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Abstract

Testing multiple biomarkers, as opposed to one, has become a preferred approach for diagnosing many heterogeneous diseases,
such as cancer and infectious diseases. However, numerous technologies, including gold standard ELISA and PCR, can detect
only one type of biomarker, either protein or nucleic acid (NA), respectively. In this work, we report for the first time simulta-
neous detection of proteins and NAs in the same solution, using solely functional NA (FNA) molecules. In particular, we
combined the thrombin binding aptamer (TBA) and the 10-23 RNA-cleaving DNA enzyme (DNAzyme) in a single aptazyme
molecule (Aptazyme ;5.3/), followed by extensive optimization of buffer composition, sequences and component ratios, to
establish a competitive bioassay. Subsequently, to establish a multiplex bioassay, we designed a new aptazyme
(Aptazyme, »(.s)) by replacing the target recognition and substrate sequences within Aptazyme; ;5.3 This designing process
included an in silico study, revealing the impact of the target recognition sequence on the aptazyme secondary structure and its
catalytic activity. After proving the functionality of the new aptazyme in a singleplex bioassay, we demonstrated the capability of
the two aptazymes to simultaneously detect thrombin and NA target, or two NA targets in a multiplex bioassay. High specificity
in target detection was achieved with the limits of detection in the low nanomolar range, comparable to the singleplex bioassays.
The presented results deepen the barely explored features of FNA for diagnosing multiple targets of different origins, adding an

extra functionality to their catalogue.
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Introduction

The best therapeutic strategy for all diseases is an early and
accurate diagnosis [1, 2], which, however, relies on the avail-
ability of biomarkers. Discovering a unique one for each dis-
ease can be fairly complex, especially when working with
heterogeneous diseases, such as infectious diseases or cancer.
To further advance their diagnosis, simultaneous evaluation of
a panel of biomarkers, including both proteins and nucleic
acids (NAs), has been shown as a promising strategy [2, 3].
For example, it has been proven that integrating the host re-
sponse factors can significantly improve the diagnosis of in-
fectious diseases [4]. Moreover, targeting multiple regions of
a viral genome provides specific information about the type of
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virus next to circumventing problems with high viral mutation
rates [1, 5]. All these aspects are essential to successfully
control infections during outbreaks, as we are currently
witnessing during the COVID-19 pandemic. Also, it has been
demonstrated that the detection of colorectal cancer by the
widely used carcinoembryonic antigen reaches 30-40% of
sensitivity, which remarkably increases to 88% when com-
bined with the detection of free circulating DNA [6].
Moreover, the combination of biomarkers can also provide
information about the stage of cancer as well as about the
response to a therapy [7]. According to a recent review, one
of the next goals in the detection of cancer biomarkers is to
develop NA-based techniques for personalized and point-of-
care (POC) diagnostics that can detect both NA and non-NA
targets [8]. This, however, poses a considerable challenge as
multiple read-out platforms are still needed to accomplish this,
which significantly complexifies diagnosis. For instance, de-
spite being of high value as the gold standards, neither ELISA
nor PCR can detect other types of targets but solely proteins or
NAs, respectively.
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Functional nucleic acids (FNA) are a group of DNA and
RNA molecules, holding functionalities beyond the stor-
age and transfer of genetic information [9]. Among numer-
ous FNA types, the two exploited in this work are
aptamers, capable of specifically binding to a target, and
DNA enzymes (DNAzymes), capable of catalyzing a reac-
tion. Both FNAs have become increasingly popular over
the years, thanks to the sizeable possibilities for their de-
sign and modifications [10]. Aptamers are single-stranded
(ss) DNA or RNA molecules, which are selected from a
substantial pool of random sequences through an in vitro
iterative process, known as SELEX (systematic evolution
of ligands by exponential enrichment), leading to the en-
richment of those sequences showing the highest affinity
for the target [11]. The use of aptamers as recognition
elements offers several advantages over their protein ana-
logues, such as high synthesis reproducibility and high
stability in a wide range of conditions [12]. Moreover,
the ease of labeling DNA sequences with functional mole-
cules, or their immobilization on a surface makes aptamers
suitable to developing bioassays in combination with dif-
ferent types of read-outs, such as optical, electrochemical,
or mass-sensitive [13]. Similar to aptamers, DNAzymes
are also selected through an in vitro iterative procedure
for their capability of performing catalytic activities [14].
They can catalyze many different reactions, such as redox
[15], phosphorylation [16], ligation [17], or RNA-cleavage
[18], the latter forming the base of this work. RNA-
cleaving DNAzymes are composed of a catalytic core and
two substrate-binding arms, responsible for enzymatic ac-
tivity and target recognition, respectively. Similar to pro-
tein enzymes, their catalytic activity is dependent on spe-
cific cofactors, namely metal ions [19]. The option to inte-
grate DNAzymes with several read-out methods expands
their range of applications as well [20]. Interestingly,
aptamers and DNAzymes have been also merged into a
single molecule, known as aptazyme [21], which has
unlocked a myriad of opportunities for applications in bio-
sensing [22]. In this context, approaches using the proper-
ties of DNA beyond base-pairing have been studied, in-
cluding aptamers for target recognition and DNAzymes
for signal generation [23-25]. Although these approaches
made an important contribution by demonstrating the po-
tential of FNAs, to the best of our knowledge, they have
never been used for multiplex detection of different types
of targets in the same bioassay.

