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A B S T R A C T   

In disease diagnostics, single- and multiplex nucleic acid (NA) detection, with the potential to discriminate 
mutated strands, is of paramount importance. Current techniques that rely on target amplification or protein- 
enzyme based signal amplification are highly relevant, yet still plagued by diverse drawbacks including erro-
neous target amplification, and the limited stability of protein enzymes. As a solution, we present a multicom-
ponent nucleic acid enzymes (MNAzymes)-based system for singleplex and multiplex detection of NA targets in 
microwells down to femtomolar (fM) concentrations, without the need for any target amplification or protein 
enzymes, while operating at room temperature and with single base-pair resolution. After successful validation of 
the MNAzymes in solution, their performance was further verified on beads in bulk and in femtoliter-sized 
microwells. The latter is not only a highly simplified system compared to previous microwell-based bioassays 
but, with the detection limit of 180 fM, it is to-date the most sensitive NAzyme-mediated, bead-based approach, 
that does not rely on target amplification or any additional signal amplification strategies. Furthermore, we 
demonstrated, for the first time, multiplexed target detection in microwells, both from buffer and nasopharyn-
geal swab samples, and presented superior single base-pair resolution of this assay. Because of the design flex-
ibility of MNAzymes and direct demonstration in swab samples, this system holds great promise for multiplexed 
detection in other clinically relevant matrices without the need for any additional NA or protein components. 
Moreover, these findings open up the potential for the development of next-generation, protein-free diagnostic 
tools, including digital assays with single-molecule resolution.   

1. Introduction 

Nucleic acid (NA) detection is a hallmark and an essential aspect of 
disease diagnostics as it allows detection of genetic material of, for 
example, pathogenic microorganisms (e.g. bacteria (de Abreu Fonseca 
et al., 2006; Warwick et al., 2004) and viruses (Abe et al., 1999; 
Schneider et al., 1985)) and tumor cells (Han et al., 2017). As such, it is 
pivotal for guiding a timely therapeutic intervention and for combatting 
antimicrobial resistance, among other applications. Due to evolution in 
diagnostics, now information is sought on more than just the presence of 
the target and its concentration. The occurrence of mutations or other 
confounding target sequences in the same sample are examples of a few 
parameters that are essential for the future development of diagnostics. 

The majority of current methods used to achieve these aims still rely 

on target amplification, such as the gold standard real-time quantitative 
polymerase chain reaction (Heim et al., 2003), or the more recent 
isothermal amplification approaches, including rolling circle amplifi-
cation (Kühnemund et al., 2017), loop-mediated isothermal amplifica-
tion (Kishine, 2014), and helicase-dependent amplification (Vincent 
et al., 2004). In spite of their indisputable relevance, target amplification 
approaches involve several drawbacks, most notably the high chances of 
erroneous sequence amplification, which result in an accumulation of 
false-positive results (Borst et al., 2004). In this context, novel ap-
proaches have been reported, relying on direct detection of the target 
strands rather than amplification thereof. Here, target detection is 
achieved through hybridization with complementary probes, followed 
by their labeling with a protein enzyme for subsequent signal generation 
and amplification. This has resulted in the detection of attomolar DNA 
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target concentrations using both a droplet-based microfluidic platform 
(Guan et al., 2015) and microwell-based platforms. The latter include 
the SiMoA™ platform (Song et al., 2013) and the more recently 
described hydrophilic-in-hydrophobic (HIH) microwell array platform 
(Tripodi et al., 2018), that also enables discrimination of single nucle-
otide mutations (SNMs). Despite their improvements in terms of erro-
neous target amplification, these methods are still plagued by the 
drawbacks associated with using protein enzymes, such as temperature 
sensitivity and stability, stringent buffer requirements, limited design 
flexibility and multiplexing potential. 

