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Single-Molecule Cut-and-Paste
Surface Assembly
S. K. Kufer,1 E. M. Puchner,1 H. Gumpp,1 T. Liedl,2 H. E. Gaub1
We introduce a method for the bottom-up assembly of biomolecular structures that combines
the precision of the atomic force microscope (AFM) with the selectivity of DNA hybridization.
Functional units coupled to DNA oligomers were picked up from a depot area by means of a
complementary DNA strand bound to an AFM tip. These units were transferred to and deposited on
a target area to create basic geometrical structures, assembled from units with different functions.
Each of these cut-and-paste events was characterized by single-molecule force spectroscopy and
single-molecule fluorescence microscopy. Transport and deposition of more than 5000 units were
achieved, with less than 10% loss in transfer efficiency.

F

unctional biomolecular assembly aims to
create structures from a large variety of
biomolecular building blocks in a geometrically well-defined manner in order to create
new functions (1, 2), such as artificial signaling
cascades or synergetic combinations of enzymes.
Hybrid devices could include quantum dots coassembled with dye molecules, or gold particles
assembled as plasmon hot spots with a sample
protein positioned into the focus (3). One way to
assemble such molecular devices would be to
physically pick up the different units needed with
a scanning probe tip, translocate these units to a
different location, and deposit them with high spatial precision (4–6). The entire process would also
have to be carried out in an aqueous environment.
For the translocation of nanoscale objects, we
used atomic force microscopy, which has been
used in this context for mechanical single-molecule
experiments (7–12) or lithography (13, 14); however, previously suggested devices include the
use of molecular pliers at the end of atomic force
microscope (AFM) cantilevers that could grab
and release the building blocks, triggered by an
1
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external signal of either electrical or optical nature (15). We report a simpler and robust solution
based on DNA hybridization and hierarchical
bonds defined by different unbinding forces.
A well-sorted “depot,” with a large variety of
molecular species, stably stored in well-defined
loci, is a prerequisite for the assembly of a multicomponent device. DNA chips offer a freely
programmable pattern of oligomers that are commercially available and have spot sizes in the
submicrometer range (16). Niemeyer et al. (17)
converted such a DNA pattern into a protein
pattern by binding a DNA-labeled protein to its
corresponding spot on a DNA chip. The length
of the oligomers can be chosen so that after
incubation and stringent washing, a thermodynamically stable pattern of proteins is obtained.
Given the known sequence map of the DNA
chip, different molecular species can be stored in
a known position on the depot chip. Alternatively, when only a limited variety of building blocks
is needed, microfluidic elastomer channels may
be used to create patterns (18–20) of building
blocks, which after removal of the elastomer may
be manipulated with the AFM tip (fig. S3).
We used this approach to store our functional
units and also extended the DNA oligomers to
fulfill a second function; namely, to serve as a
handle (Fig. 1). This additional stretch of DNA
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can hybridize to a complementary DNA covalently attached to an AFM tip. We chose the
duplexes to be comparable in length and binding
free energy, but we selected the sequences so
that the anchor hybridizes in the so-called
“unzip” geometry and the handle hybridizes in
the “shear” geometry [Fig. 1 and (21)]. These
two duplex geometries differ substantially in that,
upon forced unbinding, the zipper duplex is
opened up base pair by base pair, whereas in the
shear geometry, all base pairs are loaded in parallel (Fig. 2 and fig. S1). Although the thermodynamic stability and the spontaneous off rate of
both geometries are comparable, their rupture
forces differ dramatically (22), as has been shown
experimentally and was validated theoretically in
several studies (21, 23–27). Thus, upon retraction
of the AFM tip, the anchor duplex will break open
and the functional unit will be bound to the tip.
As can be seen in Fig. 2C, these force distance curves provide a characteristic fingerprint
and serve as a robust criterion to decide whether a
molecule was picked up from the depot. To avoid
multiple transfers, we chose the density of the
anchors on the tip to be low enough that in 35%
of the attempts, only one unit was picked up, and
in 20% of the attempts, just two units. In 20% of
all attempts, we recorded traces like the lower
two in Fig. 2C, which showed that we had not
picked up any unit (fig. S5D). Because we
recorded such a force distance curve for every
pickup, we knew exactly how many units were
transferred to the tip. The pickup process can be
corrected online by either picking up more units
or by dropping excess units in a “trash can” on
the target area.
Once a unit is transferred to the tip, it can be
moved to its new position on the target area. The
target area had surface chemistry similar to that
of the depot area, but the anchor oligomers
were chosen so that when the tip was lowered,
they bound to the transfer DNA in shear geometry and formed a duplex, which was longer
than the handle duplex. Although the AFM tip
can be positioned with subnanometer reproducibility, the precision with which the units can be
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deposited is limited by the lateral density of
the anchor oligomers and their spacer length
(presently in the 10-nm range).

