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ABSTRACT: 

Established nucleic acid detection assays require extraction and purification before sequence 

amplification and/or enzymatic reactions, hampering their widespread applications in point-of-care (POC)  

formats. Magnetic immunoassays based on magnetic particle spectroscopy and magnetic nanoparticles 

(MNPs) are isothermal, extraction- and purification-free, and can be quantitative and benchtop, making 

them suitable for POC settings. Here, we demonstrate a Magnetic signal Amplification Circuit (MAC) that 

combines specificity of toehold-mediated DNA strand displacement with magnetic response of MNPs to 

a clustering/declustering process. Our MAC assays require neither amplification nor extraction of target 

nucleic acids, and reveal four times better sensitivity than that of a magnetic circuit without signal 

amplification. Using MAC, we detect a highly specific 43 nucleotides sequence of SARS-CoV-2 virus. The 

MAC enables sensing both DNA and RNA targets with varying lengths and resolving single-base 

mismatches. Our MAC can be a powerful tool for translating research of nucleic acids detection to the 

clinic.   

 

INTRODUCTION 

Highly specific and sensitive detection of nucleic acids-based disease biomarkers such as pathogen 

DNA/RNA, circulating tumor DNA, and microRNA has gained enormous attention in the past few 

decades.1–4 While reverse-transcription polymerase chain reaction (RT-PCR) remains the gold standard for 

viral DNA/RNA detection, PCR requires extensive and expensive sample processing, well-equipped 

laboratories, and trained personal, and thus is not compatible with point-of-care (POC) settings. Classical 

bulk PCR relies on sequence amplification and is often less sensitive when it comes to detecting rare 

mutations and alleles mostly because of PCR inhibitors and less efficient amplification.5 

Compartmentalization of PCR sample into picolitre volume droplets, using cutting-edge droplet 

microfluidics, significantly isolates PCR inhibitors from the target sequence before the thermal cycling 

starts and facilitates the detection of rare mutations and alleles.6 Nevertheless, droplet microfluidics 
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demand expensive instrumentations and consumables including microfluidic chips, droplet stabilizers, 

and droplet destabilizers.7 Alternative amplification-based detection strategies including loop-mediated 

isothermal amplification (LAMP),8–11 rolling circle amplification (RCA),12–14 and a combination of both 15,16 

have emerged over the years, enabling detection of a few hundred copies of viral RNA. Despite being 

sensitive, LAMP-based assays require multistep sample handling and high-temperature incubation 55-

65°C, limiting their POC implementation.  

Plasmonic and optical detection concepts have significantly pushed the sensitivity of nucleic acid assays, 

yet these assays are not easily adaptable to detect the target in turbid biological samples due to signal 

attenuation.17 Moreover, the complexity of optical systems makes their miniaturization towards POC 

formats very challenging. Nanoparticle-based sensing platforms have recently taken major steps towards 

high sensitivity, yet by employing complex read-out system.18 They still fall short if detection needs to be 

highly specific and quantitative. Magnetic nanoparticles (MNPs) offer a highly promising sensing platform 

by harnessing their magnetic relaxation dynamics being highly sensitive to molecular interactions 

between the receptors on MNPs and targeting analytes.19–22 Magnetic immunoassays (MIAs) are rapid, 

isothermal, extraction- and purification-free, inherently quantitative, and can directly be performed on 

turbid bodily fluids due to no signal attenuation.23 Cryogenic superconducting quantum interference 

device (SQUID) magnetometers20 and nuclear magnetic resonance (NMR/MRI) readers24,25 have been 

used in early studies to detect nucleic acids. However, these are quite sophisticated and expensive 

approaches in terms of instrumentation.  

The group of Weissleder has proposed <magnetic relaxation switches= as diagnostic magnetic resonance 
(DMR) for detecting proteins, enzymatic activity, viruses, and nucleic acids.21,24 Since then, alternative 

measurement modes including direct current (DC) magnetorelaxometry,26–29 alternating current (AC) 

susceptometry,30–33 and rotating magnetic fields34,35 have been successfully used to advance MIAs. 

