, the interaction of SLG with proteins is mediated by weak van
der Waals forces minimizing potential structural alterations of the proteins
due to substrate interactions (70).

Preparation of Ultraclean Graphene. Single-layer graphene can be fabricated
and maintained in an ultraclean state. We follow the protocol described
in ref. 71: Flakes of poly(methyl methacrylate) (PMMA) coated graphene
are fished on transmission electron microscopy grids (500-nm holes, plasma
cleaned and sputter coated) and then heated up to remove the PMMA and
transferred into vacuum. The cleanliness of the graphene is ascertained by
LEEH before molecules are deposited.

Protein Preparation. The antibodies are stored in buffer (Tris-buffered saline
solution, pH 7.6), which is exchanged with 200 mM ammonium acetate via a
biospinning process. The concentration of the spray solution was 0.5 mg/mL.

Native ESI and Preparative Mass Spectrometry. Native ESI is used to bring
the antibody molecules into the gas phase from a buffered solution, using
low ionization voltages (1 to 1.5 kV) applied to very sharp metal-coated
glass emitters to avoid unfolding of the molecules during the ionization
process. The temperature at the air–vacuum interface is kept at 70 ◦C and
minimal voltage offsets for activation with background gas collisions are
used. This process yields protein ions of native-like conformation, which are
guided into vacuum, where an ion beam of defined kinetic energy is formed.

A quadrupole mass filter and a time-of-flight mass spectrometer are used
to characterize and select molecules whose m/z ratio corresponds to the
native-like species for deposition (Fig. 1B). The m/z filter range (5,500 to
7,000 u/e) used for deposition corresponds to folded antibody structures
of low charge states (z = +22 to +26) as established by ion mobility
measurements (41). Deposition is carried out in UHV (p ≈ 10−10 mbar).
The landing energy of the proteins can be tuned by applying a retarding
voltage to the sample. The coverage is controlled via a current measurement
at the sample to guarantee the deposition of isolated proteins. After the
deposition, the sample is transferred to the LEEH microscope using a UHV
suitcase (p ≈ 10−10 mbar). This method ensures the high chemical purity
of the sample required for LEEH characterization. First, it provides the
conditions for generating high-resolution holograms by creating a well-
defined environment for the individual proteins that is free of additional
scatterers. Second, the chemical control over the deposited species, achieved
by preparative mass spectrometry, facilitates the interpretation of the data
due to the unambiguous chemical identity of the deposited proteins.

Reconstruction. The method of reconstruction used here is a propagation-
based method that stems from a wave-optical approach to holography
(52, 72). In the case of reconstruction, the propagation of the hologram
multiplied by the reference wave from the detector plane to the image plane
is expressed in integral form, yielding a Kirchhoff–Fresnel diffraction integral
of the form

U(x, y) = −
i

λ

∫ ∞

−∞

∫ ∞

−∞
H(X, Y)R(X, Y)

e−ikρ

ρ
dXdY

with ρ =
√
(X − x)2 + (Y − y)2 + (Z − z)2, where U(x, y) approximates

the wave scattered by the object (exit wave). This integral has the form of a
convolution:

U(x, y) = (H · R) ∗ S,

S(X, Y) =
e−ik

√
X2+Y2+(Z−z)2

√
X2 + Y2 + (Z − z)2

,

where S is a propagation function.
The convolution theorem allows us to carry out the analysis in Fourier

space. The exit wave can hence be expressed as

U(x, y) = F−1
(F(H · R) · F(S)).

The amplitude reconstructions shown in this work are obtained by taking
the absolute value of the complex-valued exit wave.

To simplify things further, we make use of the fact that the opening angle
of the beam is small, which allows us to use the paraxial approximation to
linearize the square root appearing in the propagation function.

Data Availability. All data needed to evaluate the conclusion in the paper
are present in the paper or SI Appendix.
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