In this context, here we present an aptazyme-based
DNA-only competitive bioassay capable of detecting both
protein and NA targets or two different NA targets in the
same reaction (Fig. 1). To accomplish this, we design two
different aptazymes: (1) Aptazyme, ;s.3, for detecting a
protein target as well as an NA; target, and (2)
Aptazyme, 5.5+ for detecting an NA, target.
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Aptazyme; ;5.3 is constructed by combining a thrombin
binding aptamer (TBA) as the target recognition element
and a recently reported redesigned version of 10-23 core
RNA-cleaving DNAzyme [26] for signal generation, re-
ferred to here as DNAzyme;. TBA has been selected as
an attractive model system due to its extensive characteri-
zation and applicability in numerous bioassays [27]. The
DNAzyme,; was recently made in our group for optimal
catalysis at the standard room temperature (RT, i.e., 20—
25 °C) [26], starting from the traditional DNAzyme that
cleaves at elevated temperatures (ranging between 37 and
55 °C) [28, 29]. Aptazyme; 5.5 is designed by joining a
random NA, target recognition sequence with DNAzyme,.
In the latter, the substrate binding arms of DNAzyme, are
modified to allow binding of a different substrate, thus
enabling multiplexing. In both cases, to prevent the enzy-
matic activity of the DNAzyme in the absence of a target,
the aptazyme is blocked with a complementary inhibitory
sequence, which hinders the binding and the cleavage of
the DNAzyme substrate. Adding thrombin or NA| target to
the solution competitively removes the inhibitory se-
quence, allowing the substrate to bind. Subsequently, the
DNAzyme can cleave the RNA bases in the substrate,
resulting in its dissociation. Since the substrate sequence
is labelled with a fluorophore (FAM or HEX, respectively
referred to as F and H) on one end and a quencher (Iowa
Black® FQ referred to as Q) on the other, the distance
increases between them upon the cleavage, resulting in a
fluorescence signal increase. Because one aptazyme can
catalyze the cleavage of multiple substrates, this approach
provides an amplification of the signal.

To establish such a competitive (multiplex) bioassay,
in this paper we first optimize conditions permitting
uncompromised functionality of both aptazyme elements
(i.e., target recognition part and DNAzyme) in the same
buffer. Next, different aspects of the competitive bioassay
are scrutinized, including the concentrations of the differ-
ent reaction elements and the incubation times to inhibit
aptazyme activity. Finally, the specificity and sensitivity
of the multiplexed bioassays are evaluated. As such, we
report here the first ever study on using aptazymes for
multiplex detection of different types of targets in the
same bioassay, which offers massive advantage for
implementing such bioassays on POC platforms and/or
when having limited patients’ sample volume (both highly
relevant for instance in the context of infectious diseases
diagnostics). Although demonstrated using simple model
systems, the flexibility and ease of designing NA recep-
tors demonstrate the huge potential of this approach to be
implemented for a variety of different targets and is
aligned with the expectations in the field to establish
NA-based techniques for detecting both NA and non-NA
targets.
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A DNA-only multiplex bioassay for detecting protein and NA, targets

B DNA-only multiplex bioassay for detecting NA, and NA, targets
1 2
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Fig. 1 Schematic illustration of the proposed competitive bioassay for the
simultaneous detection of A protein and NA, target, and B two NA
targets together (NA; and NA,). The detection of a NA; target by
Aptazyme; 5.3» was simply achieved by using the complementary

Materials and methods
Reagents and buffers

The oligonucleotides presented in this paper were pur-
chased from Integrated DNA Technologies (IDT,
Leuven, Belgium) and used without further purification.
All the sequences are summarized in Table S1 in
Supplementary Information (ESM). Potassium chloride
(KCl) and ethylenediaminetetraacetic acid (EDTA) were
purchased from Acros Organics (Geel, Belgium). Tris-
ethylenediaminetetraacetic acid (TE, 100x), and glycine
were obtained from Sigma-Aldrich (St. Louis, USA).
Magnesium chloride solution (MgCl,) was acquired from
Fisher Scientific (Leicestershire, England) and Tris-HCI
(pH 8.8) was obtained from Genetex Inc. (Irvine, USA).
Human «-thrombin was purchased from Haematologic
Technologies (Essex Junction, USA). TE was diluted
100x and used as a buffer solution for the preparation of
intermediate solutions of the DNA sequences. The pH of
the buffers was adjusted using hydrochloric acid (HCI)
from Sigma-Aldrich (St. Louis, USA). All dilutions were
prepared using UltraPure distilled water (DNAse-RNAse
free, Invitrogen, Carlsbad, USA) unless stated otherwise.
All reaction mixes were prepared in DNA or Protein
LoBind tubes (Eppendorf, Hamburg, Germany) and the
fluorescence was measured in 384-well black-clear bot-
tom microplates (Glasatelier Saillart, Meerhout,
Belgium) using the SpectraMax ID3 microplate reader
(Molecular Devices LLC, San Jose, USA). The composi-
tion of all the buffers used in this paper is summarized in
Table 1. All the concentrations of different bioassay com-
ponents refer to the concentration in the final volume,
unless stated otherwise.

sequence of TBA as the target. DNAzyme; is always part of
Aptazyme,; ;5.3 and correspondingly cleaves Substrate;, whereas
DNAzyme, is part of Aptazyme, (.5, thereby cleaving Substrate,.
TBA stands for thrombin binding aptamer

