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Abstract 10 

In disease diagnostics, single- and multiplex nucleic acid (NA) detection, with the potential to discriminate 11 

mutated strands, is of paramount importance. Current techniques that rely on target amplification or 12 

protein-enzyme based signal amplification are highly relevant, yet still plagued by diverse drawbacks 13 

including erroneous target amplification, and the limited stability of protein enzymes. As a solution, we 14 

present a multicomponent nucleic acid enzymes (MNAzymes)-based system for singleplex and multiplex 15 

detection of NA targets in microwells down to fM concentrations, without the need for any target 16 

amplification or protein enzymes, while operating at room temperature and with single base-pair resolution. 17 

After successful validation of the MNAzymes in solution, their performance was further verified on beads in 18 

bulk and in femtoliter-sized microwells. The latter is not only a highly simplified system compared to previous 19 

microwell-based bioassays but, with the detection limit of 180 fM, it is to-date the most sensitive NAzyme-20 

mediated, bead-based approach, that does not rely on target amplification or any additional signal 21 

amplification strategies. Furthermore, we demonstrated, for the first time, multiplexed target detection in 22 

microwells, both from buffer and nasopharyngeal swab samples, and presented superior single base-pair 23 

resolution of this assay. Because of the design flexibility of MNAzymes and direct demonstration in swab 24 

samples, this system holds great promise for multiplexed detection in other clinically relevant matrices 25 

without the need of any additional NA or protein components. Moreover, these findings open up the 26 

potential for the development of next-generation, protein-free diagnostic tools, including digital assays with 27 

single-molecule resolution. 28 

Keywords 29 

MNAzyme, multiplex bioassay, mutation, diagnostics, protein-free, nasopharyngeal swab samples 30 

 31 

1. Introduction 32 

Nucleic acid (NA) detection is a hallmark and an essential aspect of disease diagnostics as it allows detection 33 

of genetic material of, for example, pathogenic microorganisms (e.g. bacteria (de Abreu Fonseca et al., 2006; 34 

Warwick et al., 2004) and viruses (Abe et al., 1999; Schneider et al., 1985)) and tumor cells (Han et al., 2017). 35 

As such, it is pivotal for guiding a timely therapeutic intervention and for combatting antimicrobial resistance, 36 

among other applications. Due to evolution in diagnostics, now information is sought on more than just the 37 

presence of the target and its concentration. The occurrence of mutations or other confounding target 38 
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sequences in the same sample are examples of a few parameters that are essential for the future 39 

development of diagnostics. 40 

The majority of current methods used to achieve these aims still rely on target amplification, such as the 41 

gold standard real-time quantitative polymerase chain reaction (Heim et al., 2003), or the more recent 42 

isothermal amplification approaches, including rolling circle amplification (Kühnemund et al., 2017), loop-43 

mediated isothermal amplification (Kishine, 2014), and helicase-dependent amplification (Vincent et al., 44 

2004). In spite of their indisputable relevance, target amplification approaches involve several drawbacks, 45 

most notably the high chances of erroneous sequence amplification, which result in an accumulation of false-46 

positive results (Borst et al., 2004). In this context, novel approaches have been reported, relying on direct 47 

detection of the target strands rather than amplification thereof. Here, target detection is achieved through 48 

hybridization with complementary probes, followed by their labeling with a protein enzyme for subsequent 49 

signal generation and amplification. This has resulted in the detection of attomolar DNA target 50 

concentrations using both a droplet-based microfluidic platform (Guan et al., 2015) and microwell-based 51 

platforms. The latter include the SiMoATM platform (Song et al., 2013) and the more recently described 52 

hydrophilic-in-hydrophobic (HIH) microwell array platform (Tripodi et al., 2018), that also enables 53 

discrimination of single nucleotide mutations (SNMs). Despite their improvements in terms of erroneous 54 

target amplification, these methods are still plagued by the drawbacks associated with using protein 55 

enzymes, such as temperature sensitivity and stability, stringent buffer requirements, limited design 56 

flexibility and multiplexing potential.  57 

An alternative class of enzymes, so-called NA-based enzymes (NAzymes), have nucleotides as building blocks 58 

and as such can withstand more stringent conditions (e.g. pH, temperature) compared to their protein 59 

counterparts (Kasprowicz et al., 2017; Nakano et al., 2017; Nesbitt et al., 1999). Moreover, they are highly 60 

flexible and have been utilized for different applications, including detection of heavy metals (Wu et al., 61 

2010; Yun et al., 2016; Zhang et al., 2011), NA (Lu et al., 2017; Wang et al., 2018), and pathogens (Ali et al., 62 

2017; Kim et al., 2018; Lee et al., 2017), amongst many others. Remarkably, the 10-23 core NAzymes with an 63 

inherent RNA-DNA hybrid cleavage activity (Santoro and Joyce, 1997) are among the most widely studied 64 

NAzymes. A first class of these NAzymes, the DNAzyme or deoxyribonucleic acid enzyme, is composed of a 65 

conserved catalytic core flanked by adjustable binding arms. These arms bind with the substrate sequence 66 

by Watson Crick base-pairing while the catalytic core mediates cleavage of the RNA-DNA hybrid motif in the 67 

substrate (Santoro and Joyce, 1997). Another class of NAzymes, derived from DNAzymes, are the 68 

multicomponent NAzymes (MNAzymes) (Mokany et al., 2010). MNAzymes are composed of 2 partzymes, 69 

each containing one-half of the catalytic core, 1 substrate-binding arm, and 1 additional target-binding arm, 70 

enabling formation of the functional enzyme only in the presence of the NA target sequence. This target 71 

sequence can be derived from virtually any target entity, hence providing an immense design flexibility to 72 

generate a diverse repertoire of NAzymes for a multitude of applications. As such, MNAzymes can be used 73 

not only for signal generation and amplification, but they also bear inherent target detection properties 74 

(Mokany et al., 2013; Tabrizi et al., 2015). Moreover, the sequence of the substrate-binding arms can also 75 

be easily modified to give rise to an even larger number of novel enzymes thus enabling multiplexing 76 

(Mokany et al., 2010).  77 

Starting from all the above-mentioned advantages of NAzymes, here we present for the first time a 78 

microwell-based bioassay that relies solely on NAzymes for detection of NA targets, signal generation, and 79 

signal amplification, without needing protein-based enzymes in any of these steps. Although NAzymes are 80 

traditionally used at elevated temperatures, the presented concept operates completely at standard room 81 

temperature, thanks to the recently designed 10-23 core NAzymes by our group (Ven et al., 2019). In 82 

addition, we demonstrate the potential of this protein-free approach for easy multiplex detection in 83 

microwells. This involved designing of 2 MNAzymes to specifically recognize part of the genome from 2 84 
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pathogens: the gram positive bacterium Streptococcus pneumonia (SP) and the human adenovirus (HA), a 85 

non-enveloped dsDNA virus (both known to colonize the nasopharynx causing serious respiratory tract 86 

infections) (Haus et al., 2007). Furthermore, we also successfully show the specificity of the assay for the 87 

true target compared to SNMs, in microwells, hereby revealing the single base-pair resolution of this 88 

approach at room temperature and in the absence of protein enzymes. To accomplish this and evaluate the 89 

sensitivity offered by different platforms, we establish the performance of the MNAzymes first in solution 90 

