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The development of systematic approaches to explore protein –
protein interactions and dynamic protein networks is at the
forefront of biological sciences. Nanopatterned protein arrays
offer significant advantages for sensing applications, including
short diffusion times, parallel detection of multiple targets and
the requirement for only tiny amounts of sample1–3. Atomic
force microscopy (AFM) based techniques have successfully
demonstrated patterning of molecules including stable proteins
with submicrometre resolution4–15. Here, we introduce native
protein nanolithography for the nanostructured assembly of
even fragile proteins or multiprotein complexes under native
conditions. Immobilized proteins are detached by a novel
vibrational AFM mode (contact oscillation mode, COM) and
replaced by other proteins, which are selectively self-assembled
from the bulk. This nanolithography permits rapid writing,
reading and erasing of protein arrays in a versatile manner.
Functional protein complexes may be assembled with uniform
orientation at dimensions down to 50 nm. Such fabrication of
two-dimensionally arranged nano-objects with biological
activity will prove powerful for proteome-wide interaction
screens and single molecule/virus/cell analyses.
The controlled assembly of proteins into bioactive nanostructures
is a key challenge in nanobiotechnology, including the potential to
develop protein chips with single-molecule resolution. AFM-based
manipulations such as nanoshaving/nanografting techniques and
dip-pen nanolithography, as well as nanopipetting, have been
successfully used for creating arrays of rather stable proteins with
submicrometre resolution under ambient conditions4–15. In
general, oxidation, dehydration in air, and organic solvents should
be avoided during protein immobilization due to the risk that they
may impair or even denature proteins, thus leading to the loss of
their biological activity. For an optimal performance, proteins
should be site-specifically immobilized and uniformly orientated.
For the case of AFM probe-based nanopatterning, the same
scanning tip should be used for imaging, structuring and readout,
allowing rapid and convenient switching between these modes.
Nanografting is an AFM-based patterning technique in which
the tip is used to disrupt a preexisting monolayer of alkyl thiols
Q1 on a gold surface, thereby facilitating exchange with alternative
thiol-linked molecules from the surrounding solution, and
already includes some of these technically important properties10.
In a recent development, self-assembled monolayers were

exchanged locally, even by cysteine-tagged synthetic proteins.
These bind directly to the gold surface, creating protein arrays16.
However, proteins directly chemosorbed onto gold are
prone to denature.
Self-assembled monolayers (SAM) of alkyl thiols are widely
used for passivation and biofunctionalization of gold substrates
in protein chip technologies. Metal complexes (such as nickel-Nnitrilotriacetic acid, Ni-NTA) are able to bind sequences of
cumulated histidines with high specificity (affinity capturing).
Oligoethylene alkyl thiols have been synthesized with such
functional NTA moieties, forming metal-chelating SAMs.
Proteins containing oligohistidine-peptide (His-) tags form a
dense and uniformly orientated monolayer on such SAMs during
immobilization17. This NTA/His-tag concept has evolved into a
standard in biological sciences for protein purification and
analysis, and is therefore ideally suited as a generic platform for
protein chip technologies. Here, we present a novel and easy-touse technology for fabrication of protein nanoarrays under fully
physiological conditions, based on metal-chelating SAMs
combined with AFM-based nanolithography. Affinity-captured
proteins are mechanically displaced in a special patterning mode
of AFM. For lateral structuring of multiple protein assemblies,
these proteins are replaced simultaneously or sequentially by
different His-tagged proteins (Fig. 1).
We performed AFM imaging in the widely used TappingMode,
where a vibrating AFM cantilever contacts the sample periodically
with the tip and where lateral forces exerted on the proteins are
largely reduced compared to the contact mode. Here, switching
from the imaging to the patterning mode is easily achieved by a
defined decrease of the setpoint of the vibrational amplitude
(Fig. 2). Imaging with amplitude feedback control works
effectively as long as the amplitude signal diminishes along with
decreasing distance between sample and cantilever. In the
amplitude signal of approach curves, two such regimes can be
seen: region I–II –III for gentle imaging with forces applied in
the range up to 1.5 nN, and region IV– V–VI for mechanical
displacement of proteins with forces from 15 nN up to 50 nN.
While approaching the surface, the cantilever oscillates in the
first vibrational mode (Fig. 2, bottom right) and the amplitude
is expected to decrease continuously to zero (Fig. 2, black
dashed line). However, beyond point III, the amplitude signal
rises again, which can be explained as the onset of a cantilever
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Figure 1 Fabrication of rewritable protein nanoarrays on SAMs by native protein nanolithography. a, Uniformly oriented His-tagged proteins are removed
(‘displacement’) with an AFM tip in COM and substituted either simultaneously or sequentially with other His-tagged proteins (‘replacement’). b, A monolayer of
proteasomes is locally replaced by different proteins in subsequent displacement and refilling processes. Proteins and protein complexes in different orientations
(here aN- or bC-His6 proteasome or maltose-binding protein, MBP-His10) are organized in nanostructured arrays and assemblies (1 – 4).