Development of the competitive assay
Buffer screening

The thrombin binding of the two aptamers used (i.e., TBA;5
and TBA,g, where 15 and 28 correspond to their respective
lengths in nucleotides (nts) and are represented as sequences
nr 1 and 2 respectively in Table S1, ESM) was evaluated in
four different buffers: Bufferpnazyme. Buffera, Bufferg, and
Bufferc (for composition, see Table 1). This was done using
the fiber optic surface plasmon resonance (FO-SPR) biosensor
from FOx Biosystems (Diepenbeek, Belgium) (Fig. S1,
ESM). The FO-SPR probes were manufactured and function-
alized as described in Daems et al. [30]. Briefly, FO-SPR
probes, sputtered with a gold layer, were functionalized with
the aptamer TBA 5 or TBA,g through thiol binding (Fig. S2,
ESM). Subsequently, the functionalized FO-SPR probes were
immersed in 150 pL of the four different buffers containing a
range of thrombin concentrations (0, 62, 124, and 248 nM).
The resonance wavelength was measured for 20 min at RT
and the shift in the resonance wavelength was calculated per
tested concentration.

In parallel, the cleavage activity of the DNAzyme, (nr 3 in
Table S1, ESM), used for establishing the competitive bioas-
say, was tested in 25 pL of the four buffers (Bufferpna zyme
Buffer,, Bufferg, and Bufferc) containing 250 nM of
DNAzyme; and 250 nM of Substrate;, the latter dually la-
belled with F on the 5’ end and Q on the 3’ end (nr 5 in
Table S1, ESM). The activity of DNAzyme, in this and all
subsequent experiments with Aptazyme; 153y was monitored
on a microplate reader, by measuring the fluorescence signal
for 10 min at RT using 485 and 535 nm as excitation and
emission wavelengths, respectively, whereas all measure-
ments were performed in triplicates.
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Table 1  Composition of the buffers used in this work

Name Composition

Bufferpnazyme 50 mM KCl and 20 mM MgCl, in 10 mM Tris-HCI, pH 8.3

Buffer, 5 mM KCl and 1 mM MgCl, in 20 mM Tris-HCI, pH 8.3 (used in all the measurements, unless stated otherwise)
Bufferg 5 mM KCl, 1 mM MgCl,, and 0.1 mM EDTA in 10 mM Tris-HCI, pH 8.0

Bufferc 5 mM KCl and 1 mM MgCl, in 10 mM Tris-HCI, pH 8.0

Validation of Aptazyme, s.3» The binding activity of the
TBA s within the constructed aptazyme was evaluated in
Buffer, (selected as the most optimal based on buffer screen-
ing as described above) using the same FO-SPR technique.
The FO-SPR probes, functionalized with Aptazyme; ;5.3hiol
through thiol binding (nr 7 in Table S1, ESM), were immersed
in 150 uL of Buffer, containing different concentrations of
thrombin (0, 62, 124, and 248 nM). The FO-SPR probes func-
tionalized with TBA 5 were used as a reference.

The cleavage activity of the DNAzyme; within the
Aptazyme, 5.3 and Aptazyme; poyr (nr 8 and 9, respectively
in Table S1, ESM) was tested in 25 uL of Buffer, containing
250 nM of one of the respective aptazymes and 250 nM of
Substrate;. The same reaction performed with DNAzyme,
served as a positive control.

Optimization of Aptazyme, ;53- blocking The blocking of
the Aptazyme, ;5.3- activity was tested using two different
inhibitory sequences (Inhibitor;, and Inhibitor;g at 2500
nM, nr 16 and 17, respectively in Table S1, ESM) at two
different incubation times (15 and 30 min). After selecting
Inhibitor;g and 15 min of reaction as the most optimal
conditions, we next tested the potential of thrombin to un-
block the Aptazyme, s.3- by using different concentrations
of Inhibitor;g (250, 500, 1250, and 2500 nM) and one
thrombin concentration (248 nM). In all these experiments,
250 nM of Substrate; was added to generate fluorescence
signal, and monitored for 10 min on a microplate reader as
previously described. The signal generated upon the addi-
tion of thrombin was calculated by subtracting the signal in
the absence of thrombin from the signal in its presence. All
measurements were performed in 35 uL with 250 nM of
Aptazymel,15_3».

Competitive bioassay The possibility to detect either protein
or NA target using the same approach was assessed by incu-
bating 250 nM of Aptazyme; 5.3> with 500 nM of Inhibitor;g
(1:2 ratio). Next, 0, 15.5, 31, 62, 124, and 248 nM of the
target, being either thrombin or NA; (nr 19 in Table S1,
ESM), and 750 nM of Substrate; were added, in a total vol-
ume of 35 puL. The optimization of the concentrations of the
components in the competitive bioassays has been described
in Optimization of Substratel concentration (ESM).
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Development of the multiplex bioassay

Aptazyme, design For establishing the multiplex bioassay,
DNAzyme,, Aptazyme, »5.3- (nr 4 and 10, respectively in
Table S1, ESM), and the variations of Aptazyme;,g.3: (nr
11-15 in Table S1, ESM) were designed. The secondary struc-
tures of newly designed aptazymes were studied using the
OligoAnalyzer 3.1 tool of IDT Technologies (https://eu.
idtdna.com/calc/analyzer). Their cleavage activity was tested
in 25 uL of Buffer,, containing one of these sequences at 250
nM, together with 250 nM of Substrate,, which is dually
labelled with H and Q on the 5’ and 3’ end, respectively (nr
6 in Table S1, ESM). The kinetic activity was monitored by
measuring the fluorescence signal for 10 min at RT using 536
and 606 nm as excitation and emission wavelengths,
respectively. All measurements involving multiplex bioassay
were performed in triplicates.