(Scheme 1A), then after being immobilized on superparamagnetic beads (Scheme 1B) and finally in HIH 91 

femtoliter-sized microwells (Scheme 1C) (Witters et al., 2013). Considering the clinical relevance of the 92 

studied pathogens, we also demonstrate duplex target detection and SNM discrimination from the true 93 

target in spiked nasopharyngeal swab samples in the microwell-based platform. This work reveals the 94 

enormous potential of bead-based NAzyme biosensors for diagnostic purposes, with the future outlook of 95 

developing highly flexible and stable digital bioassays with sub-femtomolar detection limits. 96 

 97 

Scheme 1. Schematic representation of MNAzyme-based NA detection in 3 different platforms: (A) in solution, (B) on magnetic beads 98 
in solution and (C) on magnetic beads in microwell arrays, the latter illustrating the signal, generated in a femtoliter-volume after 99 
individual bead seeding and substrate confinement. All MNAzymes comprise the same 10-23 core and have target- and substrate-100 
binding arms, tailored for detection of either the Streptococcus pneumoniae-based target (TargetSP) or the human adenovirus-based 101 
target (TargetHA), or discrimination of the Streptococcus pneumoniae-based target, carrying an SNM (depicted with red dot and red 102 
arrow in TargetSP,SNM). 103 

2. Materials & Methods 104 

2.1 Reagents and NA sequences 105 

Detailed information on the reagents and the sequences of the MNAzymes, targets and substrates used in 106 

this study can be found in Supplementary information (S1.1).  107 

2.2 MNAzyme evaluation in solution  108 

Individual detection of TargetSP and TargetHA in solution was performed in a 25 µL mixture containing a 5-109 

fold dilution of the target (125 nM, 25 nM, 5 nM, 1 nM) and the corresponding partzymes and substrate at 110 

a fixed concentration of 250 nM, all prepared in reaction buffer (10 mM Tris-HCl with 50 mM KCl and 20 mM 111 

MgCl2, pH 8.3). The SNM effect was evaluated at a concentration of 5 nM using TargetSP,SNM1-6. Duplex 112 

detection of TargetSP and TargetHA with the same 5-fold dilution for each target (125 - 1 nM) was obtained in 113 

a single 25 µL mix, containing 250 nM partzymes and substrates of both targets. Additionally, duplex control 114 

tests were performed by evaluating mixtures containing only 1 target (TargetSP or TargetHA) at a 115 

concentration of 5 nM, in combination with both MNAzymes and both substrate sequences, all at a final 116 

concentration of 250 nM. As negative controls, samples without target (0 nM) were included in all the above-117 

mentioned experiments. For readout, the DNA mix was transferred to a 384-well clear-bottom microplate 118 

(Glasatelier Saillart, Meerhout, Belgium) and fluorescence was measured every minute for 15 minutes at 119 
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standard room temperature, using a SpectraMax iD3 (Molecular Devices LLC, San Jose, USA). For detection 120 

of FAM- and HEX-based signals, excitation/emission values were set at 485/535 nm and 529/567 nm, 121 

respectively.  122 

All measurements in the manuscript were performed in triplicate, and all samples were stored on ice before 123 

readout. The limit of detection (LOD) was calculated as described in Supplementary information (S1.6). 124 

2.3 MNAzyme evaluation on beads in bulk 125 

The beads are functionalized with MNAzymes as described in Supplementary information (S1.3) and are used 126 

to capture TargetSP or TargetHA at 2-fold dilution (1000 – 125 pM) in dextran-SSC buffer (5x saline-sodium 127 

citrate buffer with 10% dextran sulfate and 0.1% Tween20), and in 10-fold diluted nasopharyngeal swab 128 

samples, following description in Supplementary information (S1.4) and based on our previous work (Tripodi 129 

et al., 2018). To measure the fluorescence, 10 µL of the beads were added to 20 µL of substrate in reaction 130 

buffer, at a final concentration of 278 nM, for effective signal generation in a 384-well clear-bottom 131 

microplate. Fluorescence was measured every minute for 60 minutes at 23 °C, using wavelengths as detailed 132 

above.  133 

Following the same protocol, detection of TargetSP,SNM1 was performed at a target concentration of 250 pM 134 

whereas duplex detection was evaluated with samples containing both TargetSP and TargetHA, each at 250 135 

pM. Similar to the experiments without beads, duplex control tests were performed by evaluating complete 136 

mixtures containing only 1 target (TargetSP or TargetHA) at a concentration of 250 pM. For duplex detection, 137 

20 µL of each of the 10-fold diluted bead populations were added to the samples and for readout, 20 µL of 138 

a mixture of both substrates at a final concentration of 278 nM each, was used. To evaluate the beads 139 

carrying only 1 type of partzyme (i.e. partzyme A or partzyme B), the other partzyme was added in excess of 140 

the target at a final concentration of 27.8 nM. 141 

2.5 MNAzyme evaluation on beads in microwells 142 

A detailed description of the fabrication of the HIH microwells is provided in Supplementary information 143 

(S1.4). For singleplex detection, TargetSP and TargetHA were evaluated at concentrations of 62.5 pM, 31.2 pM, 144 

15.6 pM, 7.8 pM. Detection of TargetSP,SNM1 (62.5 pM) and duplex detection of TargetSP and TargetHA (62.5 145 

pM each) was evaluated as described in Supplementary information (S1.5). 146 

 147 

The beads, functionalized with partzymes and incubated with the target-samples, were subsequently mixed 148 

in a 1-to-1 ratio with control beads (i.e. functionalized with partzymes and incubated without (0 pM) the 149 

target), unless indicated otherwise. A 5 µL droplet of this bead mix was positioned on top of the microwell 150 

array and manually moved over the array while positioning a permanent magnet (NdFeB, 6 mm diameter, 151 

12.7 N, Supermagnete, Germany) underneath to enable magnet assisted seeding of the beads. After 152 

removing the droplet with the remaining beads, 20 µL of the substrate solution (500 nM, diluted in 10x 153 

reaction buffer for optimal signal generation) was added on top of the array and subsequently covered by 154 

180 µL of PlusOne Drystrip Coverfluid oil. Subsequent removal of the substrate solution from underneath 155 

the oil resulted in the generation of sealed, femtoliter-sized reaction wells. For duplex detection, beads were 156 

not mixed with control beads, and were confined in the wells with a mixture of both substrates (500 nM 157 

each in 10x reaction buffer). 158 

The increase in fluorescence was monitored using an inverted fluorescence microscope and images were 159 

analyzed using an in-house developed script (for more details, see Supplementary information, S1.5 and 160 