oscillation in a second vibrational mode (Fig. 2, bottom left)
with the tip in constant contact with the sample. The two
modes are characterized by two resonance frequencies: 4 kHz
in region I–II –III and 14 kHz beyond region III (see
Supplementary Information, Fig. S2). The excitation frequency
at 8.9 kHz between the two peaks enables the excitation of
each vibrational mode in dependence on the boundary
conditions. We termed this new AFM mode ‘contact oscillation
mode’ (COM). The decisive advantage of this AFM setup is the
ease of switching between gentle imaging mode (TappingMode,
region I– II– III) and a patterning mode (COM, region IV–V–
VI) just by a swift change of the amplitude setpoint (arrows
in Fig. 2).
2

As a representative example of patterning proteins in
COM, we used the multicatalytic 20S proteasome complex
(700 kDa) from Thermoplasma acidophilum18. This barrelshaped macromolecular protein complex (11 nm in diameter
and 15 nm in height) is essential for protein degradation
and, therefore, plays a fundamental role in numerous cellular
processes19–21. This protein complex was site-specifically
tethered onto NTA-functionalized gold surfaces through a
His-tag fused to the a-subunit (aN-His6 proteasomes), and
subsequently removed locally by COM (Fig. 3a). Most
importantly, during the structuring process using COM, the
self-assembled monolayer beneath the protein layer is not
functionally impaired and may be used for repeated affinity
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Figure 2 Physical principle of COM. Vibrational amplitude (red) and mean
deflection (related to a mean force, blue) of a cantilever while it approaches the
surface (displayed from right to left, origin of z is arbitrary). Parameters for gentle
imaging (tapping, light green) and detachment (COM, dark green) are indicated. By
adjusting the amplitude setpoint (preset amplitude that is kept constant through the
feedback control by correcting the sample position z), the oscillating system switches
between the two modes sketched at the bottom. The switching is indicated by the
arrows III ! V and IV ! II. The dotted line in the deflection curve describes the
correction of the detector nonlinearity and allows the calculation of forces. The scale
numbers correspond to nN for the corrected deflection. (See text for further details).

capturing of His-tagged proteins. Subsequent addition of
the same protein refilled and cured the generated pattern
quickly by self-organization (Fig. 3; see also Supplementary
Information, Movie S1).
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In order to obtain differential nanofabricated structures with
highly organized proteins, we first produced patterns with the
same protein complex but in different orientations. Depending
on the engineered position of the histidine-tag, the proteasome
complex can be forced into two different orientations on the
metal-chelating surface (Fig. 1b,2). Affinity-capturing of aN-His6
proteasomes leads to protein monolayers with a height of 15 nm
(end-on orientation, Fig. 4a,b), whereas bC-His6 proteasome
complexes are uniformly organized in side-on orientation with a
height of 11 nm (refs. 17, 22, 23). Setting the end-on orientated
proteasome as a ‘matrix protein’ and refilling the structured
areas with the side-on orientated proteasome yields a height
difference of about 4 nm between the pattern and the original
self-assembled protein layer (Fig. 4c). This high degree of
organization demonstrates the specificity of the patterning
technique.
This erase-and-write (‘displacement’ and ‘replacement’)
technique also allows more complex lateral organization of
proteins in a multiplexed manner. In order to achieve such
nanofabrication of protein assemblies, we first demonstrated
rewritability of the generated protein patterns. Affinity-captured
matrix protein (aN-His6 proteasome) was locally replaced by
maltose-binding protein (MBP) with a C-terminal His10-tag
(MBP-His10) (Fig. 1b,3). The difference in height between the
proteins amounts to 9 nm (cf. Fig. 5c), which is in good
agreement with the molecular dimensions of (MBP) (3 nm 
6.5 nm) (ref. 24). After writing and reading, the MBP pattern was
erased and replaced again by the matrix protein (Fig. 4d). The
original state of the chip was reestablished with a negligible
memory effect. Based on this important capability of writing and
erasing, we generated complex protein assemblies consisting of a
series of different proteins and protein complexes in a unique