Validation of the second competitive bioassay using
Aptazyme; 0.5 The second competitive bioassay was devel-
oped with Aptazyme, .5:, selected as the best performing
sequence, under the same conditions as described above:
250 nM of Aptazyme; ,o.s- was incubated together with
Inhibitor, (nr 18 in Table S1, ESM) in a 1:2 ratio for 15 min
at RT, followed by adding several concentrations of the NA,
target (nr 20 in Table S1, ESM) — 0, 15.5, 31, 62, 124, and
248 nM and 750 nM of Substrate,. All measurements were
performed in a total volume of 35 pL.

Evaluation of competitive bioassay specificity in multiplex
conditions The compatibility of the two substrates was tested
in a volume of 35 pL containing Substrate; or Substrate,, or
both together, each at 250 nM concentration. The fluorescent
signal was measured for 10 min using 485-535 and 536-606
nm as excitation-emission wavelengths pair for the F and H
fluorescent labels, respectively. Similarly, the specificity of
the aptazymes for their substrate was evaluated by combining
250 nM of each aptazyme with 250 nM of each substrate,
separately or in combination. Next, the specificity of the
bioreceptors for their targets was evaluated in a solution of
35 uL containing Aptazyme; ;5.3 and Aptazyme;,o.s: (each
at 125 nM), previously inhibited with 250 nM of their respec-
tive inhibitors (thus keeping 1:2 ratio). Then, 248 nM of one
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or both targets was added to the solution together with 375 nM
of Substrate; and 375 nM of Substrate,.

Multiplex bioassay The performance of the multiplex bioas-
say was tested by combining, in a 35 pL solution, 125 nM of
Aptazyme, ;5_3- inhibited with 250 nM of Inhibitor;g and 125
nM of Aptazyme; ,¢.s- inhibited with 250 nM of Inhibitor,.
Then, several concentrations (0, 15.5, 31, 62, 124, and 248
nM) of either thrombin and NA,, or NA, and NA, were added
in the solution. After adding 375 nM of each substrate, the
fluorescence was measured as previously explained.

Building calibration curves and data analysis For all exper-
iments involving the measurement of the DNAzyme or the
aptazyme activity, a solution containing only the correspond-
ing substrate, or combination of substrates, was used to nor-
malize the measured fluorescence intensity. The difference
between the conditions tested was analyzed with a one-way
ANOVA followed by a Tukey test for multiple comparisons.

Calibration curves were composed using the normalized
fluorescence intensity at 7 min after the start of the reaction
and subtracting the background intensity (in the absence of
target) for each repetition. Limit of detection (LOD) values for
different competitive bioassays were calculated based on the
signal of the background plus three standard deviations.
Finally, the difference between the singleplex and multiplex
LOD was evaluated with a two-sided T-test with significance
level alpha equal to 5%. The statistical analysis was performed
in Python 3.7 using the scipy and statsmodels packages.

Results and discussion

Screening of buffers for the optimal Aptazyme, ;53
performance

In order to have a functional Aptazyme, ;5.3- for developing a
competitive bioassay, we first needed to select the most opti-
mal buffer conditions, permitting both efficient TBA interac-
tion with its thrombin target and efficient DNAzyme catalytic
activity. Several studies have reported the presence of K* ions
as stabilizers of the TBA guanosine (G)-quadruplex structure
[31, 32]. Moreover, the DNAzyme requires the presence of
the Mg”* as a cofactor to express cleavage activity [18].
Therefore, to meet the needs of both aptazyme elements, we
selected three candidate buffers from literature containing
both K* and Mg** ions, but with different components and
pH values [33-35] (referred to in this paper as Buffer,,
Bufferg, and Bufferc; for composition, see Table 1).
Although several TBAs have been discovered to date, only
two are frequently used, TBA 5 and TBA5 [36, 37], both of
which undergo a similar secondary conformation based on an
intramolecular G-quadruplex despite differing in length. To

select one for establishing the competitive bioassay, we first
tested their interaction with several thrombin concentrations
(0, 62, 124, and 248 nM) in Buffer,, Bufferg, and Bufferc.
This was done on a FO-SPR sensor, commercialized by FOx
Biosystems (a platform based on an in-house developed tech-
nology [29, 30]), by immobilizing thiol-modified aptamers on
the FO-SPR probes (Fig. S2). As depicted in Fig. 2A (TBA,s)
and Fig. S3 in ESM (TBA,g), TBA 5 showed overall more
consistent interaction with thrombin across different concen-
trations and buffers and was selected as the preferred aptamer
in this context. In addition, we observed no statistically sig-
nificant differences for TBA;s-thrombin interaction among
Buffer,, Bufferg, and Bufferc (based on a one-way
ANOVA followed by a Tukey test). Interestingly, we have
also tested in the same context the DNAzyme buffer, which
seemed not to be suitable for the interaction of TBA ;5 with
thrombin, despite having the same components as the other

A 25

Buffer, m Bufferg m Bufferg m Bufferpyazyme

Lz

2

1.5

T
0.5 i I B
1 Dol
0 l
os| T
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[Thrombin] (nM)
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124 248

25 I

20
15

10

Normalized fluorescence (a.u.)

