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Here we report the use of DNA nanostructures as platforms to
monitor the inherent conformational changes of aptamers upon
analyte binding, with single-molecule resolution and real-time
capability. An aptasensor designed to sense cortisol was found to
suffer from instability in solution, but this was reconciled via a
rational design of a single-molecule sensing platform. In this regard,
DNA origami was employed to immobilise individual aptasensors on
a glass surface and to ensure adequate interaction with their
environment, for single-molecule analysis. The strategy presented
here can be applied to any aptamer obtained by the destabilisation of
a duplex in a SELEX process, and hence employed in the rational
design of single-molecule biosensors.

The development of highly sensitive and selective sensors to
recognise analytes has been the focus of intense research for
environmental control, medical diagnostics, and the monitoring of
important physiological (dys)functions.'® Advances in nanoscale
assembly strategies have opened up possibilities in the develop-
ment of novel platforms for the fundamental understanding of
bio-molecular recognition processes and for the detection of
biological agents down to single-molecule sensitivity.">>* The
ability to investigate and sense target-analyte interactions with
single-molecule control could permit the fabrication of biochips
offering unmatched sensitivity, smaller test sample volumes,
and high throughput analysis. Additionally, single-molecule
investigations enable monitoring of biochemical processes in
real time, characterisation of transient intermediates, and
measurement of the distributions of molecular properties rather
than their ensemble averages:**>® fundamental aspects for the
rational design of biosensing devices.

Aptamers are well-placed to be implemented as sensors,
both in the bulk and at the single-molecule level, due to their

“School of Biological and Chemical Sciences and Materials Research Institute,
Queen Mary University of London, London, UK. E-mail: m.palma@qmul.ac.uk

b Air Force Research Laboratory, 711th Human Performance Wing, Wright Patterson
Air Force Base, Dayton, Ohio, USA. E-mail: jorge.chavez_benavides.2@us.af.mil

1 Electronic supplementary information (ESI) available: Methods, materials, and

additional data. See DOI: 10.1039/d0tb01291b

6352 | J. Mater. Chem. B, 2020, 8, 6352-6356

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Single-molecule DNA origami aptasensors for
real-time biomarker detection¥

Keitel Cervantes-Salguero,® Mark Freeley,? Jorge L. Chavez*® and

high affinity and specificity for analytes as well as their facile
synthesis.»**7%27:28 Moreover, there are numerous examples
of single-molecule detection in electrical,’*™"* fluorescent,">™®
and mechanical systems,"’
scopy (AFM)-based analysis.>*”>* However, previously reported
aptamer-based single-molecule sensors are typically based on
aptamers with well-documented conformations or have not
been observed in real-time, so the scope of applications has
been limited.

To develop optical sensors, two types of aptasensor config-
urations have been mainly employed: split aptasensors,**~*! and
duplexed aptasensors.’>* Split aptasensors are based on
aptamers which have been split into two or more fragments that
are unstable in the absence of the target; typically, the sensing is
monitored by tagging each fragment with fluorescent moieties
that interact after stabilisation from the target. While these
aptasensors lend themselves to high specificity, it is not always
possible to implement aptamers in this way since their binding
pockets or secondary structures may not be easily split into
segments. Conversely, duplexed aptasensors can be more generally
applicable. Typically, they contain a short sequence which partially
binds to the aptamer recognition sequence; upon binding of the
target the short sequence is displaced and a signal is generated.*?
Another benefit of duplexed aptasensors is their tunability, as the
short complimentary sequence can be varied to optimise the
binding of the target. This is advantageous in tailoring the aptamer
to detect the analyte at a specific concentration range and to
account for the physiological environment.