S1.6).  161 
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3. Results & Discussion 162 

3.1 Validation of MNAzyme-based assay in solution for multiplex detection of NA targets and 163 

SNM discrimination 164 

To develop a microwell-based bioassay that is completely free of protein-based enzymes, we first adapted 2 165 

existing 10-23 core MNAzymes from literature (Mokany et al., 2013) for detecting 2 DNA targets of interest 166 

(TargetSP and TargetHA) and for being performant at standard room temperature. Therefore, the target-167 

binding arms of MNAzymeSP and MNAzymeHA were designed as complementary sequences to these targets, 168 

respectively. In addition, the substrate-binding arms of both MNAzymes and their substrate sequences 169 

(SubstrateSP and SubstrateHA, respectively) were adjusted for the application at standard room temperature 170 

as previously described by our group (Ven et al., 2019). Importantly, to enable duplex detection, 2 spectrally 171 

distinct fluorophores were incorporated in the 2 substrate sequences, emitting light at a wavelength of 535 172 

nm for SubstrateSP and 567 nm for SubstrateHA.  173 

The newly designed MNAzymes were first tested for their performance in solution. Initially, we evaluated 174 

singleplex detection of TargetSP and TargetHA (125 – 1 nM at 5-fold dilution, Figure 1A). Fitting the calibration 175 

curves of both targets over the linear range (25 – 1 nM), resulted in a calculated  LOD of 313 ± 23 pM for 176 

TargetSP and 145 ± 4 pM for TargetHA. This demonstrated that both designed MNAzymes could successfully 177 

detect their specific target sequences at standard room temperature down to pM concentrations. The 178 

difference in performance between the different MNAzymes, as exemplified by the difference in calculated 179 

LOD as well as the difference in slope of the linear fit, are in compliance with previous reports (Mokany et 180 

al., 2013). These differences can be attributed to dissimilarity in their target and substrate sequences that 181 

affect their base-pair hybridization efficiencies.  182 

Additionally, we also tested the simultaneous detection of both target sequences for the same target 183 

concentrations as mentioned above (125 – 1 nM), using a mixture of the substrates whilst measuring 184 

fluorescence emission at both wavelengths (i.e. 535 nm and 567 nm). Here, the calculated LOD for duplex 185 

detection was obtained over the same linear range (25 – 1 nM) and found to be 277 ± 18 pM for TargetSP 186 

and 602 ± 11 pM for TargetHA (Figure 1B). These findings demonstrated a high specificity of the designed 187 

MNAzymes for their targets, in both singleplex and duplex settings. In order to further study any non-specific 188 

signal arising from cross-reactivity of the MNAzymes, additional controls were tested in solution. Here, we 189 

used a mixture of both MNAzymes, both substrates, and different target combinations, being (1) only 190 

TargetSP, (2) only TargetHA, and (3) both TargetSP and TargetHA, all at the concentration selected in the middle 191 

of the linear dynamic range (i.e. 5 nM). As depicted in Figure 1C, the negligible fluorescence signal obtained 192 

at 535 nm in the presence of TargetHA only, and at 567 nm in the presence of TargetSP only, demonstrated 193 

the lack of non-specific MNAzyme activity in the presence of non-complementary targets. Henceforth, the 194 

obtained results confirmed that the designed MNAzyme system is suited for multiplex NA detection in 195 

solution. 196 

Next, we wanted to evaluate the potential of discriminating true target from strands with SNMs. To attain 197 

this, we inserted an SNM in the target strand for MNAzymeSP, generating TargetSP,SNM1 (Scheme 1A) and 198 

compared the activity of MNAzymeSP in the presence of the mutated sequence with the one in the presence 199 

of the true target (i.e. TargetSP). The experiments were performed in solution at a target concentration of 5 200 

nM, similar to the experiments described in Figure 1C. As depicted in Figure 1D, the significantly lower signal 201 

in the presence of TargetSP,SNM1 revealed that the MNAzyme does not tolerate the presence of a SNM in the 202 

target sequence. Moreover, when evaluating SNMs at alternative locations (Figure S2), the MNAzyme was 203 

found to be equally sensitive to mutations adjacent to the other side of the catalytic core but less or almost 204 

completely insensitive to mutations at positions more distant from the catalytic core. This suggested that, in 205 

the presence of an SNM next to the catalytic core, the MNAzyme cannot form its optimal catalytically active 206 
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conformation and thereby cannot properly cleave the substrate. This knowledge can be applied for a smart 207 

design of the target-binding arms of MNAzymes in the context of mutation discrimination, i.e. to ensure that 208 

known SNMs of interest are positioned next to the catalytic core, at the most mutation-sensitive position. 209 

Moreover, contrary to a previous report on the use of MNAzymes for mutation detection (Mokany et al., 210 

2010), our system did not require any additional oligonucleotides nor elevated temperatures, rendering it a 211 

simpler and more straightforward approach. 212 

 213 

Figure 1. Performance of the MNAzymes in solution at standard room temperature. (A) Detection of TargetSP and TargetHA over a 5-214 
fold dilution, ranging from 125 to 1 nM and including a control without target (0 nM) in singleplex (i.e. the reaction mixture comprises 215 
either only MNAzymeSP, SubstrateSP and TargetSP, or only MNAzymeHA, SubstrateHA, and TargetHA), with a fluorescent readout at 535 216 
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 217 
and TargetHA, respectively. (B) Detection of TargetSP and TargetHA over a 5-fold dilution, ranging from 125 to 1 nM and including a 218 
control without target (0 nM) in duplex (i.e. the reaction mixture comprises a fixed concentration of MNAzymeSP, MNAzymeHA, 219 
SubstrateSP, and SubstrateHA with both the targets added in a 1:1 ratio with each other), at both measurement wavelengths. The inset 220 
shows the linear dynamic range, fitted with an R2 of 0.978 and 0.998 for the TargetSP and TargetHA, respectively. (C) Evaluation of 221 
non-specific signal for duplex detection in the presence of one (TargetSP or TargetHA) or both (TargetSP+HA) target sequences (5 nM) at 222 
both measurement wavelengths. (D) Comparison of the performance of MNAzymeSP in the presence of an SNM-carrying target 223 
sequence (TargetSP,SNM1) and the true target (TargetSP) at a 5 nM concentration. For all graphs, the error bars represent the standard 224 
deviation of 3 repetitions, after subtraction of the background signal (i.e. the signal from partzymes and substrate, in the absence of 225 
target). 226 