Significant improvements regarding the assay sensitivity and miniaturization came when magnetic particle 

spectroscopy (MPS) has been transformed into a highly sensitive and cost-effective technique.36–40 Using 

the MPS-MIA sensing platform, detection of mimic virus particles, viral proteins, and pathogen specific 

nucleic acids have been demonstrated, where the assays rely on clustering of MNPs upon sensing the 

target.41–43 However, the clustering assays suffer from unspecificity, as MNPs are highly prone to 

unspecific clustering through magnetic, electrostatic, and van der Waals interactions.44 Consequently, the 

assay specificity is largely compromised. Remarkably and despite exclusive features, MIAs have not yet 

been successful in POC settings. Indeed, different assay designs are needed to fully exploit the benefit of 

MIAs. DNA has been widely used to build clusters of different nanoparticles due to its high 

programmability and specificity.45–47 In addition, the DNA switches had been revolutionized when the 

concept of toehold-mediated (TM) strand displacement (DSD) was first introduced by Yurke et al.48 A 

reversal DNA hybridization process based on several DNA walkers and robots have also been investigated. 

Being highly specific, molecular biosensors employing TM-DSD switches have gained numerous attentions 

in the past few years for enzyme-free amplification and detection of nucleic acids49–52 as well as detecting 

mismatches in targeting sequences.53 

Here, we demonstrate a MIA platform that combines the features of TM-DSD and declustering of MNP-

clusters. This platform requires no amplification and extraction of target nucleic acids, yet it achieves high 
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sensitivity and specificity. Our so-called magnetic signal amplification circuit (MAC) enables amplification 

of magnetic signals, occurring upon declustering of MNP-clusters into MNPs. The declustering process is 

initially triggered by the binding of the target nucleic acids to the toehold regions and further accelerated 

by the release of amplification strands. Consequently, the MAC goes through several cycles of magnetic 

signal amplification, here called domino effect. Thus, MNPs act as proxies to detect the target nucleic 

acids. We exploit the MAC to detect highly specific SARS-CoV-2 nucleic acid sequences. We reveal that the 

MAC has four times better limit-of-detection (LOD) than that of a magnetic circuit (MC) without signal 

amplification. Significantly, the MAC resolves a single nucleotide mismatch in a 43 nt long DNA sequence. 

Additionally, it enables detecting different lengths of both DNA and RNA sequences in low picomolar range 

directly in virus lysis buffer. Our MAC detection platform opens the possibility towards combining the high 

specificity of nucleic acid targets with the enzyme-, amplification-, and extraction-free features of 

magnetic biosensing.  

RESULSTS AND DISCUSSION 

Current clustering-based MIAs have reached the LOD in low nM range for detection of DNA54 and viral 

proteins,55 yet insufficient for testing clinical samples. Unlike other immunoassays,56 to reach the desired 

sensitivity, adaptability, and specificity that can push the MIAs towards clinical applications, we developed 

a facile declustering-based MIAs; where magnetic clusters dissociate into MNPs in presence of target 

nucleic acids. Therefore, unspecific clustering of nanoparticles does not interfere with the assay result 

(Fig. 1a). To improve the sensitivity, we designed magnetic signal amplification circuit (MAC) by integrating 

TM-DSD molecular switches into responsive magnetic clusters (RMCs) (Fig. 1b). The magnetic signal 

amplification is achieved through magnetic relaxation of MNPs, where the characteristic frequency of the 

Brownian magnetization relaxation process and concomitantly the MPS harmonics amplitude increase,39 

while RMCs start declustering into MNPs upon hosting the input target sequence (Fig. 1a, schematic MPS 

spectra).  