An alternative class of enzymes, so-called NA-based enzymes 
(NAzymes), have nucleotides as building blocks and as such can with-
stand more stringent conditions (e.g. pH, temperature) compared to 
their protein counterparts (Kasprowicz et al., 2017; Nakano et al., 2017; 
Nesbitt et al., 1999). Moreover, they are highly flexible and have been 
utilized for different applications, including detection of heavy metals 
(Wu et al., 2010; Yun et al., 2016; Zhang et al., 2011), NA (Lu et al., 
2017; Wang et al., 2018), and pathogens (Ali et al., 2017; Kim et al., 
2018; Lee et al., 2017), amongst many others. Remarkably, the 10–23 
core NAzymes with an inherent RNA-DNA hybrid cleavage activity 
(Santoro and Joyce, 1997) are among the most widely studied NAzymes. 
A first class of these NAzymes, the DNAzyme or deoxyribonucleic acid 
enzyme, is composed of a conserved catalytic core flanked by adjustable 
binding arms. These arms bind with the substrate sequence by Watson 
Crick base-pairing while the catalytic core mediates cleavage of the 
RNA-DNA hybrid motif in the substrate (Santoro and Joyce, 1997). 
Another class of NAzymes, derived from DNAzymes, are the multicom-
ponent NAzymes (MNAzymes) (Mokany et al., 2010). MNAzymes are 
composed of 2 partzymes, each containing one-half of the catalytic core, 
1 substrate-binding arm, and 1 additional target-binding arm, enabling 
formation of the functional enzyme only in the presence of the NA target 
sequence. This target sequence can be derived from virtually any target 
entity, hence providing an immense design flexibility to generate a 
diverse repertoire of NAzymes for a multitude of applications. As such, 
MNAzymes can be used not only for signal generation and amplification, 
but they also bear inherent target detection properties (Mokany et al., 
2013; Tabrizi et al., 2015). Moreover, the sequence of the 
substrate-binding arms can also be easily modified to give rise to an even 
larger number of novel enzymes thus enabling multiplexing (Mokany 
et al., 2010). 

Starting from all the above-mentioned advantages of NAzymes, here 
we present for the first time a microwell-based bioassay that relies solely 
on NAzymes for detection of NA targets, signal generation, and signal 
amplification, without needing protein-based enzymes in any of these 
steps. Although NAzymes are traditionally used at elevated tempera-
tures, the presented concept operates completely at standard room 
temperature, thanks to the recently designed 10–23 core NAzymes by 
our group (Ven et al., 2019). In addition, we demonstrate the potential 
of this protein-free approach for easy multiplex detection in microwells. 
This involved designing of 2 MNAzymes to specifically recognize part of 
the genome from 2 pathogens: the gram positive bacterium Streptococcus 
pneumonia (SP) and the human adenovirus (HA), a non-enveloped 
dsDNA virus (both known to colonize the nasopharynx causing serious 
respiratory tract infections) (Haus et al., 2007). Furthermore, we also 
successfully show the specificity of the assay for the true target 
compared to SNMs, in microwells, hereby revealing the single base-pair 
resolution of this approach at room temperature and in the absence of 
protein enzymes. To accomplish this and evaluate the sensitivity offered 
by different platforms, we establish the performance of the MNAzymes 
first in solution (Scheme 1A), then after being immobilized on super-
paramagnetic beads (Scheme 1B) and finally in HIH femtoliter-sized 
microwells (Scheme 1C) (Witters et al., 2013). Considering the clinical 
relevance of the studied pathogens, we also demonstrate duplex target 
detection and SNM discrimination from the true target in spiked naso-
pharyngeal swab samples in the microwell-based platform. This work 
reveals the enormous potential of bead-based NAzyme biosensors for 

diagnostic purposes, with the future outlook of developing highly flex-
ible and stable digital bioassays with sub-femtomolar detection limits. 

2. Materials & methods 

2.1. Reagents and NA sequences 

Detailed information on the reagents and the sequences of the 
MNAzymes, targets and substrates used in this study can be found in 
Supplementary information (S1.1). 

2.2. MNAzyme evaluation in solution 

Individual detection of TargetSP and TargetHA in solution was per-
formed in a 25 μL mixture containing a 5-fold dilution of the target (125 
nM, 25 nM, 5 nM, 1 nM) and the corresponding partzymes and substrate 
at a fixed concentration of 250 nM, all prepared in reaction buffer (10 
mM Tris-HCl with 50 mM KCl and 20 mM MgCl2, pH 8.3). The SNM 
effect was evaluated at a concentration of 5 nM using TargetSP,SNM1-6. 
Duplex detection of TargetSP and TargetHA with the same 5-fold dilution 
for each target (125 - 1 nM) was obtained in a single 25 μL mix, con-
taining 250 nM partzymes and substrates for both targets. Additionally, 
duplex control tests were performed by evaluating mixtures containing 
only 1 target (TargetSP or TargetHA) at a concentration of 5 nM, in 
combination with both MNAzymes and both substrate sequences, all at a 
final concentration of 250 nM. As negative controls, samples without 
target (0 nM) were included in all the above-mentioned experiments. 
For readout, the DNA mix was transferred to a 384-well clear-bottom 
microplate (Glasatelier Saillart, Meerhout, Belgium) and fluorescence 
was measured every minute for 15 min at standard room temperature, 
using a SpectraMax iD3 (Molecular Devices LLC, San Jose, USA). For 
detection of FAM- and HEX-based signals, excitation/emission values 
were set at 485/535 nm and 529/567 nm, respectively. 