3.2 Activity of MNAzyme-based bioassay on magnetic beads in solution 227 

To push the designed MNAzymes towards their implementation in the HIH microwell-based platform, we 228 

tested their activity whilst immobilized on superparamagnetic beads (Scheme 1B). Whereas there are 229 

numerous reports on the use of NAzymes on magnetic beads, they either (1) focus on the detection of the 230 

metal cofactors of the NAzymes (Huang et al., 2014; Nie et al., 2012; Zhang et al., 2016; Zhuang et al., 2013) 231 

instead of NA targets, (2) rely on DNAzymes and hence require additional components or assay steps to 232 

enable target detection (Cao et al., 2006; Tram et al., 2014; Willner et al., 2008) and/or (3) are rather complex 233 

(i.e. requiring the formation of magnetic nanoparticle assemblies (Tian et al., 2018) or the MNAzyme-234 

initiated release of subzymes prior to signal generation (Hasick et al., 2019)). As such, here we report for the 235 

first time the use of superparamagnetic beads, functionalized with MNAzymes to directly capture the target 236 

sequence from the sample. Moreover, we even immobilized both partzyme A and partzyme B from a single 237 
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MNAzyme together on the beads (Scheme 1B), as this approach was found to outperform the system where 238 

only 1 biotinylated partzyme (Partzyme ASP,bio or Partzyme BSP,bio) was immobilized on the streptavidin coated 239 

beads while the other biotinylated partzyme (Partzyme BSP,bio or Partzyme ASP,bio respectively) was added in 240 

solution along with the substrate (Figure S3). This performance discrepancy can be attributed to the larger 241 

diffusion distance to be traversed by the second partzyme in comparison with the situation where both 242 

partzymes are immobilized on the beads. This could be counteracted by introducing an additional 243 

hybridization step for the partzyme in solution, before the signal generation and readout. However, that 244 

would further elongate and complicate the procedure and therefore was not considered in this work.  245 

Using this new approach, the immobilized MNAzymes were able to successfully capture their target 246 

sequences, TargetSP and TargetHA, starting with the lowest concentration detected in solution (1 nM), and 247 

going down to 125 pM (Figure 2A-B). Based on the calibration curve, fitted over the linear range of the 248 

measured samples (500 pM to 125 pM), this assay achieved a calculated LOD of 11 ± 1 pM and 21 ± 1 pM for 249 

TargetSP and TargetHA, respectively. To the best of our knowledge, this is the first report of the combination 250 

of low-picomolar NA detection using a bead-based MNAzyme assay at room temperature and additionally, 251 

it sits competitively amongst the majority of the NAzyme-mediated, bead-based detection methods reported 252 

so far (LOD between 10 pM and 100 pM (Cao et al., 2006; Hasick et al., 2019; Niazov et al., 2004)). Moreover, 253 

contrary to previous reports on the immobilization of 10-23 DNAzymes on microparticles, where an 254 

orientation-dependent inhibition of the catalytic activity was demonstrated (Hasick et al., 2019; Yehl et al., 255 

2012) (i.e. 5’ end attachment was found to show higher inhibition levels compared to 3’ end attachment, yet 256 

lower than combined 5’ and 3’ end attachment), this orientation-dependent effect was not observed when 257 

immobilizing MNAzymes on microparticles in this work. This can be attributed to the fact that here we 258 

immobilized MNAzymes through the target-binding arm, rather than through the substrate-binding arms, as 259 

in previous reports (Hasick et al., 2019; Yehl et al., 2012). As such, these results indicate that MNAzymes 260 

provide, in addition to direct target detection and design flexibility, an added advantage in terms of surface 261 

functionalization, which is of great interest for numerous applications in the diagnostics field.  262 

Furthermore, we also evaluated the potential of these MNAzyme-functionalized beads for duplex detection. 263 

Because the specificity of MNAzymes towards different targets and substrates was already proven in solution 264 

(Figure 1), this was done for only one concentration selected in the middle of the linear dynamic range (250 265 

pM) by incubating a mixture of both targets with a mixture of the 2 bead populations and both substrates. 266 

Similar to experiments in solution, control samples with a single target were also included. The bead-based 267 

MNAzyme assay successfully demonstrated specificity in a duplex detection format, with negligible signal at 268 

535 nm in the absence of TargetHA and at 567 nm in the absence of TargetSP (Figure 2C). Also, the ability of 269 

this assay to discriminate true target from mutant sequences was proven by using the MNAzymeSP-270 

functionalized beads in combination with TargetSP,SNM1. As depicted in Figure 2D, the signal in the presence 271 

of the mutant was significantly lower compared with the fully complementary target at a concentration of 272 

250 pM, thereby substantiating the single base-pair resolution of the bead-based MNAzyme bioassay for 273 

SNMs.  274 
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 275 

Figure 2. Performance of the MNAzymes on magnetic beads in solution at standard room temperature. (A) Detection of TargetSP over 276 
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. 277 
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 1 278 
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 279 
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 280 
TargetHA) or both (TargetSP+HA) target sequences (250 pM) at both measurement wavelengths. (D) Comparison of the performance of 281 
MNAzymeSP in the presence of an SNM-carrying target sequence (TargetSP,SNM1) and the true target (TargetSP) at a 250 pM 282 
concentration. For all graphs, the error bars represent the standard deviation of 3 repetitions, after subtraction of the background 283 
signal (i.e. the signal from partzyme-functionalized beads in the presence of the substrate only). 284 

3.3 MNAzyme-based singleplex NA detection in microwells 285 

The compatibility of the MNAzyme-based bioassay with beads, as demonstrated above, allows for 286 

implementation in a myriad of versatile platforms (Guan et al., 2015; Song et al., 2013; Tripodi et al., 2018), 287 

thus enabling the development of sensitive bioassays. In this study, we implemented the bead-based 288 

MNAzyme bioassay on an in-house developed femtoliter-sized, HIH microwell platform (Daems et al., 2019; 289 

Pérez-Ruiz et al., 2018; Witters et al., 2013). The target was captured on the MNAzyme-functionalized 290 

superparamagnetic beads (off-chip), and individual beads were trapped in the microwells with the assistance 291 

of a magnet. Next, the MNAzyme substrate was added and sealed in the microwells using mineral oil. Upon 292 

substrate cleavage by the active, MNAzyme-functionalized beads within the confined femtoliter volume of 293 

the microwell, there was a localized increase in fluorescence. The latter was subsequently detected via 294 

fluorescence microscopy, and the resulting images were processed to acquire the overall, normalized 295 

average fluorescence of the wells with active beads using an in-house established image analysis procedure 296 

(Figure S1). Here, we evaluated a 2-fold dilution range of TargetSP (62.5 pM to 7.8 pM), and seeded a 1-to-1 297 

mixture of the beads with target and without target in the microwell array (Figure 3A). The latter beads were 298 

implemented as internal control to correct for variations in well dimensions and illumination between arrays. 299 