Figure 3 Reversible in situ patterning of self-assembled protein monolayers. a, Series of AFM phase images showing detachment of affinity-captured His-tagged
proteasomes and refilling of the structured area. Uniformly immobilised proteasome complexes are detached in COM by scanning a 1-mm square. As cumulated proteins at
the edges disappear partially after several scans (see Supplementary Information, Movie SI). This accumulation does not impair specific binding of His-tagged proteins to the
metal-chelating area. The pattern disappears due to the immobilization of subsequently added proteins on the accessible metal-chelating area. The protein monolayer is
closed again by self-assembly after 40 min. AFM scans are recorded in Phase Imaging, which responds to changes on surface properties. The data scale in the phase
images represents a range of 588 . b, Original and refilled protein monolayers cannot be distinguished due to complete self-healing properties.
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Figure 4 Multiplexed, lateral organization of protein assemblies on rewritable biochips. a, Monolayer of affinity-captured aN-His6 proteasome complexes.
b, Patterns of 500-nm squares are generated with COM. The depth of 15 nm (red arrowheads) corresponds to the thickness of a monolayer of end-on oriented
proteasomes. c, bC-His6 proteasomes are affinity-captured at the free metal-chelating areas in the side-on orientation. The resulting height difference of 4 nm (red
arrowheads) between the monolayers is due to the two possible orientations of proteasomes (11 nm  15 nm). d, In erase-and-write (‘displacement’ and
‘replacement’) processes, 20-mm arrays of MBP-His10 are generated. This pattern is deleted again by detachment within a 25-mm array and refilled with aN-His6
proteasome. e, Multiplexed protein assemblies are organized within erase-and-write processes as vertical stripes in the sequence aN-His6jbC-His6jMBP-His10j
bC-His6jaN-His6 (see Fig. 1b,4). The section analysis shows the characteristic height differences of the proteins. AFM images are topographic, and the z-scale
represents 40 nm.

orientation (Fig. 1b,4). The assembly of aN- and bC-His-tagged
proteasomes with MBP-His10 and the characteristic height profile
of the resulting multiplexed array fabricated by native protein
nanolithography are shown in Fig. 4e.
Confocal laser scanning fluorescence microscopy performs
parallel and fast readout of nanostructured arrays. Due to
quenching of fluorescent species on gold25, we used glass surfaces
for the following experiments. Glass-type chips were coated with
a thin polymer brush of polyethylene glycol carrying cumulated
NTA groups, which bind His-tagged proteins with high stability
and selectivity as confirmed by solid-phase detection26. Starting
with densely packed self-assembled aN-His6 proteasome
monolayers as a matrix, arrays of Oregon Green 488-labelled
MBP-His10 (OG488MBP-His10) were fabricated on the glass-type
chips (Fig. 5a,b). This nanolithography technique enables
generation of patterns with high precision as demonstrated by
the sharp and well-resolved edges in Fig. 5a. These structures
may be as small as 50 nm, as confirmed by parallel AFM imaging
(Fig. 5c). The minimum size of the structures is only limited by
the width of the AFM tip. The depth of the arrays is 9 nm, which
corresponds to the height difference between the MBP and
proteasome monolayer, verifying the authenticity of the patterns.
The key advantage of this nanolithography technique lies in the
fabrication of protein nanoarrays under native conditions (that is,
4

aqueous buffer, physiological pH and ionic strength). Such
conditions, which preserve the functionality of proteins, are
highly desirable in biochip applications. As a representative
example demonstrating the biological activity of the
nanofabricated protein array, we monitored specific protein–
protein interaction between a ligand and its receptor. For this
purpose, the extracellular domain of the human type I interferon
receptor (ifnar2-His10) was nano-arrayed and the binding of
interferon-a2 (IFNa2) labelled with Quantum Dots was
monitored by fluorescence microscopy (Fig. 5d). This medically
relevant antivirus defence system has been shown to be highly
sensitive to immobilization procedures27, and is well suited for
proving the functional organization of fragile and dynamic
protein assemblies. The ligand IFNa2 bound exclusively to the
nano-arrayed receptor ifnar2, but not to the surrounding
protein matrix (Fig. 5d) or to arrays of MBP (data not shown).
These results demonstrate functional and specific protein
immobilization suitable for probing protein –protein interactions
in nanoscale dimensions.
We have established for the first time rewritable protein
nanolithography under physiological conditions, enabling
versatile fabrication of functional biomolecular patterns on
self-assembled monolayers and polymer-brush interfaces.
Native protein nanolithography meets the requirements of
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Figure 5 Bioactive protein nanoarrays fabricated down to 50 nm. a,b, Micro- and nanoarrays were generated by controlled, local exchange of affinity-captured
proteasome complexes (aN-His6) with Oregon Green-labelled MBP-His10 (Fig. 1b,3) and imaged by confocal laser scanning fluorescence microscopy. c, In parallel,
the smallest nanostructure was analysed by AFM, demonstrating patterns at 50-nm resolution. An approximately 9-nm deep trench (cross-section) corresponds to the
height difference between MBP and the proteasome. The AFM image is topographic, and the z-scale represents 20 nm. d, Protein – protein interactions in micro- and
nanostructured arrays: specific binding of IFNa2 S136C (red) site-specifically labelled with Quantum Dot 655 through the additional cysteine residue (green) to
immobilized ifnar2-His10 (blue) was probed by confocal laser scanning fluorescence microscopy. Strong fluorescence emission at 655 nm was detected only in the
arrays. The few nonspecifically adsorbed Quantum Dot aggregates can easily be distinguished from the prominent micro- and nanostructures. The white bars
correspond to 5 mm.