Solution and surface-based duplexed aptasensors often
suffer from leakage that limits their sensing capabilities,
requiring statistical formulations to remove false positives.*®
In order to employ these systems in surface-bound biochip
sensing devices, we sought to transfer a known duplexed apta-
sensor from a solution-based sensor to a single-molecule sensor
immobilised on a surface. In this regard, DNA origami offers a
well-established approach for the organisation of molecules on
surfaces,®*" and there are examples of combining it with DNA
aptamers for sensing applications, 822342744

as well as in atomic force micro-
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Herein, we explore the use of DNA nanostructures as plat-
forms to monitor aptamers inherent conformational changes
upon analyte binding, with single-molecule resolution and real-
time capability. In particular, we designed a DNA origami with
a single cortisol-sensing duplexed aptasensor on one face,””
which could be immobilised to surfaces via molecular anchors
on the opposite face. Using this approach, we could be certain
that a single aptamer would be present within the range of the
origami, while protruding from the surface for adequate inter-
action with the environment. Moreover, the density of DNA
origami placement could be tuned with concentration, allowing
us to optically resolve single-molecule events without the need of
super-resolution techniques. In our system, a fluorescent signal
is generated upon binding of cortisol; single-molecule recogni-
tion events typically occurred within seconds, in contrast to
longer incubation times for the aptasensor in solution.>” Most
notably, the aptasensor was found to suffer from instability in
solution, but this was reconciled via the rational design of a
single-molecule sensing platform. The strategy we present is of
general applicability for the use of duplexed aptasensors in
biosensing systems with single-molecule control and nanoscale
spatial resolution.

As a model aptamer, we selected a recently reported cortisol
aptamer developed by the Stojanovic group.?” This aptamer was
originally obtained through systematic evolution of ligands by
exponential enrichment (SELEX) where prospective aptamers
were released from capturing columns into solution upon
target-binding. For our fluorescent in-solution aptasensor, we
chose the native cortisol aptamer sequence and its complemen-
tary capture strand, ie. a duplexed DNA aptasensor shown in
Fig. 1A. The aptasensor comprises two oligonucleotides: the
“aptamer”, which is labelled with a dye, and a partially com-
plementary sequence called the “quencher”, which is labelled
with a quencher. The aptamer is divided into three subsections
called the “dye”, the “lock”, and the ‘“trigger”, where the dye
subsection is fully complementary to the quencher.
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Fig.1 (A) Schematic of the solution-based duplexed DNA aptasensor.
(B) Sensing experiment in solution using time-dependent fluorescence
spectroscopy. The orange and blue curves represent the sensing and
control experiments, respectively. For both curves: the ATTO 488-
labelled aptamer in 1x DPBS was introduced and allowed to equilibrate.
Then, the quencher was added, mixed, and let equilibrate again. Finally, for
the orange curve a cortisol solution was added to a final concentration of
10 uM and mixed by pipetting, while for the blue dashed curve the same
solution without cortisol was added and mixed by pipetting.
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Initially we investigated the sensing capabilities of the
aptasensor via in-solution time-dependent fluorescence spectro-
scopy. The aptamer sequence was labelled with an ATTO 488
dye, and the quencher sequence was labelled with a BHQ-1 black
quencher. Fig. 1B shows biomarker detection in 1x DPBS
(Dulbecco’s Phosphate-Buffered Saline) in the physiological
range for pH and ionic strength [see the ESLj and Fig. S1
for additional buffer conditions]. The dye-labelled aptamer
sequence was allowed to equilibrate before the quencher was
added and mixed thoroughly (black arrow). As expected, a sharp
drop in fluorescence intensity was observed and this was again
allowed to equilibrate. Finally, cortisol was added to the solution
(orange arrow) eliciting a fluorescent response due to the dehybri-
disation of the dye/quencher duplex (90% of the total response is
achieved after 7.5 minutes). The fluorescence does not recover fully
to the initial intensity, possibly due to the presence of the quencher
in solution even after its release from the aptasensor.

While an increase in fluorescence was expected when cortisol
was added, a slow increase in intensity over time was also observed
in the control experiments, where no cortisol was added: a leak
reaction, which can be attributed to the dehybridisation of the dye/
quencher duplex. Since the trigger was partially complimentary to
the dye subsection, we investigated its influence on the stability of
the dye/quencher duplex via in-solution time-dependent fluores-
cence spectroscopy (Fig. 2A).

