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The dimension of the conformational changes of DNA-aptamers

which can be used as stimulus-responsive gate-keepers in controlled

delivery nanodevices has been determined by acoustic wave-based

sensors upon molecular recognition of a small-sized target, adenosine-

50-monophosphate (AMP).

Supramolecular structures and DNA-based nanosystems have

recently been used as molecular tools for amplifying signals,

guiding chemical coupling reactions, and creating stimulus-

responsive nanomaterials.1 Aptamers, short oligonucleotides

with specific affinities to their ligands, are particularly suitable

structure-changing molecules for combining highly selective

biorecognition and a desired signal-transduction.2 They can be

selected toward virtually any ligand molecules through a

combinatorial method called SELEX3 and be readily incorporated

into functional devices boosting new applications ranging from

DNA-machines in sensors to bioseparations and controlled delivery

devices where DNA aptamers have been recently employed

successfully as nanovalves or so-called ‘‘gate-keepers’’ in

nanopores4 (Fig. S1, ESIw). The bottleneck during the systematic

design of suchDNA-based nanodevices, however, is the knowledge

on the quantitative dimensional and viscoelastic property changes

which occur in immobilized aptamers upon target binding.

Quartz crystal microbalance with dissipation monitoring

(QCM-D) is a surface-sensitive acoustic technique for studying a

wide range of interfacial adsorption reactions,5 amongst which

there are ligand–receptor interactions, and the resulting change of

the viscoelastic properties of the surface layer. Layer-by-layer

DNA films,6 DNA hybridization7 and Holliday junctions8 were

recently followed through dissipation measurement and a sensor

based on dissipation changes occurring during aptamer–protein

interactions was reported.9 We here show that using acoustic

wave-based sensors we can go beyond these studies by quantifying

in situ and in real-time overall structural changes that occur in the

DNA aptamer receptor molecule upon binding to a small

target molecule and use these data for a rationale design of

nanodevices.

As a model system for a small molecule binding aptamer, we

investigated the interaction of adenosine-50-monophosphate (AMP)

with AMP-binding aptamer films. The AMP-binding DNA

aptamer is a 27 base sequence selected by Huizenga et al.10 and

has been used in numerous nanostructures as a model system.

It recognizes specifically adenosine-containing small molecules

such as AMP with Mw = 382 Da while not interacting with

homologues containing guanosine (Fig. S3, ESIw). The tertiary

structure of this aptamer is well-reported and there exist different

structure-changing functional designs.11 We compared (i) the

AMP-binding aptamer sequence itself and (ii) a hairpin structure

of the same aptamer sequence which was created by adding seven

additional nucleotides at the 30-end. It was previously found

qualitatively12 that both forms undergo strikingly different

structural rearrangements upon binding to the ligand, as illustrated

in Fig. 1. The AMP-binding aptamer (Fig. 1A) forms a helix

structure with mismatched nucleotides and changes only slightly its

overall molecular conformation13 upon binding to two molecules

of AMP which intercalate into the distorted minor groove of a

zippered-up internal loop segment.14 In contrast, the hairpin

structure based on the same aptamer sequence goes through an

extensive molecular rearrangement (Fig. 1B). The hairpin structure

is used to disrupt the aptamer’s original shape which is essential in

specific recognition of its ligand and in order to obtain a double

stranded duplex neck region bringing both ends of the molecule

together. As a consequence, a closed structure referred to as a

‘‘hairpin shape’’ is obtained, which changes to an open structure

when interacting with two molecules of AMP owing to the

disruption of the neck region. Such a hairpin design has frequently

Fig. 1 (A) Scheme of the AMP-binding aptamer (blue line), where

the overall structure is not significantly disturbed by specific intercalation

of the AMP ligand; (B) Scheme of the hairpin form of the AMP-binding

aptamer (blue lines) which was created by adding 7 nucleotides at 30 end

(yellow lines) forming a stem-loop structure.
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been used to develop fluorescent15 or electrochemical probes

based on aptamers.16

During our experiments, we first created an avidin layer on a

biotin-functionalized sensor on top of which either the biotinylated

ATP-binding aptamer molecules or the biotinylated AMP-binding

aptamer hairpin structures were deposited. Upon immobilization

of the AMP-binding aptamer during eight independent experi-

ments, average resulting frequency (DF) and dissipation changes

(DD, dimensionless) were observed to yield around �28 � 5 Hz

and (3.0 � 0.8)�� 10�6, respectively (Fig. 2A).

This level of deposition is comparable with literature data

for similar-sized oligonucleotides.17 The increase in dissipation

upon aptamer deposition indicates the formation of an overall

softer layer than with avidin alone due to the less dense

packing of aptamer molecules on top of the tightly packed

avidin. We then contacted first the aptamer film with AMP in

binding buffer at a series of concentrations (10 up to 750 mM).

A clear decrease in frequency was detected during subsequent

AMP injections and a corresponding increase in dissipation energy

was recorded (Fig. 2A). This response could unambiguously be

attributed to specific aptamer–target interactions rather than bulk

changes in medium composition given that the measurements

without the aptamer film did not cause any significant

response in the acoustic wave-based sensor. Average values

of DD/DF from independent experiments were plotted against

AMP concentrations to obtain a dissociation constant (KD) of

43 � 12 mM (Fig. 3A), which is in good agreement with the

literature citing the affinity constants of the AMP-binding

DNA aptamer to be in the range of 6 to 30 mM depending

on the method used in the respective assessments.11,18

When titrating successive concentrations of AMP to the

immobilized aptamer hairpin structure, responses resembled

those observed during the aptamer experiments (Fig. 2B).