nanobiotechnology, where physiological ambient conditions are
highly desirable for ensuring the maintenance of biological
functionality during and after array fabrication. This AFM
technique permits instant switching between imaging and

replacement of immobilized proteins in their native state without
any change of the setup or the tip. The first self-assembled
protein layer acts hereby as a biocompatible and ductile
patterning material (protein resist). Affinity-captured proteins
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can be replaced by the AFM tip applying COM; the generated
structures can be erased and refilled specifically, with different
proteins, in a uniform and functional manner. This COMmediated nanostructuring has proved to be powerful for
multiplexed patterning of protein assemblies in situ. In future
work, extended multiprotein arrays and molecular assembly lines
will be systematically fabricated by iterative erase-and-write
processes and applied to protein interaction analysis and as
nanocatalytic centres. Transient, reversible patterns of proteins
will be useful for biological experiments, in which different
proteins can be written and replaced at different states, for
example, after ligand binding, formation of ternary complexes,
photoactivation or bleaching.

METHODS
SURFACE PREPARATION

Ultraflat gold surfaces were prepared according to the template-stripped gold
protocol28–30 and chemically modified with multivalent chelator thiols17. Glass
cover slips were modified with an ultrathin polymer brush26. Here, a
monodisperse a,v-bis-amino OEG18 (Polypure, Norway) was covalently
coupled through its free amine group to the surface silanized with
glycidyloxypropyl triethoxysilane (Fluka, Germany). A carboxy-functionalized
OtBu-protected bis-NTA group was coupled to the remaining amino groups on
the surface and, subsequently, the carboxyl groups of the NTA moieties were
deprotected with trifluoroacetic acid as described previously (in principle)26.
ATOMIC FORCE MICROSCOPY

AFM was performed with a MultiMode NanoScope IIIa AFM (Veeco
Instruments, Santa Barbara, CA) in a commercial glass fluid cell. For all
experiments, NP-S cantilevers with a force constant of 0.06 N m 21 (Veeco) were
used. Imaging was performed in TappingMode in HBS buffer (10 mM HEPES,
150 mM NaCl, pH 7.5) at tapping amplitudes in the order of 50 nm. Height and
phase images were recorded. The excitation frequency was at 8.9 kHz, which is
among the lowest observed thermal resonances (4 kHz and 14 kHz; see
Supplementary Information, Fig. S2). This enables the use of two different
vibration modes for imaging and detaching of proteins, respectively. The
deflection signal shown in Fig. 1a was directly recorded at the optical head. All
solutions were prepared or diluted in HBS buffer. The chelating SAMs were
activated with 5 mM NiSO4 solution for 20 min, rinsed with HBS buffer, and
incubated for 30 min at 21 8C with aN- or bC-His6-tagged proteasomes (30 nM
each). The protein to be refilled into the nanostructured areas was always applied
at a concentration of 100 nM. Proteins were expressed and purified as described
previously17. AFM data were processed with NanoScope VI software (Veeco).
FLUORESCENCE MICROSCOPY

Patterned chips were imaged by confocal laser scanning fluorescence microscopy
(LSM 510, Carl Zeiss, Jena, Germany). After structuring with OG488MBP-His10 or
interferon receptors (ifnar2-His10), the chip was transferred from the AFM to the
LSM, ensuring that the chip remained wet all the time. The activity of the nanoarrayed ifnar2-His10 receptor was probed by incubation with site-specifically
biotinylated interferon IFNa2-S136C (30 nM) conjugated with 10 nM
streptavidin-coated QuantumDot 655 (Quantum Dot Corporation, Hayward
CA). After rinsing, the chips were immediately mounted into a self-built flow
chamber and imaged using a Plan-Neofluar 63 oil-immersion objective
(NA 1.4) and an inverted microscope setup (Axiovert 200M, Carl Zeiss, Jena,
Germany). An argon laser (488 nm, 25 mW) was used for the excitation of both
Oregon Green and QuantumDot 655. Fluorescence image data were processed
with LSM Zeiss software (Zeiss).
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