A possible kinetic route is the dehybridisation of the quencher
due to dynamic reconfigurations of the aptamer, i.e. the conforma-
tional change and branch migration (state 2 in Fig. 2B) allows the
trigger to displace the quencher from the aptamer (state 3, Fig. 2B).
This was evidenced by the increase in fluorescence intensity over
time (see the blue curve in Fig. 2A).
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Fig. 2 Testing the trigger's effect on the in-solution aptasensor.
(A) Experiment in solution using time-dependent fluorescence spectro-
scopy. The blue and orange curves represent the leak reaction (control)
and sequestering experiment, respectively. For both curves the ATTO
488-labeled aptamer in 1x DPBS was introduced and allowed to equilibrate.
Then, the quencher was added after 10 min, mixed and let equilibrate again.
Finally, for the orange curve the blocker was added (orange arrow) and
mixed by pipetting, which disabled the trigger thus stabilising the dye/
quencher duplex. For the blue curve the same buffer without the blocker
was added and mixed by pipetting, and the system kinetics remained
unresponsive, ie. the trigger continued to destabilise the dye/quencher
duplex. (B) Schematic of the trigger displacing the quencher (blue box) and
of the blocker sequestering the trigger (orange box).
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To confirm that this process was due to the trigger, we
designed a DNA sequence as a “blocker” which sequesters and
deactivates the trigger permanently (state 4 in Fig. 2B). After the
addition of the blocker the fluorescence intensity decreased,
settling on a lower value (the orange curve in Fig. 2A); hence, the
dye/quencher duplex remains hybridised. These results demon-
strate the intramolecular effect of the trigger. To truly sense
through induced fit, i.e. via a target-destabilised duplex, a key
requirement is to have a stable dye/quencher duplex, either by
tuning its sequence composition or by having an excess of the
quencher in solution in order to create a kinetically stable duplex.

In order to monitor individual aptasensors, we designed a
single-molecule surface-based system where we could address
the destabilising effects of the trigger at the single-molecule level
and ensure that the dye/quencher pair is stable. We devised a
version of the aptasensor that was investigated in solution and
integrated it into a triangular DNA origami nanostructure,’”
which was then immobilised on a glass surface (Fig. 3A). The
in-solution experiments gave us invaluable insight into the
dynamic behaviour of the free aptasensor, which we could con-
sequently address in our surface-based approach. At the single-
molecule level, any destabilising effects from the trigger without
the presence of the biomarker, would result in a false positive.
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Fig. 3 Single-molecule surface-based aptasensor via a DNA origami
strategy. (A) Schematic of origami immobilisation on glass coverslip.
(B) Atomic Force Microscopy image in liquid of the triangular DNA origami.
(C) Schematic of the single-molecule detection on a glass surface.
Structures were excited with 642 nm light in TIRF mode, and emission
was filtered by a low pass filter with a threshold of 655 nm (LP655).
(D) Representative single-molecule detection event for 10 uM cortisol by
TIRF microscopy at three different states: (1) before adding the quencher,
(2) after adding excess amount of quencher in solution, and (3) after
addition of 10 uM cortisol. The states 1, 2 and 3 correspond to the states
in (C). Detection was achieved 20.3 s after cortisol addition. Camera
acquisition time was set at 100 ms. (E) Histogram of the single-molecule
detection events, where the “single-molecule counts” correspond to the
number of detection events, and “time” corresponds to the binning time in
which the event was recorded.
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To achieve duplex stability, the aptamer must be stably fixed to
a surface and free to change conformation to allow target
binding, while the duplex must remain hybridised. Further-
more, we designed our single-molecule biosensor to transduce
a detection event into a highly fluorescent state.

In this surface aptasensor, both the aptamer and a dye
(ATTO 655)-labelled DNA are separately hybridised to the
origami. This DNA origami strategy allows for the control of
an individual aptamer sequence within an area of ca 6200 nm?
(area of the DNA triangle 120 nm by side); hence, avoiding
potentially detrimental steric hindrance effects. Moreover, the
density of DNA origami on the surface could be easily tuned with
concentration, allowing us to optically resolve single-molecule
events without the need of super-resolution techniques.