An example of the obtained microscopy images is depicted in Figure 3B. As shown in Figure 3C, a linear trend 300 

was observed between 31.2 pM and 7.8 pM TargetSP, resulting in a calculated LOD of 180 ± 13 fM. As such, 301 

we obtained an order of magnitude increase in sensitivity from the low picomolar to the femtomolar range 302 

when compared to the bead-based bulk assay. This confirmed that a decrease of reaction volume by means 303 

of using microwells indeed leads to an increase in assay sensitivity, which can be attributed to the localized, 304 
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high concentration of fluorescence in the femtoliter-sized well, as previously reported (Walt, 2014). 305 

Moreover, here we established for the first time an assay for NA detection in microwells, purely driven by 306 

DNA-based enzymes for target detection, signal generation, and signal amplification. This combined action 307 

of the MNAzyme turns this concept into a highly simple system, requiring only a single target-hybridization 308 

step. Hence, this obviates the need of additional incubation steps with detection-probes and enzyme-labels, 309 

as previously reported in conventional bead-based assays for NA detection using protein enzymes (Guan et 310 

al., 2015; Song et al., 2013; Tripodi et al., 2018). Furthermore, our methodology now outperforms, to the 311 

best of our knowledge, all-but-one previously reported NAzyme-based, protein-free assays (LOD ≥ 1.5 pM 312 

(Cao et al., 2006; Hasick et al., 2019; Mokany et al., 2010; Niazov et al., 2004; Tian et al., 2018)). Moreover, 313 

unlike the best-performing DNAzyme-based system with a LOD of 50 fM (Fu et al., 2009), we obtain sub-314 

picomolar detection limits without involving additional signal amplification strategies (e.g. DNAzyme-315 

functionalized labelling nanoparticles (Fu et al., 2009)). We speculate that these additional amplification 316 

approaches would enable to further increase the sensitivity of our method, potentially achieving digital 317 

target detection to reach similar detection limits as those previously reported using protein-based digital 318 

assays for NA detection (68 aM (Tripodi et al., 2018) to 0.83 fM (Song et al., 2013)), and thus also being 319 

competitive with the gold standard PCR techniques (Song et al., 2013). 320 

 321 

Figure 3. Performance of MNAzymeSP on beads in microwells at standard room temperature. (A) Schematic representation of a 322 
concept utilizing 1-to-1 mixture of beads with and without targets in HIH microwells. (B) Fluorescent images of the resulting signal in 323 
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 324 
intensity in the wells represents the target concentration. (C) Detection of TargetSP over the 2-fold dilution and including a control 325 
without target (0 nM). The inset shows the linear dynamic range, fitted with a linear curve (R2 = 0.956). The error bars represent the 326 
standard deviation of 3 repetitions, after subtraction of the background signal (i.e. the signal from partzyme-functionalized beads in 327 
substrate-sealed wells, in the absence of the target). 328 

3.4 Microwell-based multiplex NA detection with single base-pair resolution in 329 

nasopharyngeal swabs  330 

Next, we evaluated the potential of multiplex target detection in the microwells using this MNAzyme-based 331 

bioassay. This was done directly in 10-fold diluted nasopharyngeal swab samples, spiked with TargetSP and 332 

TargetHA (62.5 pM) together, considering (1) the clinical relevance of the studied pathogens for respiratory 333 

tract infections and (2) the successful detection of both targets in the bead-based MNAzyme assay in 10-fold 334 

diluted swabs that demonstrates stability of the system in complex matrix (Figure S4). For multiplex 335 

detection in microwells, the targets were captured on a 1-to-1 mixture of both bead populations, followed 336 

by bead seeding and substrate sealing in the microwells (Figure 4A). As can be seen in Figure 4B, an increase 337 

in fluorescence was observed in the wells with beads carrying TargetSP at the emission wavelength for 338 

SubstrateSP, and for beads with TargetHA at the emission wavelength for SubstrateHA. As such, we 339 

demonstrated for the first time the discrimination of 2 targets simultaneously on this HIH microwell 340 

platform. Moreover, this is the first report on microwell-based multiplex target detection without the need 341 

for coded bead populations to decode the fluorescent signals, associated with different target molecules, as 342 
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is the case when relying on the use of a single protein-based enzyme (Rissin et al., 2013). Importantly, our 343 

approach is based on the design flexibility of MNAzymes which, contrary to protein enzymes, can be easily 344 

adjusted to generate a variety of fluorescent signals upon target-mediated cleavage of a variety of substrates 345 

(Mokany et al., 2013). Therefore, this simple approach shows great promise for more extensive multiplexed 346 

detection, without the design limitations associated with protein enzymes. Furthermore, the successful 347 

multiplex detection of targets, captured from clinically relevant matrix, shows the untapped potential for the 348 

development of sensitive, robust, and clinically relevant DNA-driven bioassays.  349 

 350 

Figure 4. Multiplex detection using MNAzymeSP and MNAzymeHA on beads in microwells at standard room temperature in 10-fold 351 
diluted nasopharyngeal swab samples. (A) Schematic representation of the signal resulting from the isolation of a 1-to-1 mixture of 352 
beads that carry either MNAzymeSP and TargetSP or MNAzymeHA and TargetHA, for multiplex detection. (B) Fluorescent images of the 353 
resulting signal in the microwell arrays for the duplex detection of TargetSP and TargetHA (62.5 pM), measured with a WIBA and WIGA 354 
filter, respectively, and visualized together via an overlay image.  355 

Lastly, we also wanted to demonstrate that the single base-pair resolution of the MNAzyme-based detection 356 

system for SNMs can be translated to femtoliter-sized microwells and to another matrix than a buffer. 357 

Therefore, we spiked the target (62.5 pM) in 10-fold diluted nasopharyngeal swab samples, incubated it with 358 

the beads and, as depicted in Figure 5A, seeded a 1-to-1 mixture of those beads with beads without target 359 

(i.e. internal control as described above). As depicted in Figure 5B, a negligible signal was generated in the 360 

presence of TargetSP,SNM1 compared with the fully complementary TargetSP. These results revealed the 361 

potential of this bead-based MNAzyme bioassay for successful discrimination of mutant strands from true 362 

target strands in clinically relevant samples, holding great promise for future application in NA diagnostic 363 

assays. Moreover, when compared to a previously reported assay for bead-based discrimination of SNMs in 364 

microwells (Tripodi et al., 2018), where a DNA ligase was applied to obtain a mutation-specific assay, the 365 

MNAzymes’ high specificity for target base mutations adjacent to the catalytic core allows for our approach 366 

to be highly simplified and protein-enzyme-independent. As such, this concept once more underlines the 367 

value of using MNAzymes in microwell-based assays for a variety of NA detection principles.  368 