However, the binding plot (Fig. 3A) yielded a slightly higher

dissociation constant, namely 107 � 22 mM for DD/DF, which
nevertheless is in line with data reported on a similarly designed

AMP–aptamer sequence18b and can be explained by a distortion of

the original aptamer structure when incorporated in the hairpin

form. In fact we could confirm this by measuring the dissociation

constant of an AMP-binding aptamer hairpin structure in solution,

maintaining the same buffer conditions, and where a binding

constant KD of about 350 mM was obtained (Fig. S2, ESIw).
Given the good agreement between the dissociation constants

derived fromQCM-Dmeasurements and those reported previously

in the literature, we further investigated into how far the structural

changes occurring during binding to the small target molecule,

AMP, could be quantified. For this purpose, we compared the

aptamer and the aptamer hairpin structure at a practically

saturating AMP concentration of 750 mM where maximum

conformational changes were expected according to the

experimental data (Fig. 3B). We observed that changes in

the dissipation energy were almost twice as high in the hairpin

structure with 0.38�10�6 � 0.06�10�6 than in the aptamer with

(0.22 � 0.04) � 10�6 (Fig. 4A and B). This proved that larger

conformational arrangements took place in the hairpin structure

upon interaction with AMP, compared to those occurring in the

aptamer. With regard to the hairpin structure (Fig. 1B and 4B),

this can be explained by a loss of the double stranded neck region

upon AMP binding, while at the same time the single stranded

loop region is stabilizing the mismatched double helix structure of

the sequence which interacts with the ligand. ‘‘Softer’’ films may

then be conceived as an extension of the hairpin film in the vertical

direction resulting from the more open structure of the hairpin

compared to that of the aptamer. Concerning the aptamer, NMR

studies do not suggest any major molecular conformational

change upon binding to AMP,19 but rather a relatively small

rearrangement in the internal binding pocket leading to a slightly

more upright position of the molecule. The latter would result in a

minor change in the film density which is indeed confirmed by an

only slight increase in dissipation (Fig. 4A and 1A).

Using a Voigt-based viscoelastic model20 (Fig. S4, ESIw), we
derived the quantitative thickness changes of the aptamer and

aptamer hairpin layer, as well as the respective viscoelastic

properties. These parameters are related to the efficiency of

aptamer-functionalized nanopores with gating or controlled release

characteristics (for more details, see ESIw). In a first step, the avidin

layer deposited was determined to have an average thickness

of about 5 nm which agreed well with previous observations

validating the model chosen. Subsequently, the thickness of

Fig. 2 Frequency (black lines) and dissipation (green lines) changes

during binding of AMP to the (A) AMP-binding aptamer and (B) AMP-

binding aptamer hairpin as monitored by the QCM-D, with dotted

vertical lines delimiting the aptamer and the hairpin immobilization,

respectively, prior to target injection at concentrations up to 750 mM.

Fig. 3 Left (A): dissipation changes normalized by the corresponding

frequency change as a function of the respective AMP concentrations,

and the resulting ligand binding curve (dashed line) for the hairpin

structure (solid circles) and the aptamer (open circles). Right (B):

comparison of the normalized dissipation changes using as reference

those of the aptamer (horizontal line) indicating significantly larger

conformational rearrangement of the hairpin structure (solid circles).
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both the aptamer film and the hairpin structure during ligand

binding wasmodelled and is depicted in Fig. 4C andD, respectively.

The aptamer film increased only slightly in thickness upon AMP

binding, namely about 0.1 nm which was in line with the fact that

the ATP binding aptamer has a structure stabilized by hybridiza-

tions at two ends and an asymmetric internal bubble such that the

binding of AMP molecules involves widening of the minor groove

in the binding pocket into which two AMP molecules intercalate,

however, without significantly changing the overall dimension of the

aptamer sequence.22 The thickness increase was dramatically more

conspicuous in the case of the hairpin form of the aptamer, namely

1.6 nm. This difference certainly is related to the seven nucleotide

long single-stranded linker added to the aptamer sequence in order

to form the hairpin, extending the hairpin structure vertically away

from the surface as it opens upon AMP binding. However, with

recent measurements reporting the length of one nucleotide to be

6.3 Å21 for ssDNA in solution, seven nucleotides would yield a

length of 4.4 nmwhen elongatedmost, which is about three times of

what we measured in our experiments during AMP binding. It is

here that it must be recalled that an aptamer hairpin film is

measured during our experiments rather than a single molecule

with the consequence that ssDNA can stay partially tilted on

surfaces depending on the surface density of the film and the

interactions with the surface material.22 While this appears to

be a limitation of the measurement protocol presented as for the

characterization of single-molecule conformational changes, it

certainly represents best functionalized mesoporous structures

with aptamer hairpins as nanovalves where an overall response

owing to an average conformational change would be observed,

rather than the action of one single aptamer molecule. The

modelling revealed furthermore that the observed increase in layer

thickness at increasing concentrations of AMP was accompanied

by a progressive decrease in shear viscosity and shear modulus in

both structures for which the data obtained (see ESIw) were in
the same range of magnitude as viscoelastic parameters

reported previously for DNA hybridization.8 This needs to

be considered in applications where the shear stress of fluid

flow may affect the structural arrangement of DNA-based

gate-keepers immobilized in or at the mouth of nanopores.

In conclusion, acoustic wave-based sensors yield reliable

information in real time and in situ on the overall dimensional

changes of aptamer and aptamer hairpin thin-films when

specifically binding to a small target molecule and thus help

in the systematic design of nanovalves or gating architectures

in DNA-based controlled release devices.
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Fig. 4 Dissipation changes observed upon binding at 750 mM AMP
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and (D) aptamer hairpin structure; vertical lines indicate reference

points from buffer solution and maximum response to the target.
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