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Abstract: DNA nanotechnology offers the possibility to rationally design structures with emergent
properties by precisely controlling their geometry and functionality. Here, we demonstrate a
DNA-based plasmonic metamolecule that is capable of sensing human thrombin proteins. The chiral
reconfigurability of a DNA origami structure carrying two gold nanorods was used to provide optical
read-out of thrombin binding through changes in the displayed plasmonic circular dichroism. In our
experiments, each arm of the structure was modified with one of two different thrombin-binding
aptamers—thrombin-binding aptamer (TBA) and HD22—in such a way that a thrombin molecule
could be sandwiched by the aptamers to lock the metamolecule in a state of defined chirality. Our
structure exhibited a K4 of 1.4 nM, which was an order of magnitude lower than those of the individual
aptamers. The increased sensitivity arose from the avidity gained by the cooperative binding of the
two aptamers, which was also reflected by a Hill coefficient of 1.3 + 0.3. As we further exploited the
strong plasmonic circular dichroism (CD) signals of the metamolecule, our method allowed one-step,
high sensitivity optical detection of human thrombin proteins in solution.
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1. Introduction

Since its introduction in 1990, single-stranded DNA and RNA aptamers have become important
targets of diagnostic and clinical studies because of their cost effectiveness, stability, affinity, and
small size [1-8]. Compared to antibodies, aptamers are cheaper, less prone to stimulate unintended
immunoresponses [9,10], readily modifiable, and easily programmable. Therefore, there have been
numerous attempts to engineer aptamers to act as sensors that are capable of detecting their target
molecules at low concentrations and in biologically relevant settings. For example, conformational
changes of aptamers upon binding of target molecules have been detected with techniques like
colorimetry [11,12], fluorescence spectroscopy [13], surface-enhanced Raman scattering (SERS) [14],
and surface plasmon resonance [15,16]. The detection sensitivity observed in these studies ranges from
45 pM to 20 uM. To achieve sensitivity beyond the affinity of an individual aptamer, it is possible to
further engineer the binding affinity of the aptamer itself [17,18] or combine the affinity of multiple
aptamers binding to the same target at different locations [19]. To ensure detection of every molecular
binding event, the initial signal can be amplified with secondary processes. By using specially designed
nanostructures, the detection limit has been pushed towards the single-molecule level. Another
method to increase overall sensitivity relies on gaining avidity by using two aptamers that bind to
one target molecule but on different epitopes. Connecting two thrombin-binding aptamers with a
single-stranded DNA linker increased binding affinity up to 10-fold, when compared to individual
aptamers [20]. Here, we used the DNA origami technique [21-30], which enables us to build dynamic
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nanostructures with designed shape and modifications and, thus, to implement the two crucial aspects
of signal enhancement and increased avidity in one device.

2. Materials and Methods

2.1. Design, Folding, and Purification of DNA Nanostructures

The 3D plasmonic metamolecules were designed as in the previous paper [25], with the only
difference being that the staple strands “arm a” were replaced with “arm a thrombin-binding aptamer
(TBA)”, “arm b (57 nt)” with “arm b2 HD22” and “arm b (86 nt)” with “arm b blank” (Table 1).

Table 1. Sequence of modified staple strands.

Staple Strand Sequence

CAA ATT AAC TGA ACA CAA GAATTG AGT TAA GCC
TTA CAG AAT tHG G

CAT CAC TAA GGG AAG AAA GCG CCC CGC TGC GGG
AGt tAG TCC GTG GTA GGG CAG GTT GGG GTG ACT

AAG CCT TTA TTT CAT CCC GCC AAA ATA AAA AGG
AGT TGA TTA AAG A

Arm a TBA

Arm b2 HH22

Arm b blank

For the structure folding, 100 nM of staple mix and 10 nM of the scaffold (p7650) were mixed
in 1x tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA, pH 8) supplemented with 20 mM MgCl,.
Concentrations of aptamer staple strands with the aptamers were set to 1 uM during the folding, to
ensure high incorporation yields. The folding mix was heat denatured at 65 °C, for 5 min, and slowly
cooled down to 20 °C, over 16 h. After folding, the structures were separated from the excessive staple
strands by electrophoresis in a 0.7% agarose gel, for 2 h, at 90 V. The visible band of the structure was cut
and the structures were recovered by squeezing the gel piece. Purified structures were characterized
by negative staining transmission electron microscopy (JEM-1011, JEOL, Tokyo, Japan).