 369 

Figure 5. Performance of MNAzymeSP in the presence of an SNM-carrying target sequence (TargetSP,SNM1) on beads in microwells at 370 
standard room temperature in 10-fold diluted nasopharyngeal swab samples. (A) Schematic representation of the signal resulting 371 
from the isolation of a 1-to-1 mixture of beads with TargetSP,SNM1 and without target. (B) Fluorescence images of the signal in the 372 
microwell arrays for the detection of TargetSP,SNM1 and, as a positive control, TargetSP (performed as in Figure 3A), both at a target 373 
concentration of 62.5 pM and measured with a WIBA filter. 374 
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4. Conclusion 375 

Here we report, for the first time, a purely NA-driven bioassay for the detection of NA targets in femtoliter-376 

sized microwells and, moreover, at standard room temperature. In addition to singleplex detection we 377 

demonstrated that this approach enables a straightforward duplex detection, and revealed its single base-378 

pair resolution. To achieve this, we reported a double hat trick, where (1) target recognition, (2) signal 379 

generation, and (3) signal amplification all rely on a single MNAzyme, as validated (1) in solution, (2) on beads 380 

in solution and (3) on beads in femtoliter-sized microwells. In solution, the MNAzymes demonstrated 381 

successful detection of their respective NA targets, both in singleplex assay (with calculated LOD of 313 ± 23 382 

pM and 145 ± 4 pM for TargetSP and TargetHA, respectively) and in duplex assay (LOD of 277 ± 18 pM and 602 383 

± 11 pM for TargetSP and TargetHA, respectively), the latter emphasizing that the designed MNAzyme system 384 

was suited for multiplex NA detection in solution. The observed differences in performance between 2 385 

designed MNAzymes can be explained with the effect that different target and substrate sequences have on 386 

their base-pair hybridization efficiencies and are in agreement with previous reports (Mokany et al., 2013). 387 

Whilst immobilized on beads, MNAzymes successfully captured TargetSP or TargetHA, achieving a calculated 388 

LOD of 11 ± 1 pM and 21 ± 1 pM, respectively, and as such being comparable to the majority of the NAzyme-389 

mediated, bead-based detection methods reported so far. Subsequently, this MNAzyme-based bioassay was 390 

successfully implemented in HIH femtoliter-sized microwells, resulting in sub-picomolar detection limits 391 

(calculated LOD of 180 ± 13 fM) for TargetSP, rendering it the most sensitive MNAzyme-based bioassay that 392 

does not rely on secondary amplification strategies, as reported so far. Lastly, the microwell-based approach 393 

also effectually enabled duplex detection, relying on the design flexibility of MNAzymes to obtain multiple 394 

fluorescent signals rather than using coded beads, and discrimination of SNMs from true target strands 395 

without the need of complex assay configurations, all in diluted nasopharyngeal swab samples. These 396 

findings allow for future integration with multiple platforms, including digital bioassays with single-molecule 397 

resolution, providing promising avenues to further exploit this DNA-powered NA detection technique.  398 
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S1. Materials & Methods 

S1.1 Reagents 
UltraPure™ DNase/RNase-Free Distilled Water and Superblock blocking buffer was obtained from Thermo 

Fisher Scientific (IL, United States). Magnesium Chloride (MgCl2), phosphate-buffered saline (PBS), dextran 

sulfate sodium salt and sodium citrate tribasic dihydrate was obtained from Sigma Aldrich (MO, United 

States). Potassium chloride (KCl) was delivered by Acros Organics (part of Thermo Fisher Scientific, IL, 

United States). TrisHCl was purchased from GeneTex (Hsinchu City, Taiwan) and sodium chloride (NaCl) 

from Fisher Chemical (part of Thermo Fisher Scientific, IL, United States). Tween20 was obtained from 

AppliChem GmbH (Darmstadt, Germany). Lodestars 2.7 Streptavidin magnetic beads were delivered by 

Agilent Technologies (CA, United States). The pH of the buffers was adjusted by adding a solution of 

sodium hydroxide (NaOH) or hydrochloric acid (HCl), obtained from Sigma Aldrich (MO, United States). 

Teflon-AF was purchased from Chemours (Delaware, United States) and Parylene-C dimer was purchased 

from Specialty Coating Systems (IN, United States). Reagents for photolithography were obtained from 

Microchemicals GmbH (Ulm, Germany). The fluoroalkylsilane (Dynasylan F8263) was kindly gifted by 

Evonik Industries AG (Essen, Germany). PlusOne Drystrip Coverfluid oil was obtained from GE Healthcare 

(The Netherlands). All oligonucleotide sequences delineated in Table S1 were obtained from IDT 

Technologies (Leuven, Belgium).  

All reaction mixes were prepared in DNA-LoBind tubes (1.5 mL, Eppendorf, Hamburg, Germany) and the 

bulk assay fluorescence was measured in 384–well clear-bottom microplates (Glasatelier Saillart, 

Meerhout, Belgium) using SpectraMax iD3 (Molecular Devices LLC, CA, United States).  

 

S1.2 NA sequences 
The sequences of the MNAzymes, targets, and substrates are listed in Table S1. Here, 2 DNA targets were 

studied, being derived from a sequence of (1) pneumococcal surface adhesion A (psaA) protein of 

Streptococcus pneumoniae (will be referred to as TargetSP, nr. 9 in Table S1, GenBank ID: U53509.1) and 



(2) hexon capsid protein of human adenovirus (will be referred to as TargetHA, nr. 16 in Table S1, GenBank 

ID: MF375720.1). For these target sequences, 2 MNAzymes (each consisting of partzyme A and partzyme 

B) were adapted from literature (Mokany et al., 2013) to include target-binding arms complementary to 

either the SP or HA target sequence. These partzymes were tag-free (nr. 1 to 4 in Table S1) or included a 

poly-T spacer and biotin moiety (nr. 5 to 8 in Table S1), the latter being added for functionalization of 

streptavidin beads. In accordance with the 2 MNAzymes, 2 substrate sequences were adapted from 

literature (Mokany et al., 2013) to perform at standard room temperature as previously described (Ven 

et al., 2019). The substrate sequence for the SP- and HA-based MNAzyme carry a 5’ FAM label and 3’ Iowa 

Black Dark quencher (IBFQ) (nr. 17 in Table S1) and a 5’ HEX label and 3’ IBFQ (nr. 18 in Table S1), 

respectively. In addition, the TargetSP sequence was designed to carry different SNMs, more specifically a 

substitution at position 15 (TargetSP,SNM1, nr. 10 in Table S1), position 14 (TargetSP,SNM2, nr. 11 in Table S1), 

position 20 (TargetSP,SNM3, nr. 12 in Table S1), position 9 (TargetSP,SNM4, nr. 13 in Table S1), position 27 

(TargetSP,SNM5, nr. 14 in Table S1), and position 2 (TargetSP,SNM6, nr. 15 in Table S1). Whereas all the mutant 

sequences were used for the experiments in solution, the TargetSP,SNM1 sequence, carrying adenine in place 

of thymine neighboring the catalytic core on the target-binding arm of partzyme B, was used for analyses 

on beads in bulk and in the microwell array.  