All measurements in the manuscript were performed in triplicate, 
and all samples were stored on ice before readout. The limit of detection 
(LOD) was calculated as described in Supplementary information (S1.6). 

Scheme 1. Schematic representation of MNAzyme-based NA detection in 3 
different platforms: (A) in solution, (B) on magnetic beads in solution and (C) 
on magnetic beads in microwell arrays, the latter illustrating the signal, 
generated in a femtoliter-volume after individual bead seeding and substrate 
confinement. All MNAzymes comprise the same 10–23 core and have target- 
and substrate-binding arms, tailored for detection of either the Streptococcus 
pneumoniae-based target (TargetSP) or the human adenovirus-based target 
(TargetHA), or discrimination of the Streptococcus pneumoniae-based target, 
carrying an SNM (depicted with red dot and red arrow in TargetSP,SNM). 
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2.3. MNAzyme evaluation on beads in bulk 

The beads are functionalized with MNAzymes as described in Sup-
plementary information (S1.3) and are used to capture TargetSP or 
TargetHA at 2-fold dilution (1000–125 pM) in dextran-SSC buffer (5x 
saline-sodium citrate buffer with 10% dextran sulfate and 0.1% 
Tween20), and in 10-fold diluted nasopharyngeal swab samples, 
following description in Supplementary information (S1.4) and based on 
our previous work (Tripodi et al., 2018). To measure the fluorescence, 
10 μL of the beads were added to 20 μL of substrate in reaction buffer, at 
a final concentration of 278 nM, for effective signal generation in a 
384-well clear-bottom microplate. Fluorescence was measured every 
minute for 60 min at 23 �C, using wavelengths as detailed above. 

Following the same protocol, detection of TargetSP,SNM1 was per-
formed at a target concentration of 250 pM whereas duplex detection 
was evaluated with samples containing both TargetSP and TargetHA, 
each at 250 pM. Similar to the experiments without beads, duplex 
control tests were performed by evaluating complete mixtures contain-
ing only 1 target (TargetSP or TargetHA) at a concentration of 250 pM. 
For duplex detection, 20 μL of each of the 10-fold diluted bead pop-
ulations were added to the samples and for readout, 20 μL of a mixture of 
both substrates at a final concentration of 278 nM each, was used. To 
evaluate the beads carrying only 1 type of partzyme (i.e. partzyme A or 
partzyme B), the other partzyme was added in excess of the target at a 
final concentration of 27.8 nM. 

2.4. MNAzyme evaluation on beads in microwells 

A detailed description of the fabrication of the HIH microwells is 
provided in Supplementary information (S1.4). For singleplex detection, 
TargetSP and TargetHA were evaluated at concentrations of 62.5 pM, 
31.2 pM, 15.6 pM, 7.8 pM. Detection of TargetSP,SNM1 (62.5 pM) and 
duplex detection of TargetSP and TargetHA (62.5 pM each) was evaluated 
as described in Supplementary information (S1.5). 

The beads, functionalized with partzymes and incubated with the 
target samples, were subsequently mixed in a 1-to-1 ratio with control 
beads (i.e. functionalized with partzymes and incubated without (0 pM) 
the target), unless indicated otherwise. A 5 μL droplet of this bead mix 
was positioned on top of the microwell array and manually moved over 
the array while positioning a permanent magnet (NdFeB, 6 mm diam-
eter, 12.7 N, Supermagnete, Germany) underneath to enable magnet 
assisted seeding of the beads. After removing the droplet with the 
remaining beads, 20 μL of the substrate solution (500 nM, diluted in 10x 
reaction buffer for optimal signal generation) was added on top of the 
array and subsequently covered by 180 μL of PlusOne Drystrip Cover-
fluid oil. Subsequent removal of the substrate solution from underneath 
the oil resulted in the generation of sealed, femtoliter-sized reaction 
wells. For duplex detection, beads were not mixed with control beads, 
and were confined in the wells with a mixture of both substrates (500 
nM each in 10x reaction buffer). 

The increase in fluorescence was monitored using an inverted fluo-
rescence microscope and images were analyzed using an in-house 
developed script (for more details, see Supplementary information, 
S1.5 and S1.6). 