The glass surface of a custom-made chamber was passivated
with bovine serum albumin (BSA)-biotin and functionalised
with neutravidin (see the ESI, T and Fig. 3A). The DNA origami
was synthesised with biotin groups on one face for the immo-
bilisation of the origami on the surface, while the aptamer was
present by design on the opposite face of the DNA nanostruc-
ture to ensure it was free to interact with the solution and the
biomarker. Fig. 3B shows a representative atomic force micro-
scopy (AFM) image of the DNA nanostructure (see also the ESI,
and Fig. S2). As with the bulk experiments, we investigated the
duplexed aptasensor’s response to cortisol in physiologically
relevant buffer conditions.

Single-molecule events were imaged by Total Internal Reflec-
tion Fluorescence (TIRF) Microscopy in 1x DPBS. TIRF time
series were acquired and divided in three stages which corre-
spond to three fluorescent states (Fig. 3C and Fig. S3, ESIT):
(1) the location of DNA origami via the single-molecule fluores-
cence of ATTO 655; (2) the addition of the quencher and
consequent fluorescence loss; (3) the addition of the cortisol
biomarker and its detection via fluorescence recovery (see also
the ESIt). An excess amount of quencher in solution relative to
the surface aptasensor was necessary to have a kinetically
hybridised duplex, offsetting the trigger’s destabilising effect.
We observed the aforementioned three states for 36 single-
molecule detection events, each representing a single DNA
origami and aptasensor (see the ESIt).

For each single-molecule detection there is a series of intensity
changes related to each stage (see representative single-molecule
trace in Fig. 3D). Initially we monitored the fluorescence of a
single ATTO 655 (state 1) which decreases after adding the
quencher (state 2). Following the addition of the cortisol bio-
marker, the fluorescence initially remained unchanged relative
to state 2 for the first ~20 s, after which there was a recovery of
fluorescence (state 3) to the original intensity (state 1); this final
permanent increase in fluorescence indicated dehybridisation of
the quencher due to biomarker detection. Additional single-
molecule intensity traces can be seen in Fig. S4 (ESIt). The
observed single-molecule detection events have a distribution
over time (histogram in Fig. 3E), where most of the events were
detected within 14 seconds (see the Fig. S4D, ESIt for a repre-
sentative trace) compared to several minutes in the solution-
based measurements (cf. Fig. 1B).

This journal is © The Royal Society of Chemistry 2020
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These results highlight the differences and advantages of
the single-molecule system over the bulk aptasensor. The
observed leakage in solution was efficiently addressed at the
single-molecule level by adding excess quencher to the buffer,
resulting in a higher stability between the quencher and the
aptamer. In all aptasensors analysed at the single-molecule
level no quencher was observed dehybridising prior to sensing
the cortisol, indicating that sensing is purely due to the
triggered reconfiguration of the aptasensor; this observation
therefore serves as an intrinsic control.

This work elucidated the importance of a complementary
solution-based characterisation for realising reliable surface-
based aptamer biosensors with single-molecule sensitivity. Our
aptasensor detected cortisol within seconds using DNA nano-
structures as scaffolds, allowing for realtime single-molecule
measurement via fluorescence microscopy. Moreover, an unwanted
leak reaction was easily addressed at the single-molecule level via a
large excess of quencher. To the best of our knowledge our work
is the first demonstration of a fast, signal-on single-molecule
aptasensor on a surface with real time detection.

The single-molecule approach presented here can be employed
in similar aptamers where the target biomarker destabilises a
duplex as a result of binding.””*****> Moreover, our strategy
could be directly applied to any other new aptamer obtained by
destabilising a duplex during SELEX, i.e. without the necessity of
tuning the aptamer’s sequence; this capability could be of further
interest for the development of rapid tests for new pathogens.*®*’
Such knowledge-based platforms can allow the rational engineering
and optimisation of nucleic acid architectures in biosensing
devices, also potentially in combination with molecular imaging
technologies for cell-based studies.*®
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