Upon retraction of the tip from the surface,
the force in the two DNA duplexes in series
gradually increases until the weaker of the two

Fig. 1. Cartoon of the single-molecule cut-and-paste process. (A) Individual nanosized objects are
picked up from discrete storage sites with a DNA oligomer at the tip of an AFM cantilever and
transferred to a target site, where they are deposited with high spatial precision (B). (C) The length
and binding geometry of the oligomers, which are used as an anchor or a handle, are chosen so
that a hierarchy of unbinding forces allows the repetition of this process over and over again.

complexes ruptures. The upper traces in Fig. 2D
show examples of this process, which differs
considerably in its signature from the unzipping
shown in Fig. 2C (28, 29). It was shown (21) that
a length difference of 10 base pairs (bp) is
sufficient to make the rupture of the shorter
handle duplex more likely by one order of
magnitude than the rupture of the longer anchor
duplex. As was the case during pickup, no bond
rupture was detected in certain cases (Fig. 2D,
lower traces). Here the hybridization with the
target anchor oligomer had failed, although a
functional unit was offered. In the majority of
cases, a second or third attempt made a few
nanometers away from the originally planned
target spot was successful. Again, a protocol with
a characteristic force distance curve (for brevity
referred to as a transfer protocol) was recorded
for each transfer event. After delivery of the
functional unit to the target, the oligomer covalently attached to the AFM tip was free again
to hybridize with another handle sequence in the
depot area.
For simplicity, we transferred only functional
units of the same species but created patterns
from single units with multiple functions instead.
As functional units, we used molecular constructs
consisting of a fluorophore (rhodamine green), a
generic small ligand (biotin), and a DNA with
extra overlap (which allows further docking of
other units to the assembly in a later step) (Fig. 2
shows the schematics). The units were picked up

Fig. 2. Design of the assembled pattern with
typical transfer protocols. (A) Individual functional
units stored on the depot were picked up one at a
time and transferred to the target area. The
functional units consisted of a DNA oligomer with
anchor and handle sequences, one fluorophore,
one biotin, and an additional DNA binding site.
(B) Five different patterns with different geometries were assembled on spots, which were 2 mm
apart. In the first spot, we deposited one unit; in
the second spot, two units with a lateral spacing
of 50 nm; in the third spot, three units, and so
forth. The lateral precision of the closed-loop
feedback was ±6 nm. Force distance curves were
recorded in every cycle as transfer protocols
recording successful pickup and deposition. (C)
Typical force distance curves measured during the
pickup of functional units from the depot. At low
extensions, the cantilever acts against the entropic
force of the polyethylene glycol–DNA complex.
When the force reaches about 20 pN, the anchor
sequence is pulled open in a zipperlike mode,
resulting in a plateau ~20 nm long. (D) Typical
force distance curves recorded during the deposition of a single unit to the target area. The shape,
with its sudden drop in force at about 50 pN, is
characteristic of a rupture of a 20-bp DNA handle
duplex loaded in shear geometry. The lower two
force distance curves in (C) and (D) show attempts,
where no transfer had occurred.
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Fig. 3. (A) Fluorescence micrograph of the assembled pattern described in
Fig. 2, imaged with TIRF excitation. The image was averaged over 440 frames,
with 50 ms of integration time each. Because of the diffraction limit, individual
fluorophores cannot be resolved spatially but can be resolved temporally. (C)
and (D) show time traces of the two diffraction-limited 3 × 3–pixel–sized
spots 1 and 3, exhibiting the typical stepwise bleaching of one and two single
fluorophores, respectively. (B) Correlation analysis of the number of successfrom a 100-nm-square pattern (Fig. 2A) and
transferred to the target area. A pattern, as
sketched in Fig. 2B, was assembled where we
deposited a single unit in the first spot, a pair in
the second spot, a triplet in the third, and so on.
The transfer protocols always documented the
actual number of transferred units.
After the assembly was completed, total
internal reflection fluorescence (TIRF) imaging
(30) showed discrete spots at the predicted
positions (Fig. 3A). Because of the limited optical resolution, no details of the assemblies are
resolved, but larger assemblies appear brighter.
Time traces (Fig. 3, C and D) exhibited wellpronounced steps that were a clear indication of
bleaching of individual fluorophores (31, 32)
(movie S1). On the spot in the first column, we
recorded a single step only, and the fluorophore
was bleached after 9 s. The spot in the third
column exhibited only two steps, although our
transfer protocol reported the deposition of three
functional units. Either one of the fluorophores
was inactive from the beginning or it was
bleached during the first 2 s of the illumination
and not recorded because of background fluorescence. A direct correlation between the number
of deposited units as judged by the transfer
protocol and the number of bleaching steps is
given in Fig. 3B. Both independent experiments
are in excellent agreement, which indicates that
we lost only a minor fraction of fluorophores in
the transfer process.
In order to demonstrate the formation of
larger constructs, we assembled the capital letter
M shown in Fig. 3E. It consists of 400 units and
was written with a tip that had already been used
to transport more than 5000 functional units from
the depot to the target area. All of the data shown
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fully transferred units as judged by the AFM transfer protocols and the number
of bleaching steps in the fluorescence. (E) The capital letter M written by
transporting 400 molecules from the depot area to defined positions at the
target area. It was assembled with a tip that had already been used to
transport more than 5000 molecules from the depot to the target area. These
results demonstrate the long-term stability of the tip functionalization and the
possibility of assembling extended constructs.

here and in the supporting online material were
recorded with one cantilever. Because the pickup
probability dropped by only 10% toward the end
of the experiment, the lifetime of the tip functionalization was adequate. The pattern was assembled at an average rate of 7 s per transfer.
This slow transfer rate was limited by the rather
large distance between depot and target area of
15 mm and the closed-loop feedback of the translational stages of the instrument. The online analysis of the transfer protocols was also not optimized.
The physical limits are given by the resonance
frequency of the piezo stage, and so improvements
of several orders of magnitude are possible (33).
With the development of massively parallel–
operating AFM cantilevers (34), molecule-bymolecule assembly based on hierarchical forces
may evolve into a versatile technology.
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