3. Results & discussion 

3.1. Validation of MNAzyme-based assay in solution for multiplex 
detection of NA targets and SNM discrimination 

To develop a microwell-based bioassay that is completely free of 
protein-based enzymes, we first adapted 2 existing 10–23 core MNA-
zymes from literature (Mokany et al., 2013) for detecting 2 DNA targets 
of interest (TargetSP and TargetHA) and for being performant at standard 
room temperature. Therefore, the target-binding arms of MNAzymeSP 
and MNAzymeHA were designed as complementary sequences to these 

targets, respectively. In addition, the substrate-binding arms of both 
MNAzymes and their substrate sequences (SubstrateSP and SubstrateHA, 
respectively) were adjusted for the application at standard room tem-
perature as previously described by our group (Ven et al., 2019). 
Importantly, to enable duplex detection, 2 spectrally distinct fluo-
rophores were incorporated in the 2 substrate sequences, emitting light 
at a wavelength of 535 nm for SubstrateSP and 567 nm for SubstrateHA. 

The newly designed MNAzymes were first tested for their perfor-
mance in solution. Initially, we evaluated singleplex detection of Tar-
getSP and TargetHA (125–1 nM at 5-fold dilution, Fig. 1A). Fitting the 
calibration curves of both targets over the linear range (25–1 nM), 
resulted in a calculated LOD of 313 � 23 pM for TargetSP and 145 � 4 
pM for TargetHA. This demonstrated that both designed MNAzymes 
could successfully detect their specific target sequences at standard 
room temperature down to pM concentrations. The difference in per-
formance between the different MNAzymes, as exemplified by the dif-
ference in calculated LOD as well as the difference in slope of the linear 
fit, are in compliance with previous reports (Mokany et al., 2013). These 
differences can be attributed to dissimilarity in their target and substrate 
sequences that affect their base-pair hybridization efficiencies. 

Additionally, we also tested the simultaneous detection of both 
target sequences for the same target concentrations as mentioned above 
(125–1 nM), using a mixture of the substrates whilst measuring fluo-
rescence emission at both wavelengths (i.e. 535 nm and 567 nm). Here, 
the calculated LOD for duplex detection was obtained over the same 
linear range (25–1 nM) and found to be 277 � 18 pM for TargetSP and 
602 � 11 pM for TargetHA (Fig. 1B). These findings demonstrated a high 
specificity of the designed MNAzymes for their targets, in both single-
plex and duplex settings. In order to further study any non-specific signal 
arising from cross-reactivity of the MNAzymes, additional controls were 
tested in solution. Here, we used a mixture of both MNAzymes, both 
substrates, and different target combinations, being (1) only TargetSP, 
(2) only TargetHA, and (3) both TargetSP and TargetHA, all at the con-
centration selected in the middle of the linear dynamic range (i.e. 5 nM). 
As depicted in Fig. 1C, the negligible fluorescence signal obtained at 535 
nm in the presence of TargetHA only, and at 567 nm in the presence of 
TargetSP only, demonstrated the lack of non-specific MNAzyme activity 
in the presence of non-complementary targets. Henceforth, the obtained 
results confirmed that the designed MNAzyme system is suited for 
multiplex NA detection in solution. 

Next, we wanted to evaluate the potential of discriminating true 
target from strands with SNMs. To attain this, we inserted an SNM in the 
target strand for MNAzymeSP, generating TargetSP,SNM1 (Scheme 1A) 
and compared the activity of MNAzymeSP in the presence of the mutated 
sequence with the one in the presence of the true target (i.e. TargetSP). 
The experiments were performed in solution at a target concentration of 
5 nM, similar to the experiments described in Fig. 1C. As depicted in 
Fig. 1D, the significantly lower signal in the presence of TargetSP,SNM1 
revealed that the MNAzyme does not tolerate the presence of a SNM in 
the target sequence. Moreover, when evaluating SNMs at alternative 
locations (Fig. S2), the MNAzyme was found to be equally sensitive to 
mutations adjacent to the other side of the catalytic core but less or 
almost completely insensitive to mutations at positions more distant 
from the catalytic core. This suggested that, in the presence of an SNM 
next to the catalytic core, the MNAzyme cannot form its optimal cata-
lytically active conformation and thereby cannot properly cleave the 
substrate. This knowledge can be applied for a smart design of the 
target-binding arms of MNAzymes in the context of mutation discrimi-
nation, i.e. to ensure that known SNMs of interest are positioned next to 
the catalytic core, at the most mutation-sensitive position. Moreover, 
contrary to a previous report on the use of MNAzymes for mutation 
detection (Mokany et al., 2010), our system did not require any addi-
tional oligonucleotides nor elevated temperatures, rendering it a simpler 
and more straightforward approach. 
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3.2. Activity of MNAzyme-based bioassay on magnetic beads in solution 