Table S1. 5’ – 3’ sequences of MNAzymes, targets, and substrates, used in this study. The different parts of the MNAzyme 

sequences are depicted as follows: underlined bases form the catalytic core, bases in italics form the substrate-binding arms and 

bases in bold form the target-binding arms. The base mutation is highlighted in grey. The substrate includes a quencher at the 3’ 

end and a fluorophore label at the 5’. Bases in upper case represent DNA bases and bases in lower case represent RNA bases. The 

following abbreviations have been used: SP – refers to Streptococcus pneumonia, HA – refers to human adenovirus, bio – refers 

to biotin, SNM – refers to a single nucleotide mutation. 

MNAzymes 

1. Partzyme ASP TGGTGAGGCTAGCTGAAAGAAAGAGAAC 

2. Partzyme BSP CAAGAATGATTGCAACAACGAGGTTGT 

3. Partzyme AHA CAGGGAGGCTAGCTCGGGCGAACTGCAC 

4. Partzyme BHA AGGTATCGGTGGCAACAACGAGAGGAA 

5. Partzyme ASP, bio TGGTGAGGCTAGCTGAAAGAAAGAGAACTTTTTTTTTTTTTTTTTT-bio 

6. Partzyme BSP, bio bio-TTTTTTTTTTTTTTTTTTCAAGAATGATTGCAACAACGAGGTTGT 

7. Partzyme AHA, bio CAGGGAGGCTAGCTCGGGCGAACTGCACTTTTTTTTTTTTTTT-bio 

8. Partzyme BHA, bio bio-TTTTTTTTTTTTTTTAGGTATCGGTGGCAACAACGAGAGGAA 

Targets 

9. TargetSP GTTCTCTTTCTTTCTGCAATCATTCTTG 

10. TargetSP,SNM1 GTTCTCTTTCTTTCAGCAATCATTCTTG 

11. TargetSP,SNM2 GTTCTCTTTCTTTGTGCAATCATTCTTG  

12. TargetSP,SNM3 GTTCTCTTTCTTTCTGCAAACATTCTTG  

13. TargetSP,SNM4 GTTCTCTTACTTTCTGCAATCATTCTTG  

14. TargetSP,SNM5 GTTCTCTTTCTTTCTGCAATCATTCTAG  

15. TargetSP,SNM6 GATCTCTTTCTTTCTGCAATCATTCTTG  

16. TargetHA GTGCAGTTCGCCCGTGCCACCGATACCT 

Substrates 

17. SubstrateSP FAM-ACAACCrGrUCACCA-IBFQ 

18. SubstrateHA HEX-TTCCTCrGrUCCCTG-IBFQ 



S1.3 Functionalization of streptavidin magnetic beads with partzymes 

Four bead populations were prepared according to the manufacturer’s instructions: beads carrying (1) 

both partzyme A and B of MNAzymeSP, (2) only partzyme A of MNAzymeSP, (3) only partzyme B of 

MNAzymeSP and (4) both partzyme A and B of MNAzymeHA. For each population, 50 µL of the stock solution 

of streptavidin beads (8 x 108 beads/mL) was washed twice in PBS for 10 min. Next, the beads were 

functionalized by incubating with 100 µL of a mixture of the partzymes (12.5 nM) in PBS for 60 minutes at 

23 °C and 1500 rpm in a thermoshaker (Eppendorf, Thermomixer® C). The beads were then washed twice 

in PBS, once in PBS containing 0.1% Tween20, and once in Superblock buffer. Finally, the beads were 

blocked for 2 h in Superblock buffer at 23 °C and 1500 rpm in the thermoshaker and resuspended in 40 

µL of Superblock containing 0.05% Tween20, before storage at 4 °C until further use. 

 

S1.4 MNAzyme evaluation on beads in bulk 
Beads functionalized with the respective MNAzymes were used to capture 2-fold dilution of target (1000 

pM, 500 pM, 250 pM, 125 pM) in dextran-SSC buffer (5x saline-sodium citrate buffer with 10% dextran 

sulfate and 0.1% Tween20). Alternatively, nasopharyngeal swab samples, obtained from healthy donors 

and eluted in 3 mL of universal transport medium (Copan, Italy) as previously described (Leirs et al., 2016), 

were diluted 10-fold in dextran-SSC buffer and subsequently spiked with TargetSP or TargetHA at the same 

concentrations as in buffer. Next, 20 µL of functionalized beads, diluted 10-fold in 0.2x saline-sodium 

citrate buffer, were added to 350 µL of the target solution, including negative controls without target (0 

pM). The samples and beads were then incubated for 90 min at 23 °C and 1500 rpm in a thermoshaker. 

Subsequently, the beads were washed 5 times in PBS containing 0.1 % Tween20 and once in reaction 

buffer, prior to resuspension in 10 µL reaction buffer. 

 

S1.5 MNAzyme evaluation on beads in microwells 
Fabrication of HIH microwells  

Fabrication of the HIH microwells, used to isolate the magnetic particles, was performed following an in-

house established dry lift-off procedure (Witters et al., 2013). In short, a Teflon-AF layer (~ 3 µm) was 

spincoated on glass slides (50 mm x 50 mm x 1 mm) after improving the adhesion through a layer of 

fluoroalkylsilane. Next, a shadow mask of Parylene-C and an aluminum hard mask were deposited on the 

Teflon-AF through chemical vapor deposition and thermal evaporation respectively. Then, standard 

lithographic processes were performed and followed by a wet chemical etch to pattern arrays of circular 

holes in the aluminum hard mask. Using a dry etch step with O2-plasma, the pattern was subsequently 

transferred to the Parylene-C and underlying Teflon-AF layer, exposing the hydrophilic glass surface. 

Finally, the Parylene-C and aluminum masks were removed by peeling off the respective layers with 

tweezers. As such, a chip was obtained with a hydrophilic glass bottom and a hydrophobic Teflon-AF top 

surface, containing 9 arrays, each comprising 62,500 microwells over an area of 2 x 2 mm. The HIH 

microwells with a volume of 38 fL (4 µm diameter, 3 µm depth, 8 µm pitch) are organized in a hexagonal 

pattern. 

Capturing of target  

For singleplex detection, the target capture from buffer is achieved as previously reported (Tripodi et al., 

2018) and as described above with the following differences: (1) TargetSP and TargetHA were diluted 2-fold 

at concentrations of 62.5 pM, 31.2 pM, 15.6 pM, 7.8 pM in dextran-SSC buffer and (2) 18 µL of beads was 



diluted 100x in 0.2x saline-sodium citrate buffer prior adding to 350 µL of the target solutions. Next, the 

beads were incubated and washed as indicated above, followed by resuspension in 10 µL PBS. All 

measurements were performed in duplicate and all samples were stored on ice prior to readout. A 

negative control without target (0 pM) was included in all measurements.  

