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Proteins, macromolecules of almost unmatched complexity, display highly specific functionalities only when
folded into a distinct three-dimensional (3d) configuration. Protein folding, a complex self-assembly process,
thus links the protein’s functionality to the atomic arrangement of the peptide chain. Consequently the protein’s
three-dimensional shape as well as its peptide sequence are of pivotal importance for the understanding of the
processes in the living cell. Moreover, due to their exquisite functionalities, proteins are very interesting for the
applications in biotechnology. Especially the immobilization of proteins at surfaces, controlled with respect to
structure and ordering, is of great importance.
Electrospray ionization (ESI) produces intact protein gas phase ions, which allows to employ mass spectrometry
for the identification and sequencing of biological molecules like proteins with great precision. However, from
gas phase protein ions only limited information about the complex three-dimensional structure can be extracted
by ion mobility spectrometry (IMS), which condenses the complexity of the protein’s shape to just one number,
the collision cross section.

Figure 1: Scheme and workflow of the ES-IBD experiment. The protein cytochrome c proceeds through electrospray
ionization, collimate, mass selection, focusing, time-of-flight mass spectrometry and finally ion beam deposition in ultrahigh
vacuum (10−10 mbar). Samples are investigated in situ by STM. Electrospray time-of-flight mass spectra of high and low
charge states of equine cytochrome c (a) without mass selection (b) Mass selected.

Scanning probe microscopy (SPM) is capable of achieving atomic resolution and should in principle be capable of imaging individual proteins at this resolution. However, only on atomically clean samples–preferably in
an UHV environment to avoid any contamination–molecular orbital- or even atomic resolution of an adsorbate
molecule can be achieved. Since proteins, in particular in the folded state, are delicate with respect to environmental influences like heat, lack of water, or ill solvent conditions, their processing is limited to solutions or
ambient conditions. Thus vacuum processing by thermal evaporation that could produce well defined samples
for high resolution SPM imaging is hindered by the nonvolatile nature of proteins.
In this study we are aiming at the characterization of individual proteins on surfaces by STM at the amino acid
resolution level. To place the molecules on atomically defined crystalline surfaces in UHV, we use electrospray
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ion beam deposition (ES-IBD), a technique also known as ion soft landing. Similar to atoms or small molecules
from an evaporator source used in conventional molecular beam epitaxy, our advanced ES-IBD setup generates
intact molecular gas phase ions through ESI and conveys them as fully controlled, highly pure ion beams to
surfaces in UHV.[1] With this approach, folded or unfolded proteins can be deposited selectively by specifically
acidifying the electrospray solution and filtering appropriate low or high charge states, respectively.
Like in mass spectrometry, in ES-IBD molecular ions created by ESI are transferred into vacuum and proceed
through several ion optics for collimation, mass selection and focusing before they can be detected with the mass
spectrometer or used for deposition onto a surface (Fig. 1). In the present study,[2] we investigate cytochrome c
(CytC), a protein central in electron transfer processes in mitochondria and in apoptosis. It consists of 104 amino
acids (AA) adding up to a molecular weight of 12384 Da. For comparison BSA, a protein of more then 66 kDa
mass, is studied. ESI charges proteins by the addition of multiple protons, a process which can be enhanced
by acidifying the solution, e.g. with formic acid (FA). Figure 1a shows mass spectra of CytC from aqueous
solutions that contain 0.1 % and from H2 O/MeOH solutions containing 5 % FA. The characteristic peak pattern
corresponds to several charge states of CytC: +5 to +12 are detected at low FA concentration (blue curve). Upon
increasing the FA concentration to 5 % and adding the organic solvent the characteristic red color of the solution
vanishes, indicative of protein denaturation. TOF-MS yields higher charge states of up to +20 (Figure 1a, red
curve). Still, the mass of (12385 ± 6) Da measured confirms that the CytC molecules are intact.
Studies of the relation of charge state of a gas phase protein and its conformation suggest two main conformational states: unfolded proteins preferably form high charge state ions (z > +10), while folded and partially
unfolded proteins are found in low charge states (z < +8). ES-IBD thus offers to choose the type of protein
conformer to deposit by adjusting the solution to conditions, which promote folded or unfolded proteins, and
select the m/z-range of the desired charge states.
Figure 2: STM topography of
folded proteins after the deposition of low charge state
CytC ion beams.
(a) on
Cu(001). (b) on Au(111). below: Sketch of possible protein configurations: partially or
completely folded proteins, flat
laying strings or patches of unfolded protein.