The MAC assay test tube consists of two RMC systems, namely RMC1 and RMC2 (see SI for the 

experimental procedures). A typical MAC assay is initiated when the target sequence is added into a one-

to-one mixture of RMC1 and RMC2 (Fig. 1b). The probe DNA on the RMC1 possesses a 7 nt long toehold 

(3*), that is complementary to the section 3 of the target sequence. Next, the target nucleic acid binds to 

the toehold region and initiates the first DSD reaction through displacing the domains 2 and 1, thus 

releasing the amplifier sequence 1 and leading to declustering of the RMC1 into single MNPs. The amplifier 

sequence 1 possesses a domain complementary to the 7 nt toehold region of the probe DNA on the RMC2 

(6*). Upon a binding event, the RMC2 clusters start declustering into single MNPs and thus releasing the 

amplifier sequence 2. The amplifier 2 is in fact the DNA analog of the target nucleic acid, and enables the 

next DSD reaction on the RMC1 to occur and thus closes one signal amplification cycle. Our MAC circuit 

exploits a so-called domino effect, that is realized by passing the amplifier sequences between the two 

RMC systems, which pushes the MAC circuit into a continuous cycle of MNP release and thus the assay 

read-out signal gets amplified.  

In this study, BNF80 (micromod Partikeltechnologie GmbH, Rostock, Germany) MNPs were used as 

building blocks of RMCs (see Fig. S1 for full characterization of BNF-MNPs). Using dynamic light scattering 

(DLS), we performed particle size distribution (PSD) analysis on RMCs at pre- and post-MAC stages. We 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 26, 2022. ; https://doi.org/10.1101/2022.12.24.521858doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.24.521858
http://creativecommons.org/licenses/by-nc-nd/4.0/


observed that the PSD at the post-MAC stage goes back to the PSD of the building blocks used for RMCs, 

which indicates a successful target and MAC-triggered declustering of RMCs (Fig. 2a). Additionally, to see 

the change in harmonics spectra at the pre- and post-MAC stages, we conducted MPS analyses that 

showed a weak harmonics spectrum at the pre-MAC stage, suggesting a slow Brownian relaxation of the 

RMCs. Upon adding the target sequence as an input, the post-MAC MPS spectrum resembled the one 

recorded for the building blocks of RMCs (Fig. 2b), demonstrating an efficient MAC-triggered declustering 

of RMCs. Furthermore, while looking at the MNPs, pre-, and post-MAC samples under scanning 

transmission electron microscope (STEM), we observed the formation of micrometer sized RMCs at pre-

MAC stage that effectively declustered into nanometer sized MNPs upon binding to the target and going 

through the MAC circuit (Fig. 2c-e). 

 

Figure 1. Working principle of declustering-based MAC nucleic acid sensing platform. (a) Schematic 

illustration of MPS magnetic signal amplification through the declustering of magnetic clusters into MNPs. 

DNA-labelled MNPs are tethered into responsive magnetic clusters (RMC) by the probe DNA construct. 

First, the input target sequence binds to the toehold region of the probe DNA, triggering the DSD reaction. 

The RMCs are subsequently declustered into output MNPs, which leads to an amplified MPS signal. (b) 

The MAC circuit consists of two different RMC systems: RMC1 and RMC2. A RMC system is formed by 

mixing the corresponding probe DNA already annealed with the amplifier sequences at the domain 2* 

with ssDNA labelled BNF-MNPs. The input nucleic acid target binds first to the toehold region 3* of RMC1. 

The displacement of the domain 2 and 1 by the target through a DSD reaction releases the amplifier 1 and 
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generates the output MNPs. The amplifier 1, when released, binds to the toehold 6* of RMC2 and triggers 

the declustering of RMC2 by the DSD displacement of domain 5 and release of amplifier 2. Next, the 

amplifier 2, that is the DNA analog of the target nucleic acid, binds again to the toehold region of RMC1 

and closes the cycle. 