Alternatively, detection of TargetSP,SNM1 (62.5 pM) and duplex detection of TargetSP and TargetHA (62.5 pM 

each) was evaluated in 10-fold diluted nasopharyngeal swabs from healthy donors, following the same 

method as above. For duplex detection, 18 µL of each bead population (100-fold diluted) was added to 

the sample.  

 

Image acquisition 

An image was taken at the start of the reaction (imagebackground) to correct for background fluorescence, 

and after 20 minutes (imagesignal) to assess the fluorescence increase. For fluorescence imaging of the 

FAM-labelled substrate (SubstrateSP) and HEX-labelled substrate (SubstrateHA), a WIBA filter (excitation 

filter BP460-495, emission filter BA510-550, and dichromatic filter DM505) and WIGA filter (excitation 

filter BP530-550, emission filter BA575-625, and dichromatic filter DM570) were used, respectively. 

Neutral density filters were used to decrease the light intensity to 3%. Additionally, to visualize the total 

number of beads, a third image (imagebeadcount) was taken using the WIGA filter, in combination with a light 

intensity of 25%. All images were obtained with an exposure time of 0.7 seconds, a gain of 1 and a rolling 

average of 10, using the Hokawo software (Version 2.12, Hamamatsu Photonics, Japan). 

 

S1.6 Data analysis 
Limit of detection 

The limit of detection (LOD) throughout this work was calculated by interpolating the concentration, 

corresponding to a signal equal to 3 times the standard deviation above the mean background signal 

value, in the linear part of the calibration curve (Leirs et al., 2016). 

 

Image analysis 

The change in fluorescence intensity of the beads was analyzed over time. To this aim, the images were 

analyzed using custom scripts (1) to obtain the average fluorescence increase over 20 minutes in the bead-

containing microwells per image and (2) to automatically classify those fluorescence signals into a true 

signal group or internal control group and calculate the average fluorescence increase of both groups per 

image. In the first script (Fig. S1A), implemented in ImageJ software (Version 1.51r, US National Institutes 

of Health, USA), imagebackground and imagesignal were first corrected for the drift. Next, the microwells 

containing a single bead were detected by thresholding the fluorescence, originating from a combination 

of the inherent fluorescence of the substrate and auto-fluorescence of the beads, from the maximum 

projection of imagebackground and imagesignal. The centers of the microwells were detected using a 

Differential of Gaussian (DOG) algorithm, and the microwells were defined with a fixed diameter. 

Subsequently, imagebackground was subtracted from imagesignal resulting in imagebacksub, to obtain the 

increase in fluorescence after 20 min. Finally, the mean fluorescence intensity was calculated for each 

bead-containing microwell from imagebacksub and used for further analyses. In the second script, 

established in Matlab (Version R2018b, MathWorks, MA, USA), the average fluorescence intensities of all 

wells for a single image were first classified into 2 groups (i.e. signal and internal control, Fig. S1B) using 



k-means clustering with the Euclidean distance metric (Statistics and Machine Learning Toolbox). Next, 

the average of each group was calculated, and the average of the internal control was subtracted from 

the signal average for each image. Subsequently, these background-subtracted values of 2 repetitions 

were statistically analyzed and the overall average and standard deviation was plotted in function of the 

target concentration. The LOD was calculated as mentioned above. 

  



 

Fig. S1. Image analysis procedure to obtain the average fluorescence intensity, performed on results from the detection of TargetSP 
(62.5 pM) in buffer. (A) The increase in fluorescence over 20 minutes is represented in imagebacksub, which is the result of the 
subtraction of imagebackground from imagesignal. During image analysis, the wells with beads (i.e. the ROIs) are localized by 
thresholding the fluorescence from the maximum projection of imagebackground and imagesignal. The obtained ROIs are visualized 
here in imagebackground and the performance of this approach is validated by comparing the ROIs, obtained from the maximum 
projection with the ROIs, obtained from imagebeadcount. Next, the average fluorescence intensity in those ROIs is obtained from 
imagebacksub. (B) Representation of the result of the k-means clustering procedure on the average fluorescence intensity of the 
ROIs, enabling to discriminate the wells containing a bead with target (i.e. signal) from the wells containing a bead without target 
(i.e. internal control).  



S2. Results 
 

 

Fig. S2. Comparison of the tolerance of MNAzymeSP to SNMs at multiple locations in TargetSP, corresponding to the position next 
to the catalytic core on the half of partzyme B (TargetSP,SNM1) or partzyme A (TargetSP,SNM2), in the middle of the target-binding arm 
of partzyme B (TargetSP,SNM3) or partzyme A (TargetSP,SNM4) and at the one-but-last base of the target-binding arm of partzyme B 
(TargetSP,SNM5) or partzyme A (TargetSP,SNM6). All targets are present in a 5 nM concentration. The position of the SNM in the target 
is indicated with a red dot. The error bars represent the standard deviation of 3 repetitions, after subtraction of the background 
signal (i.e. the signal from the partzymes in the presence of the substrate only). 

 

 

Fig. S3. Comparison of the performance of MNAzymeSP for detection of TargetSP (1 nM) using different bead-functionalization 
approaches: beads carrying only 1 of the partzymes (i.e. Partzyme ASP,bio or Partzyme BSP,bio) or both partzymes (i.e. Partzyme ASP,bio 
and Partzyme BSP,bio). In the conformation with only a single partzyme type on the beads, the other partzyme is added in excess 
(27.8 nM) in solution. The error bars represent the standard deviation of 3 repetitions, after subtraction of the background signal 
(i.e. the signal at the start of the reaction (t = 0 min)). 



 

 

Fig. S4. Performance of the MNAzymes on beads at standard room temperature in buffer (same dataset as depicted in Fig. 2) and 

10-fold diluted nasopharyngeal swab samples. A. Detection of TargetSP over a 2-fold dilution, ranging from 500 to 125 pM and 

including a control without target (0 nM), with a fluorescent readout at 535 nm. The linear dynamic range is fitted with an R2 of 

0.972 and 0.980 in buffer and diluted nasopharyngeal swabs, respectively. The calculated LOD achieved in buffer was 11 ± 0.6 pM 

and that in nasopharyngeal swab samples was 45 ± 2.5 pM. B. Detection of TargetHA over a 2-fold dilution, ranging from 500 to 

125 pM and including a control without target (0 nM), with a fluorescent readout at 567 nm. The linear dynamic range is fitted 

with an R2 of 0.996 and 0.997 in buffer and diluted nasopharyngeal swabs, respectively. The calculated LOD achieved in buffer 

was 21 ± 0.5 pM and that in nasopharyngeal swab samples for 10 ± 0.2 pM. 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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