2.2. Conjugation of Gold Nanorod

Gold nanorods (AuNRs) were conjugated with thiolated DNA oligonucleotides by the salt ageing.
50 pL of the 50 uM thiolated oligonucleotide (5’thiol TTT TTT TTT TTT TTT TTT T, Eurofingenomics,
Ebersberg, Germany) were added to 1 ml of 1 OD AuNRs solution in 1x TE buffer supplemented
with 0.05% SDS. Then, every 10 min, 1 M of the NaCl solution was added to the reaction with final
concentrations of 12.5/25/50/75/100/150 mM NaCl. Then, every 30 min, 5 M of NaCl was added to
the reaction with final concentrations of 200/300/400/500/600 mM NaCl. After conjugation, AuNRs
were centrifuged for 10 min at 6000x g for purification. After taking out the supernatant, AuNRs were
re-suspended in 1x TE buffer. This purification step was repeated three times. Purified AuNRs were
characterized by measuring their absorbance spectra and taking the TEM image.

2.3. Preparing and Measuring 3D Plasmonic Metamolecule

Conjugated AuNRs were mixed with purified DNA nanostructures at a molar ratio of 10:1
in 1x tris-acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM Acetate, and 1 mM EDTA at pH 8.0)
supplemented with 11 mM MgCl,. As the structure has two binding sites for AuNRs, this resulted in a
5:1 ratio for AuNRs over their binding sites. After overnight incubation, AuNR conjugated plasmonic
metamolecules were purified from excessive AuNRs by two hours of gel electrophoresis in 0.7%
agarose gel at 90 V. After purification, the concentration of the metamolecules was determined by
measuring the absorbance at the longitudinal surface plasmon wavelength (700 nm) of AuNRs and
comparing the result with that of the unconjugated AuNRs. (Nanodrop, Thermo Fisher Scientific,
Waltham, MA, USA). Purified metamolecules were diluted to 100 pM concentration in 1x TAE buffer
supplemented with 11 mM MgCl, for the circular dichroism (CD) measurement.
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3. Results

For the detection scheme, we chose plasmonic circular dichroism (CD) [31]. In CD measurements,
the difference in absorption for right-handed and left-handed polarized light is often used to detect 3D
structure and conformational changes of biomolecules like proteins [32] and DNA [33,34]. Biomolecules
exhibit CD in the ultraviolet region of the spectrum and usually none in the visible range. Recently
developed plasmonic metamolecules [25] in contrast, generate CD at visible wavelengths, which
enables detection of plasmonic CD and conformational changes of the metamolecules in an undisturbed
optical region. This concept of high-sensitivity detection of RNA molecules [35] and detection of small
molecules like cocaine and ATP [36] have been exploited by our research group and by other authors,
in recent years. Here, we extended this approach for the detection of proteins.

In our experiments, two thrombin-binding aptamers each targeting two different epitopes of
human «-thrombin were placed on a reconfigurable 3D plasmonic metamolecule [25] such that upon
binding of the target molecule, the metamolecule switches its chiral state leading to a change in the
circular dichroism (CD) signal. Our X-shaped 3D plasmonic metamolecule is based on two 10-helix
DNA bundles connected in the center by two single-stranded DNA linkers (Figure 1a and Figure
S1) [25]. Both bundles, or arms, carry a gold nanorod (AuNR) at the top and bottom, respectively.
After assembly, the structure is initially in its “open” state in which its arms can freely rotate around
their center (Figure 1b, open state). Two thrombin aptamers—thrombin-binding aptamer (TBA) [2]
and HD22 [37] were attached at one end of each arm so that the entire structure can switch into
the “locked” state by sandwiching one thrombin molecule (Figure 1b, locked state). By design, this
state is right-handed and thus exhibits a recognizable CD signal at the plasmon resonance of the
metamolecule. The aspect ratio of the AuNR (20 X 60 nm) was chosen to exhibit a maximum response
around 700 nm. Purified and negative-stained DNA structures conjugated with two AulNRs were
imaged with transmission electron microscopy (TEM) (Figure 1a, inset and Figure S2).
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Figure 1. Scheme for human a-thrombin sensing with the plasmonic metamolecule. (a) The structure
consists of two 10-helix bundles each carrying two a gold nanorods (AuNRs) at the top and bottom
respectively. The arms are connected by a single-stranded DNA linker (not shown) and are modified at
one of their ends with one thrombin aptamer each—thrombin-binding aptamer (TBA) and HD22. Inset:
TEM image of an assembled structure lying on its side (Scale bar: 50 nm). (b) In the absence of thrombin,
the structure is in its ‘open’ state. In the presence of thrombin, the two aptamers can sandwich one
target molecule to fix the structure in its ‘locked’ state with defined right-handed chirality.