To push the designed MNAzymes towards their implementation in 
the HIH microwell-based platform, we tested their activity whilst 
immobilized on superparamagnetic beads (Scheme 1B). Whereas there 
are numerous reports on the use of NAzymes on magnetic beads, they 
either (1) focus on the detection of the metal cofactors of the NAzymes 
(Huang et al., 2014; Nie et al., 2012; Zhang et al., 2016; Zhuang et al., 
2013) instead of NA targets, (2) rely on DNAzymes and hence require 
additional components or assay steps to enable target detection (Cao 
et al., 2006; Tram et al., 2014; Willner et al., 2008) and/or (3) are rather 
complex (i.e. requiring the formation of magnetic nanoparticle assem-
blies (Tian et al., 2018) or the MNAzyme-initiated release of subzymes 
prior to signal generation (Hasick et al., 2019)). As such, here we report 
for the first time the use of superparamagnetic beads, functionalized 
with MNAzymes to directly capture the target sequence from the sam-
ple. Moreover, we even immobilized both partzyme A and partzyme B 
from a single MNAzyme together on the beads (Scheme 1B), as this 
approach was found to outperform the system where only 1 biotinylated 
partzyme (Partzyme ASP,bio or Partzyme BSP,bio) was immobilized on the 
streptavidin coated beads while the other biotinylated partzyme (Part-
zyme BSP,bio or Partzyme ASP,bio respectively) was added in solution 
along with the substrate (Fig. S3). This performance discrepancy can be 
attributed to the larger diffusion distance to be traversed by the second 
partzyme in comparison with the situation where both partzymes are 
immobilized on the beads. This could be counteracted by introducing an 
additional hybridization step for the partzyme in solution, before the 
signal generation and readout. However, that would further elongate 
and complicate the procedure and therefore was not considered in this 
work. 

Using this new approach, the immobilized MNAzymes were able to 
successfully capture their target sequences, TargetSP and TargetHA, 
starting with the lowest concentration detected in solution (1 nM), and 
going down to 125 pM (Fig. 2A–B). Based on the calibration curve, fitted 
over the linear range of the measured samples (500 pM to 125 pM), this 
assay achieved a calculated LOD of 11 � 1 pM and 21 � 1 pM for Tar-
getSP and TargetHA, respectively. To the best of our knowledge, this is the 
first report of the combination of low-picomolar NA detection using a 
bead-based MNAzyme assay at room temperature and additionally, it 
sits competitively amongst the majority of the NAzyme-mediated, bead- 
based detection methods reported so far (LOD between 10 pM and 100 
pM (Cao et al., 2006; Hasick et al., 2019; Niazov et al., 2004)). More-
over, contrary to previous reports on the immobilization of 10–23 
DNAzymes on microparticles, where an orientation-dependent inhibi-
tion of the catalytic activity was demonstrated (Hasick et al., 2019; Yehl 
et al., 2012) (i.e. 50 end attachment was found to show higher inhibition 
levels compared to 30 end attachment, yet lower than combined 50 and 3’ 
end attachment), this orientation-dependent effect was not observed 
when immobilizing MNAzymes on microparticles in this work. This can 
be attributed to the fact that here we immobilized MNAzymes through 
the target-binding arm, rather than through the substrate-binding arms, 
as in previous reports (Hasick et al., 2019; Yehl et al., 2012). As such, 
these results indicate that MNAzymes provide, in addition to direct 
target detection and design flexibility, an added advantage in terms of 
surface functionalization, which is of great interest for numerous ap-
plications in the diagnostics field. 

Furthermore, we also evaluated the potential of these MNAzyme- 
functionalized beads for duplex detection. Because the specificity of 
MNAzymes towards different targets and substrates was already proven 
in solution (Fig. 1), this was done for only one concentration selected in 