BufferDNAZyme

Buffer, Bufferg Buffer

Fig. 2 Performance of the aptazyme components in various buffers. A
Performance of TBA 5, immobilized on the FO-SPR sensor, obtained by
measuring the wavelength shift in the presence of a dilution series of
thrombin. B Fluorescence signal generated by DNAzyme,; (250 nM) in
the presence of Substrate; (250 nM) as measured on the microplate read-
er. The error bars in A and B represent the standard deviations of two and
three repetitions, respectively
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buffer candidates. These results could be explained by the
previously reported decrease in performance of TBA at high
Mg** concentrations [38, 39].

For assessing DNAzyme,; activity in Buffer,, Buffer,
and Bufferc, we used a microplate reader as explained in
the “Materials and methods.” Among the three candidate
buffers, we only observed a statistical difference between
Bufferg and Bufferc, based on a one-way ANOVA with
Tukey test (Fig. 2B). Bufferpyazyme Was used here as a
positive reference and expectedly showed the highest sig-
nal, due to the highest concentration of Mg2+ in this buff-
er. However, because of the complete absence of TBA
interaction with thrombin in this buffer (Fig. 2A), it could
not be taken into account for developing competitive bio-
assays with aptazymes. Therefore, Buffer, was selected
for all the subsequent experiments, based on (1) Fig. 2A
and Fig. 2B, (2) the fact that Buffer, has the same pH
(8.3) like the reference buffer for DNAzyme and (3) the
same pH like TGK buffer used for optimal binding of
TBA aptamer [40] (50 mM Tris, 192 mM glycine and
5 mM K,HPOy4, 0.1% v/v Tween20 and 0.15% w/v
BSA, pH 8.3).

Next, we independently verified the functionality of TBA 5
and DNAzyme; when combined in Aptazyme; ;s.3-. To test
the aptamer functionality, Aptazyme; ;5.3- was immobilized
on FO-SPR probes and its binding to thrombin (0, 62, 124,
and 248 nM) was monitored using Buffer, (Fig. 3A). The
results showed a superior binding of TBA ;5 within
Aptazyme; 153> compared to the control TBA;5 immobilized
on the FO-SPR probes, especially pronounced at higher
thrombin concentrations. This improvement could be due to
a reduction of the steric hindrance, and an increased spatial
freedom for TBA 5 to adopt its secondary conformation with-
in Aptazyme, ;5.3 because DNAzyme, acts as a sort of a linker
(Fig. S2, ESM).

In parallel, we compared the cleaving activity of
Aptazyme; ;5.3> to that of DNAzyme; by measuring the fluo-
rescence signal increase after the addition of Substrate; (Fig.
3B and ESM Fig. S4 for the signal increase over time). In this
case, the results showed an inferior fluorescence intensity for
Aptazyme, 15.3-. According to the literature, the quantum
yield of a fluorescence reporter can be affected by the contig-
uous nucleobases, with G having the greatest impact [41, 42].
Given that TBA 5 contains 60% of G, we replaced its se-
quence within Aptazyme, ;5.3- with a PolyT of the same
length (Aptazyme; poiyr, nr 7 in Table S1, ESM) and mea-
sured its cleaving activity. Here, the same signal was obtained
for both the DNAzyme; and the Aptazyme, poiyr (Fig. 3B),
suggesting that the decrease in the signal of Aptazyme; ;5.3:
was probably due to G-mediated quenching of fluorescence.
Therefore, we decided to proceed with Aptazyme; ;53> with-
out any further optimization of its DNAzyme; activity.
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within the hybrid Aptazyme; ;5.3-. A FO-SPR probes were functionalized
with either TBA 5 (positive control) or Aptazyme, ;5.3 and their interac-
tion with thrombin at different concentrations was monitored by a shift in
the resonance wavelength. B The performance of DNAzyme, within the
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the fluorescence intensity of the cleaved F/Q — labelled Substrate; and
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DNAzyme; and Substrate; were used in these experiments at 250 nM
concentration each. The error bars in A and B represent the standard
deviation of two and three repetitions, respectively

Normalized fluorescence (a.u.)

Aptazyme; 153

Development of DNA-only competitive bioassay for
thrombin and NA target detection

To establish a competitive bioassay as depicted in Fig. 1, we
first had to determine the optimal length of the inhibitory
sequence. Here, we considered the percentage of the
DNAzyme, and TBA 5 sequence within Aptazyme; ;s.3- that
had to be blocked in order to, on one hand, maintain
DNAzyme, inhibition as stable as possible in the absence of
thrombin, but on the other hand allow removal of the inhibitor
upon addition of thrombin. In this context, we evaluated the
blocking efficiency of two inhibitory sequences covering ei-
ther the substrate binding arm of DNAzyme; alone or in con-
junction with three bases of the core as well (respectively,
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Inhibitor; o and Inhibitor,g, corresponding to nr 14 and 15 in
Table S1, ESM) (Fig. 4A). It is important to note that both
sequences blocked four nts of TBA 5, which was based on the
previous work demonstrating that blocking 26% of the
aptamer results in a low background and a significant detec-
tion of thrombin at low temperatures [43].

In a first attempt, 250 nM of Aptazyme, 5.3- was incubated
with each inhibitory sequence in a 1:10 ratio (i.e., 2500 nM)
for 15 and 30 min and the generated fluorescence signal was
measured after adding 250 nM of Substrate; (Fig. 4B).

Inhibitor, 5 Inhibitor,g

-Q—LP-Q-LP

30 min

(o9)

® 15 min

Normalized fluorescence (a.u.)

No inhibitor

Inhibitor;

35 "’ * ’

Inhibitor;g

(@]

Normalized fluorescence (a.u.)