CD spectra of the metamolecules at a concentration of 100 pM and in the absence of human
a-thrombin were measured first (Figure 2a, black line). These spectra show a characteristic peak-dip
“bisignate” shape with the first peak at 705 nm (Figure 2a). This implies that the metamolecules in their
relaxed (open) state are on average slightly left-handed. We attribute this to the additional electrostatic
and steric repulsion originating from the two aptamers at two ends of the arms. Indeed, if the aptamers
are attached onto the mirrored positions, the CD signal of the relaxed structures is right-handed (Figure
S3). When thrombin was added to the solution (10 nM) the CD signal switched to a dip-peak shape of
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higher intensity, with the first dip at 693 nm (Figure 2a). Now, the metamolecules are in their locked
right-handed state with thrombin molecules sandwiched by the two aptamers. After confirming that
the presence of thrombin switches the CD signal of our metamolecules, we measured the gradual
transition of the CD signal by ramping up the protein concentration from 10 pM to 1 uM (Figure 2).
Notably, the change of the CD signal was already noticeable at thrombin concentrations as low as 100
PM. The intensity then steadily increased up to 10 nM where it did not plateau but instead fell again
(Figure 2a, red arrow with 1 uM thrombin) as soon as the concentration of the thrombin rose above
the Kq values of the individual aptamers (20.2 nM and 3.5 nM for TBA and HD22, respectively). [20]
We inferred that above these concentrations, two thrombin molecules could separately bind to each
aptamer and thereby could unlock the structure. Up to these concentrations, the normalized response
showed typical sigmoidal behavior and we were able to fit the data points up to 10 nM, with a Hill
equation yielding a dissociation constant (Kq) of 1.4 nM and a Hill coefficient of 1.3 + 0.3 (cf. Table S1).
As this hill coefficient was similar to that of the engineered multimeric ligands’ [38], we concluded that
the reaction showed moderate cooperativity from multiple binding sites as expected from the working
principle of our metamolecule. To further confirm this, we also analyzed our metamolecule with the
thrombin aptamers in the mirrored positions (Figure S3). Indeed, this version of the metamolecule
showed the same hill coefficient (1.3 + 0.1). Finally, to confirm that our metamolecule specifically only
detected thrombin, we added 100 nM of bovine serum albumin (BSA) to the metamolecules, which led
to no response from our sensor (Figure 54).
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Figure 2. Detection of thrombin with plasmonic circular dichroism (CD) from the metamolecules.
(a) CD spectrum of 100 pM metamolecule in the presence of different concentrations of thrombin.
As the concentration of thrombin increases, the CD spectrum switches from right-handed (black line)
to left-handed (red line). At thrombin concentrations above 100 nM (1000 nM, red arrow), the signal
strength decreases as the thrombin molecules bind to each arm of the metamolecule rather than being
sandwiched between two arms. To reduce the noise, all signals were measured with 10 nm spectral
windows and the difference between two frequency windows (black and grey arrows) was calculated.
(b) Normalized response-concentration data (black circles) with Hill equation fit (red line). The Hill
coefficient obtained through the fit was 1.3 + 0.3 and K4 = 1.4 nM. The normalized response values
were obtained by subtracting the values at the extremes (black and grey arrows of Figure 2a) and
normalizing it by the value at 10 nM.

4. Discussion

We demonstrated that our plasmonic metamolecule reliably detected human alpha thrombin in
solution at concentrations of 100 pM and above. This detection sensitivity was higher than several
conventional detection methods, including DNAzyme-based colometry, carbon nanotube sensing, and
capillary chromatography which operated reliably at nanomolar concentrations and above [39-41].
The sensitivity was also similar to that of previously reported high sensitivity methods, based on
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colorimetric assays [42], FRET assays [43], rolling circle amplification-based detection [44], or to
commercially available ELISA kits. The high sensitivity in our experiments could be attributed to the
strong plasmonic CD of our detection device that additionally operated in a frequency window with no
naturally occurring (background) CD and to the high avidity working principle leading to cooperative
binding. Our high sensitivity detection worked all the same when the position of the aptamers on the
DNA origami structure was changed (Figure S3), such that the opposite CD response was generated.
This proved the robustness of our method. In this context, there was room for improvement of the
sensitivity, for example, by placing multiple copies of the thrombin aptamers on each arm of the
structure. Additionally, there is a possibility for our structure to work in physiological buffer conditions,
especially in the absence of magnesium chelator EDTA [45].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/15/3006/s1.
Figure S1. Strand routing diagram of our X-shaped 3D plasmonic metamolecule. Figure S2. Gel purification
and characterization of AuNR conjugated metamolecules. Table S1. Parameters for the Hill equation fit of CD
response curve against thrombin. Figure S3. Thrombin detection with metamolecule that locks with left-handed
chirality. Figure S4. CD spectra of metamolecules in the presence of thrombin or BSA.
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