Fig. 1. Performance of the MNAzymes in solution at standard room temperature. (A) Detection of TargetSP and TargetHA over a 5-fold dilution, ranging from 125 to 
1 nM and including a control without target (0 nM) in singleplex (i.e. the reaction mixture comprises either only MNAzymeSP, SubstrateSP and TargetSP, or only 
MNAzymeHA, SubstrateHA, and TargetHA), with a fluorescent readout at 535 nm for TargetSP and 567 nm for TargetHA. The inset shows the linear dynamic range, 
fitted with an R2 of 0.972 and 0.996 for TargetSP and TargetHA, respectively. (B) Detection of TargetSP and TargetHA over a 5-fold dilution, ranging from 125 to 1 nM 
and including a control without target (0 nM) in duplex (i.e. the reaction mixture comprises a fixed concentration of MNAzymeSP, MNAzymeHA, SubstrateSP, and 
SubstrateHA with both the targets added in a 1-to-1 ratio with each other), at both measurement wavelengths. The inset shows the linear dynamic range, fitted with an 
R2 of 0.978 and 0.998 for the TargetSP and TargetHA, respectively. (C) Evaluation of non-specific signal for duplex detection in the presence of one (TargetSP or 
TargetHA) or both (TargetSPþHA) target sequences (5 nM) at both measurement wavelengths. (D) Comparison of the performance of MNAzymeSP in the presence of an 
SNM-carrying target sequence (TargetSP,SNM1) and the true target (TargetSP) at a 5 nM concentration. For all graphs, the error bars represent the standard deviation of 
3 repetitions, after subtraction of the background signal (i.e. the signal from partzymes and substrate, in the absence of target). 
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the middle of the linear dynamic range (250 pM) by incubating a 
mixture of both targets with a mixture of the 2 bead populations and 
both substrates. Similar to experiments in solution, control samples with 
a single target were also included. The bead-based MNAzyme assay 
successfully demonstrated specificity in a duplex detection format, with 
negligible signal at 535 nm in the absence of TargetHA and at 567 nm in 
the absence of TargetSP (Fig. 2C). Also, the ability of this assay to 
discriminate true target from mutant sequences was proven by using the 
MNAzymeSP-functionalized beads in combination with TargetSP,SNM1. As 
depicted in Fig. 2D, the signal in the presence of the mutant was 
significantly lower compared with the fully complementary target at a 
concentration of 250 pM, thereby substantiating the single base-pair 
resolution of the bead-based MNAzyme bioassay for SNMs. 

3.3. MNAzyme-based singleplex NA detection in microwells 

The compatibility of the MNAzyme-based bioassay with beads, as 
demonstrated above, allows for implementation in a myriad of versatile 
platforms (Guan et al., 2015; Song et al., 2013; Tripodi et al., 2018), thus 
enabling the development of sensitive bioassays. In this study, we 
implemented the bead-based MNAzyme bioassay on an in-house 
developed femtoliter-sized, HIH microwell platform (Daems et al., 
2019; P�erez-Ruiz et al., 2018; Witters et al., 2013). The target was 
captured on the MNAzyme-functionalized superparamagnetic beads 
(off-chip), and individual beads were trapped in the microwells with the 
assistance of a magnet. Next, the MNAzyme substrate was added and 
sealed in the microwells using mineral oil. Upon substrate cleavage by 
the active, MNAzyme-functionalized beads within the confined femto-
liter volume of the microwell, there was a localized increase in fluo-
rescence. The latter was subsequently detected via fluorescence 
microscopy, and the resulting images were processed to acquire the 
overall, normalized average fluorescence of the wells with active beads 
using an in-house established image analysis procedure (Fig. S1). Here, 

we evaluated a 2-fold dilution range of TargetSP (62.5 pM to 7.8 pM), 
and seeded a 1-to-1 mixture of the beads with target and without target 
in the microwell array (Fig. 3A). The latter beads were implemented as 
internal control to correct for variations in well dimensions and illu-
mination between arrays. An example of the obtained microscopy im-
ages is depicted in Fig. 3B. As shown in Fig. 3C, a linear trend was 
observed between 31.2 pM and 7.8 pM TargetSP, resulting in a calculated 
LOD of 180 � 13 fM. As such, we obtained two orders of magnitude 
increase in sensitivity from the low picomolar to the femtomolar range 
when compared to the bead-based bulk assay. This confirmed that a 
decrease of reaction volume by means of using microwells indeed leads 
to an increase in assay sensitivity, which can be attributed to the 
localized, high concentration of fluorescence in the femtoliter-sized 
well, as previously reported (Walt, 2014). Moreover, here we estab-
lished for the first time an assay for NA detection in microwells, purely 
driven by DNA-based enzymes for target detection, signal generation, 
and signal amplification. This combined action of the MNAzyme turns 
this concept into a highly simple system, requiring only a single 
target-hybridization step. Hence, this obviates the need of additional 
incubation steps with detection-probes and enzyme-labels, as previously 
reported in conventional bead-based assays for NA detection using 
protein enzymes (Guan et al., 2015; Song et al., 2013; Tripodi et al., 
2018). Furthermore, our methodology now outperforms, to the best of 
our knowledge, all-but-one previously reported NAzyme-based, pro-
tein-free assays (LOD � 1.5 pM (Cao et al., 2006; Hasick et al., 2019; 
Mokany et al., 2010; Niazov et al., 2004; Tian et al., 2018)). Moreover, 
unlike the best-performing DNAzyme-based system with a LOD of 50 fM 
(Fu et al., 2009), we obtain sub-picomolar detection limits without 
involving additional signal amplification strategies (e.g. 
DNAzyme-functionalized labelling nanoparticles (Fu et al., 2009)). We 
speculate that these additional amplification approaches would enable 
to further increase the sensitivity of our method, potentially achieving 
digital target detection to reach similar detection limits as those 