2

1.5

1

0.5
- rds

1:10

Fig. 4 Optnmzatlon of the inhibition of Aptazymellw,y, A Schematic
representation of the two inhibitory sequences, Inhibitor;, and
Inhibitor;g. B Testing two inhibitory sequences at two hybridization
times (15 and 30 min) at 250 nM of Aptazyme;s. 3- and 2500 nM of
Inhibitor; 5 or Inhibitor;g. The generated fluorescence signal was
recorded upon addition of 250 nM of Substrate,. C Testing the capacity
of thrombin (248 nM) to reactivate Aptazyme, ;s3> inhibited with
Inhibitor; g in different ratios (1:1, 1:2, 1:5, and 1:10, which correspond
to 250 nM of Aptazyme; 15.3-: 250, 500, 1250, and 2500 nM of
Inhibitor; g, respectively). In this case, the signal in the absence of
thrombin was subtracted from the signal in the presence of thrombin. In
both graphs, the error bars represent the standard deviation of three
repetitions. The description of the fluorescence normalization process
can be found in “Materials and methods” section

o

Regardless of the incubation time, the obtained fluorescence
signal when using Inhibitor; , was comparable to the non-
inhibited Aptazyme; ;5.3:, meaning that covering only the sub-
strate binding arm of DNAzyme, was not sufficient to prevent
the cleavage of substrate. Contrary to this, covering part of the
catalytic core in addition to the substrate binding arm resulted
in half of the signal when compared with the non-inhibited
Aptazyme, ;5.3-, without significant difference between two
tested times. Consequently, we selected Inhibitor;g and
shorter incubation (15 min) for further optimization in the
following experiments.

In a next step, we tested the ability of thrombin to remove
the inhibitor and as such reactivate DNAzyme, within
Aptazyme, ;5. 3> (Fig. 4C). Therefore, 248 nM of thrombin
(the highest concentration tested on the FO-SPR device, see
Figs. 2 and 3) and the same concentration of Substrate, as in
the previous experiment (250 nM) were added to the inhibited
Aptazyme, ;5. 3. Here, in parallel, we also investigated other
ratios between the aptazyme and the inhibitor, rather than just
1:10 tested in Fig. 4B, being 1:1, 1:2, and 1:5. Although
thrombin was capable of reactivating inhibited
Aptazyme, ;5.3- for all the ratios, this success was clearly dif-
ferent among tested conditions. The one-way ANOVA with
Tukey test showed a statistical difference between 1:2 and the
other ratios, except for 1:1. However, based on the higher
average value obtained for the 1:2 ratio compared to 1:1, the
former was selected for all the subsequent experiments. After
additional optimization of Aptazyme 53> and Substrate; con-
centrations, we selected 250 nM of Aptazyme; ;53> and 750
nM of Substrate; to proceed (Fig. S5, ESM), while keeping
1:2 ratio between aptazyme and inhibitor.

Using the optimized conditions, we tested the capacity of
competitive bioassay to detect not only thrombin but an NA
target as well (0 — 248 nM) (Fig. 5). The latter was achieved by
simply using the complementary sequence of TBA s as a tar-
get (NA4, nr 17 in Table S1, ESM). The competitive bioassay
was performed as explained above and the generated fluores-
cence was measured after the addition of 750 nM of
Substrate;. For both targets, we obtained a similar
concentration-dependent response, although for NA the over-
all signal intensity was higher than that for thrombin. The
calculated LOD was 45.6 £ 0.8 nM and 14.1 + 0.9 nM for
thrombin and NA, respectively.

Design of Aptazyme, for establishing multiplex
DNA-only bioassay

After demonstrating that the same competitive bioassay con-
cept can be used to detect both protein and NA targets sepa-
rately, we attempted to detect them simultaneously in the same
reaction. However, because both targets were detected in
singlepex reactions using the same Aptazyme; js.3:, we first
needed to construct a new aptazyme. Here, the original
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Fig. 5 Concentration-dependent response of the competitive bioassay in
the presence of thrombin or NA;. The inset shows the linear range for
both targets, being 0—124 nM for thrombin (R? = 0.99) and 062 nM for
NA,; (R?=0.99). The error bars represent the standard deviation of three
repetitions, whereas the LOD values have been calculated as described in
the “Materials and methods” section

Aptazyme; ;53> was kept for thrombin detection, while a new
aptazyme was designed for detecting a new NA target (i.e.,
NA,), motivated by the much easier design of a new target
recognition sequence for the NA target. To achieve this, we
made two changes to the original Aptazyme, ;5.3:. First, to
fluorescently differentiate between the two targets, we modi-
fied the substrate-binding arms of DNAzyme, for binding
Substrate,, labelled with a different fluorophore (nr 20 in
Table S1, ESM), while keeping the same catalytic core. This
substrate sequence was previously reported by Mokany et al.
[44] and redesigned by Ven et al. for optimal performance at
RT [26]. Second, we swapped the TBA 5 for a random 28-mer
NA sequence (nr 8 in Table S1, ESM the same bioreceptor).
This resulted in generation of Aptazyme; g 3:.