To explore the molecular structure of individual folded and unfolded proteins at surfaces, beams of high and low
charge state were prepared for deposition on gold and copper surfaces. Figure 2 shows the two surfaces after
the deposition of a submonolayer coverage of low charge state, folded CytC ions. On all surfaces two types of
structural features can be distinguished: i) high, globular structures and ii) low height, string-like features on Cu
or patches on Au. It is evident that the strings found on Cu(001) correspond to unfolded protein strands, which
on Au(111) agglomerated into compact patches. The globular structures resemble the shape and size of the threedimensionally folded CytC fairly well. The absence of globular features in experiments with purely unfolded
beams is evidence, that the correspond to folded proteins. Thus the different structures observed by STM after
the deposition of low charge state CytC ion beams can be rationalized by the configurations illustrated in Fig. 2:
Globular features are observed where a folded or partially folded protein is present, while the low height features
correspond to unfolded proteins.
In the absence of the folded proteins, much better tunneling conditions would allow for molecular orbital resolved
imaging by STM. Since ES-IBD promotes isolating high charge state ions by mass selection (see Figure 1b,
red spectra) we deposited purely unfolded proteins to the surface, exposing the entire molecule to be imaged
by the STM. Moreover, the self assembly behavior of a peptide chain on the surface, governed by complex
intermolecular, intramolecular and molecule-surface interactions, is fundamentally interesting to be compared
to three-dimensional folding and may serve as a new way to fabricate surface supported nanostructures. In
principle, the manifold of interactions promotes self-assembly at a surface given sufficient mobility, whereas
the folding into a three dimensional structure or even into the protein seems highly unlikely to occur due to the
binding to the metal surface.
The results of the deposition of high charge states resemble the observations after the deposition of low charge
state ions, but with the globular structures entirely absent. String shaped adsorbates are observed on the otherwise
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Figure 3:

STM topographies of unfolded cytochrome
c deposited from ion beams of
high charge state. (a) CytC
on Cu(001), large scale image. (b) Magnified topograph
showing two peptide stands on
Cu(001) with molecular substructure. (c) Other proteins,
here BSA, reproduce equivalent
structural features on Cu(001).
High resolution topograph of
a section of an unfolded BSA
molecule showing lobes separated by 0.5 − 0.8 nm along
the chain. (d) Unfolded CytC
on Au(111). (e) Magnification
of compact patches of CytC.
Two small patches of approx.
40 nm2 represent one protein
each, the large patch of 80 nm2
comprises two strands.

clean Cu(001) surface after the deposition (Fig. a,b). A statistical analysis yields a length of 25 ± 3 nm for the
observed strands, showing that they all correspond to single protein molecules.
On Cu(001) at room temperature no pair of CytC molecules with the exact same adsorption configuration can be
found. The unfolded CytC protein ions are immobilized immediately upon contact with the strongly interacting
Cu(001) surface. The observed geometry is a close approximation of the gas phase ion’s configuration projected
to the surface, and can be described by the wormlike-chain-model for free random polymers.[3] In contrast to
the extended chains observed on Cu(001), after the deposition of high charge state CytC ion beams on Au(111),
compact patches corresponding to individual molecules are observed. These flat, compact structures are the
result of attractive intramolecular interactions because the peptide strand is still mobile on the surface.
Individual peptide chains on Cu(001) are shown in Figs. b,c, each composed of many protrusions of varying
size. The variation of the intensity in the lobes is related to the local density of states, which depends on the AA
sequence.
Our results show that ES-IBD is a method to efficiently prepare high quality surfaces selectively coated with unfolded as well as folded proteins. Such samples can be useful for many high performance measurement methods
targeting fragile, complex molecules like proteins. Extended unfolded proteins immobilized for instance on the
copper surface could be used to identify single amino acids using vibrational fingerprints from inelastic tunneling spectroscopy—the sequencing of an individual protein as ultimate goal. Besides the analytical capabilities,
two-dimensional self-assembly of oligopeptide- or even protein chains is another vision arising from this study.
The self-assembly of the peptide strands into compact, albeit irregular, patches observed on the Au(111) surface
illustrates the possibility of two-dimensional folding.
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