Fig. 2. Performance of the MNAzymes on magnetic beads in solution at standard room temperature. (A) Detection of TargetSP over a 2-fold dilution, ranging from 1 
nM to 125 pM and including a control without target (0 nM), with a fluorescent readout at 535 nm. The inset shows the linear dynamic range, fitted with an R2 of 
0.972. (B) Detection of TargetHA over a 2-fold dilution, ranging from 1 nM to 125 pM and including a control without target (0 nM), with a fluorescent readout at 567 
nm. The inset shows the linear dynamic range, fitted with an R2 of 0.996. (C) Evaluation of the non-specific signal for duplex detection in the presence of 1 (TargetSP 
or TargetHA) or both (TargetSPþHA) target sequences (250 pM) at both measurement wavelengths. (D) Comparison of the performance of MNAzymeSP in the presence 
of an SNM-carrying target sequence (TargetSP,SNM1) and the true target (TargetSP) at a 250 pM concentration. For all graphs, the error bars represent the standard 
deviation of 3 repetitions, after subtraction of the background signal (i.e. the signal from partzyme-functionalized beads in the presence of the substrate only). 
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previously reported using protein-based digital assays for NA detection 
(68 aM (Tripodi et al., 2018) to 0.83 fM (Song et al., 2013)), and thus 
also being competitive with the gold standard PCR techniques (Song 
et al., 2013). 

3.4. Microwell-based multiplex NA detection with single base-pair 
resolution in nasopharyngeal swabs 

Next, we evaluated the potential of multiplex target detection in the 
microwells using this MNAzyme-based bioassay. This was done directly 
in 10-fold diluted nasopharyngeal swab samples, spiked with TargetSP 
and TargetHA (62.5 pM) together, considering (1) the clinical relevance 
of the studied pathogens for respiratory tract infections and (2) the 
successful detection of both targets in the bead-based MNAzyme assay in 
10-fold diluted swabs that demonstrates stability of the system in com-
plex matrix (Fig. S4). For multiplex detection in microwells, the targets 
were captured on a 1-to-1 mixture of both bead populations, followed by 
bead seeding and substrate sealing in the microwells (Fig. 4A). As can be 
seen in Fig. 4B, an increase in fluorescence was observed in the wells 
with beads carrying TargetSP at the emission wavelength for SubstrateSP, 
and for beads with TargetHA at the emission wavelength for SubstrateHA. 
As such, we demonstrated for the first time the discrimination of 2 tar-
gets simultaneously on this HIH microwell platform. Moreover, this is 
the first report on microwell-based multiplex target detection without 
the need for coded bead populations to decode the fluorescent signals, 
associated with different target molecules, as is the case when relying on 
the use of a single protein-based enzyme (Rissin et al., 2013). Impor-
tantly, our approach is based on the design flexibility of MNAzymes 
which, contrary to protein enzymes, can be easily adjusted to generate a 

variety of fluorescent signals upon target-mediated cleavage of a variety 
of substrates (Mokany et al., 2013). Therefore, this simple approach 
shows great promise for more extensive multiplexed detection, without 
the design limitations associated with protein enzymes. Furthermore, 
the successful multiplex detection of targets, captured from clinically 
relevant matrix, shows the untapped potential for the development of 
sensitive, robust, and clinically relevant DNA-driven bioassays. 