Contrary to the expectations, Aptazyme, ,g 3 was able to
generate only 20% of the fluorescence signal generated by the
corresponding DNAzyme, (Fig. 6). To have a better under-
standing of the observed difference, we studied their second-
ary structures using the OligoAnalyzer 3.1 tool of IDT
Technologies (https://eu.idtdna.com/calc/analyzer) (Fig. S6A
and Fig. S6B, ESM). Aptazyme; 15.3- was used here as a
reference considering that the successful competitive
bioassay was already accomplished with it. Based on the
analysis of the most stable secondary structures, we
observed that the addition of TBA5 to DNAzyme, did not
affect its secondary structure. However, Aptazyme, »g.3- had
an extra hairpin compared to DNAzyme,, which was
composed by part of the (1) core, (2) substrate-binding arm,
and (3) target recognition sequence (highlighted as yellow,
red, and blue respectively in Fig. S6B, ESM). The fact that
the target recognition sequence induced a change in the sec-
ondary structure of DNAzyme, could explain the decrease in
the enzymatic activity of Aptazyme, 5g.3-.
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Fig. 6 Screening of different Aptazyme, designs based on their catalytic
activity in the presence of Substrate,. The influence of different lengths
(28, 20, and 15 nts) and positions (3’ or 5° end of the DNAzyme,) of the
target recognition sequences were studied. The error bars represent the
standard deviation of three repetitions. Additionally, the fluorescence
normalization process is described in the “Materials and methods” section

In order to develop an aptazyme of similar catalytic activity
as DNAzyme,, we designed five additional aptazymes: two
with target recognition sequences (20 and 15 nts) positioned
on the 3’ side of DNAzyme, and three with target recognition
sequences (28, 20, and 15 nts) on the 5° side (nr 8-13 in
Table S1, ESM). Their secondary structures were then ana-
lyzed using the same simulation tool as above, followed by
measuring their enzymatic activity. Aptazyme; ,o.3- and
Aptazyme, ;5.3- revealed similar secondary structures as
Aptazyme, »g.3>, suggesting that the target recognition se-
quences positioned on the 3’ side of DNAzyme, affected its
intrinsic conformation (Fig. S6C, ESM). This was further con-
firmed with the similar (low) level of enzymatic activity
among these three aptazymes (Fig. 6). Contrary to this, the
target recognition sequences introduced on the 5’ side of
DNAzyme, gave noticeable increase in the activity, which
was different for all three aptazymes, while being the highest
for Aptazyme, 55> that was capable of generating 66% of the
signal generated by the corresponding DNAzyme,. This ob-
served disparity in their activities could be due to their sec-
ondary structures. To understand the differences, we consid-
ered two different aspects of the secondary structure: its sta-
bility and the involvement of DNAzyme, in this secondary
structure. For instance, while the target recognition sequence
in Aptazyme, »g_s- created an additional hairpin involving the
substrate binding arm, it did not affect the intrinsic conforma-
tion of DNAzyme, as in the case of Aptazyme, ;5.s:. This
could be the explanation why this aptazyme showed higher
activity than Aptazyme, 55> despite having a more stable
secondary structure. In a similar manner, the target recognition
sequence in Aptazyme; ,o.5> generated an additional hairpin,
but with a shorter stem than Aptazyme, »g_5:, which resulted in
a less stable conformation and thus higher activity. Taking all
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this into account, we can conclude that the degree to which the
target recognition sequence affects the secondary structure of
the DNAzyme is crucial for the aptazyme performance. This
was further confirmed by the observation that, for all tested
aptazymes, signal generation increased upon adding the target
(data not shown), which can be explained by the fact that this
target interacted with the part of the aptazyme that actually
interfered with the DNAzyme activity. Importantly, however,
even under these conditions, Aptazyme, »o.5» remained the
construct with the highest activity, therefore being selected
for developing the multiplex bioassay.

Before using Aptazyme, 5.5: directly in the multiplex bio-
assay, we also evaluated its performance in the competitive
bioassay. Here, 250 nM of Aptazyme, ,o.s» was inhibited
using Inhibitor, as previously described. Subsequently, sever-
al concentrations of NA, target were added in the range from 0
to 248 nM together with 750 nM of Substrate,, followed by
measuring the generated fluorescence signal for each target
concentration (Fig. S7, ESM). The fitting in the linear range
resulted in a LOD of 5.1 + 0.1 nM, similar to what was pre-
viously obtained for NA;.

DNA-only multiplex bioassay for detection of
thrombin and NA target or two NA targets

To develop a multiplex bioassay, we first ensured the possi-
bility of independently detecting both fluorescence reporters
in the same solution without any interference. Therefore, we
measured the intensity of Substrate; and Substrate, separately
and in the same solution, in both F and H channels (Fig. S8A,
ESM). The fluorescence intensities observed in both channels
when both substrates were present together were comparable
to their independent measurements, indicating no interference
between the fluorescent labels. In the next step, to corroborate
the specificity of each aptazyme for its substrate, we measured
the fluorescence signal generated by each aptazyme separately
and in the same solution, in the presence of both substrates
(Fig. S8B, ESM, observing no non-specific signal genera-
tion). Following this, we evaluated the specificity of the mul-
tiplex approach in terms of the bioreceptors. Hereto, we mea-
sured the fluorescence signal generated by the 125 nM of
Aptazyme, ;53> or Aptazyme, »q.5, respectively inhibited
with 250 nM of Inhibitor; g or Inhibitor, prior to adding each
individual target (248 nM of thrombin or NA,) or both targets
together in the same reaction (Fig. 7A). In parallel, we also
performed a similar experiment to determine the bioreceptor
specificity when detecting two NA targets (Fig. 7B). In all
these experiments, both Substrate; and Substrate, were al-
ways added together, each at 375 nM concentration. The re-
sults revealed high specificity of the bioreceptors towards their
respective targets in both tested bioassays. All this also point-
ed out that the observed interactions are not promoted by the

buffer selection, but are a reflection of the specific interactions
between the aptazymes and their respective NA targets.

Finally, we evaluated the multiplex detection of thrombin
and NA, over the concentration range from 0 to 248 nM using
Aptazyme; 15.3- and Aptazyme,,q.5: (each at 125 nM),
inhibited with 250 nM of their respective inhibitors prior to
adding the rest of the bioassay components. In the same man-
ner, we attempted the simultaneous detection of NA; and
NA,. In both cases, we monitored the fluorescence intensity
after the addition of Substrate; and Substrate,, each at 375 nM
concentration (Fig. 7C and Fig. 7D). The performed multiplex
bioassays revealed LOD values in the nM range like the
singleplex versions of the same bioassay (Table 2). The for-
mer, however, showed slightly lower LOD values for all tar-
gets, except for NA, when detected together with NA, (sta-
tistically significant as evaluated with a T-test). This improve-
ment in LOD for the multiplex measurements could be attrib-
uted to the lower variability observed for the blank measure-
ments, which was not the case for NA, in the NA; and NA,
multiplexing. Another possible explanation could be because
of the reduced concentrations of each reaction component to
half in the multiplexing bioassay in order to maintain the total
amount of reaction elements in the solution. Nevertheless,
taken altogether, these results revealed that the developed bio-
assay can be successfully performed both in singleplex and
multiplex formats with sensitivities in the nM range. This is in
accordance with similar reported LOD values for other
aptazymes (including those with a different catalytic cores),
ranging from 6.9 pM to 18 uM when using fluorescence-
based read-out [25, 45, 46].

In the case of NA,, two LODs were calculated: one from
the multiplex bioassay for thrombin and NA, (*) and the other
one from NA; and NA, (¥%)

Conclusions

In the present work, we have shown for the first time the
simultaneous detection of proteins and NAs in a competitive
bioassay by using exclusively FNA molecules, i.e.,
aptazymes, which combine target recognition and signal gen-
eration in a single molecule. To attain this, we first screened
several buffer compositions for preserving the optimal perfor-
mance of both the aptamer and the DNAzyme within
Aptazyme, ;s.3-, followed by establishing the optimal concen-
trations for all the bioassay components. Subsequently, we
successfully proved the feasibility to detect both thrombin
and NA, target in a singleplex competitive bioassay with cal-
culated LOD values of 45.6 = 0.8 nM and 14.1 = 0.9 nM,
respectively. Next, for achieving multiplexing, we modified
the Aptazyme, ;53> by replacing the substrate binding arms of
the DNAzyme and target recognition sequence. Here, we suc-
cessfully designed aptazymes without affecting their catalytic
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Fig. 7 DNA-only multiplex bioassay for simultancous detection of
different targets. Evaluation of the bioreceptor specificity in multiplex
conditions using A 248 nM of thrombin and NA, as targets, and B 248
nM of NA; and NA, as targets. C Concentration-dependent response for
the detection of thrombin and NA,. Inset figure represents the linear range
of thrombin between 0 and 124 nM (R® = 0.99) and of NA, between 0

activity based on the in silico analysis of their secondary struc-
tures. From the study of several aptazyme sequences, we con-
cluded that the activity of the DNAzyme within an aptazyme
can be strongly impacted by the interference of the target
recognition sequence with the DNAzyme secondary structure.
By using this prediction tool, we designed a new aptazyme,
Aptazyme, »(_s:, for detecting NA, target with an LOD of 5.1
+ 0.1 nM in a singleplex bioassay. Finally, we combined both
Aptazyme; ;5.3 and Aptazyme, »(._s- in the same solution for
the simultaneous detection of thrombin and NA, target or NA

Table 2 Overview of the obtained LOD values in the different
bioassays established in this work, as depicted in Fig. 1
Singleplex Multiplex
Thrombin 45.6 £ 0.8 nM 15.6 £ 0.5 nM
NA, 14.1 +0.9 nM 7.5+0.3 nM
NA, 5.1+0.1 nM 3.1£0.1%/ 6.4 £ 0.3 nM**
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and 62 nM (R* = 0.99). D Concentration-dependent response for the
detection of NA; and NA,. Inset figure represents the linear range be-
tween 0 and 124 nM for NA; (R* = 0.99) and 0 and 62 nM for NA, (R> =
0.99). For all graphs, the error bars represent the standard deviation of
three repetitions and the LOD values have been calculated as described in
the “Materials and methods” section

and NA,. In these multiplex bioassays, we demonstrated the
high specificity of each aptazyme with no decrease in the
bioassay efficiency compared to their performance in the
singleplex bioassay. Although previous studies have reported
the detection of thrombin [46—48] or various NA targets
[49—-51] with picomolar or even femtomolar sensitivities,
many of those approaches required elevated temperatures
and/or longer assay time (30 min — 5 h). Contrary to this, the
approach we presented in this work not only is capable of
detecting the targets at RT within 10 min, but is also unique
in its capacity to detect multiple targets, regardless of their
origin or chemical nature, using the same bioassay compo-
nents and the same read-out method. Considering this pre-
mise, such a multiplex bioassay could be conveniently modi-
fied for different targets of interest, by replacing the aptamer
or target recognition sequence. Similarly, the number of tar-
gets could be increased by incorporating new substrate-
binding arms of the DNAzyme. Furthermore, due to the ad-
vantages associated to the NA nature of the bioassay, the
possibility to work at RT, and the short assay time, this
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approach could be a good candidate for further implementa-
tion in POC platforms.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03458-6.
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