Lastly, we also wanted to demonstrate that the single base-pair res-
olution of the MNAzyme-based detection system for SNMs can be 
translated to femtoliter-sized microwells and to another matrix than a 
buffer. Therefore, we spiked the target (62.5 pM) in 10-fold diluted 
nasopharyngeal swab samples, incubated it with the beads and, as 
depicted in Fig. 5A, seeded a 1-to-1 mixture of those beads with beads 
without target (i.e. internal control as described previously). As depicted 
in Fig. 5B, a negligible signal was generated in the presence of TargetSP, 

SNM1 compared with the fully complementary TargetSP. These results 
revealed the potential of this bead-based MNAzyme bioassay for suc-
cessful discrimination of mutant strands from true target strands in 
clinically relevant samples, holding great promise for future application 
in NA diagnostic assays. Moreover, when compared to a previously re-
ported assay for bead-based discrimination of SNMs in microwells 
(Tripodi et al., 2018), where a DNA ligase was applied to obtain a 
mutation-specific assay, the MNAzymes’ high specificity for target base 
mutations adjacent to the catalytic core allows for our approach to be 
highly simplified and protein-enzyme-independent. As such, this 
concept once more underlines the value of using MNAzymes in 
microwell-based assays for a variety of NA detection principles. 

Fig. 3. Performance of MNAzymeSP on beads in microwells at standard room temperature. (A) Schematic representation of a concept utilizing 1-to-1 mixture of 
beads with and without targets in HIH microwells. (B) Fluorescent images of the resulting signal in the microwell arrays for a 2-fold dilution, ranging from 62.5 pM to 
7.8 pM, measured with a WIBA filter. The average fluorescence intensity in the wells represents the target concentration. (C) Detection of TargetSP over the 2-fold 
dilution and including a control without target (0 nM). The inset shows the linear dynamic range, fitted with a linear curve (R2 ¼ 0.956). The error bars represent the 
standard deviation of 3 repetitions, after subtraction of the background signal (i.e. the signal from partzyme-functionalized beads in substrate-sealed wells, in the 
absence of the target). 

Fig. 4. Multiplex detection using MNAzymeSP and MNAzymeHA on beads in microwells at standard room temperature in 10-fold diluted nasopharyngeal swab 
samples. (A) Schematic representation of the signal resulting from the isolation of a 1-to-1 mixture of beads that carry either MNAzymeSP and TargetSP or MNA-
zymeHA and TargetHA, for multiplex detection. (B) Fluorescent images of the resulting signal in the microwell arrays for the duplex detection of TargetSP and TargetHA 
(62.5 pM), measured with a WIBA and WIGA filter, respectively, and visualized together via an overlay image. 
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4. Conclusion 

Here we report, for the first time, a purely NA-driven bioassay for the 
detection of NA targets in femtoliter-sized microwells and, moreover, at 
standard room temperature. In addition to singleplex detection we 
demonstrated that this approach enables a straightforward duplex 
detection, and revealed its single base-pair resolution. To achieve this, 
we reported a double hat-trick, where (1) target recognition, (2) signal 
generation, and (3) signal amplification all rely on a single MNAzyme, as 
validated (1) in solution, (2) on beads in solution and (3) on beads in 
femtoliter-sized microwells. In solution, the MNAzymes demonstrated 
successful detection of their respective NA targets, both in singleplex 
assay (with calculated LOD of 313 � 23 pM and 145 � 4 pM for TargetSP 
and TargetHA, respectively) and in duplex assay (LOD of 277 � 18 pM 
and 602 � 11 pM for TargetSP and TargetHA, respectively), the latter 
emphasizing that the designed MNAzyme system was suited for multi-
plex NA detection in solution. The observed differences in performance 
between 2 designed MNAzymes can be explained with the effect that 
different target and substrate sequences have on their base-pair hy-
bridization efficiencies and are in agreement with previous reports 
(Mokany et al., 2013). Whilst immobilized on beads, MNAzymes suc-
cessfully captured TargetSP or TargetHA, achieving a calculated LOD of 
11 � 1 pM and 21 � 1 pM, respectively, and as such being comparable to 
the majority of the NAzyme-mediated, bead-based detection methods 
reported so far. Subsequently, this MNAzyme-based bioassay was suc-
cessfully implemented in HIH femtoliter-sized microwells, resulting in 
sub-picomolar detection limits (calculated LOD of 180 � 13 fM) for 
TargetSP, rendering it the most sensitive MNAzyme-based bioassay that 
does not rely on secondary amplification strategies, as reported so far. 
Lastly, the microwell-based approach also effectually enabled duplex 
detection, relying on the design flexibility of MNAzymes to obtain 
multiple fluorescent signals rather than using coded beads, and 
discrimination of SNMs from true target strands without the need of 
complex assay configurations, all in diluted nasopharyngeal swab sam-
ples. These findings allow for future integration with multiple platforms, 
including digital bioassays with single-molecule resolution, providing 
promising avenues to further exploit this DNA-powered NA detection 
technique. 
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