 

Figure 2. Colloidal, magnetization dynamics, and morphological changes upon forming RMCs (pre-MAC) 

and MAC-triggered declustering (post-MAC). Dynamic light scattering (DLS), magnetic particle 

spectroscopy (MPS), and scanning transmission electron microscope (STEM) analyses of MNPs, pre-MAC 

(referring to RMCs), and post-MAC (referring to declustered RMCs) samples. (a) The intensity PSD results 

measured by DLS show how the hydrodynamic size of post-MAC clusters switches back to the PSD of the 

building blocks used for RMCs. (b) The MPS spectra of single MNPs, pre-, and post-MAC samples reveal 

the intensification of the MPS signal upon sensing the target in post-MAC sample. Same color coding is 

applied to the panels (a) and (b). (c-e) STEM micrographs of single MNPs, pre-, and post-MAC samples 

showing how RMCs decluster back to single building blocks MNPs after MAC. 

 

This motivated us to first investigate to what extent the assay LOD benefits from the MAC principle. We, 

therefore, focused on highly specific DNA analog of ORF1b gene of the SARS-CoV-2 genome (DNA/RNA 

sequences are given in table S1 and S2). The target sequence, derived from primers designed by Lopez-

Rincon et al.,57 was adapted to our construct and extended to 43 nt (Fig. 3a). We performed the MAC 

assays on this specific 43 nt DNA sequence at different target concentrations and measured their MPS 

harmonics spectrum with our custom-built immunoMPS spectrometer (see assay protocols in SI).39 To 

eliminate the effect of particle concentration on the assay result, we used MPS H5th/H3rd (HR53) 

harmonics ratio as the read-out indicator.58 Plotting the MPS HR53 ratio versus target concentration, a so-
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called dose-response plot is created, which shows that the HR53 increases steeply with the target DNA 

concentrations and saturates at 1.5 nM DNA concentration (Fig. 3b, normalized curves are shown in Fig. 

S2). This can be better seen by looking at the dose-response curves shown with 0.5 nM DNA concentration 

(Fig. 2c). The LOD of 27 pM (corresponding to 2 fmol) was determined by applying the 3sd criterion of 

control sample having two RMC systems without any target. Witnessing an order of magnitude better LOD 

of the MAC assays compared to the clustering MIAs i.e. ≈ 220 pM,54 we decided to compare the MAC 

circuit with a non-amplifying magnetic circuit (MC) (see scheme of the MC circuit in Fig. S3). Looking at 

the dose-response curve of the non-amplifying MC, we observed a shallow and linear rise in the HR53 

with the target concentrations (Fig. 3b, c). The MC-based assay reached LOD of 106 pM (corresponding to 

8 fmol), justifying the necessity of MAC-based assay design for an improved assay sensitivity. To estimate 

the displacement efficiency, the HR53 ratio was normalized as follows: (HR53c-HR53min)/(HR53max-

HR53min), where HR53c is the harmonics ratio at a target concentration (c) and HR53min and HR53max are 

the harmonics ratios at 0 and 10 nM target concentrations, respectively. Notably, the displacement 

efficiency for the MAC assay at 1.5 nM is as high as 95.5 %, while only 49.8 % for the non-amplifying MC. 

We tested leakage of our MAC circuit by plotting the harmonics ratio of the control sample immediately 

after mixing two RMC systems at 0 nM target concentration (the lowest red circle in Fig. 3b). The leakage 

can be attributed to that fact that no washing step is applied after annealing the probe DNA construct, 

wherein the added ratio of amplifier to cDNA is 2:1, meaning a portion of unreacted amplifiers is leading 

the leakage. 

We next assessed the adaptability of our MAC assays. A true challenge for MAC assay is whether it enables 

sensing nucleic acids with not an optimal/designed length. Local conformations such as hairpins or 

pseudoknots strongly depend on the sequence length and bases,59 thus hindering the binding of target 

and limiting the assay sensitivity. Moreover, lysis of virus as well as other sample collection processes can 

break the RNA genome into fragments of random lengths, suggesting a specific length of the target 

sequence cannot always be guaranteed. Therefore, a robust assay should detect a target that is shorter 

and/or longer than the original probe DNA design.60 To address this, we performed assays on 27, 37, and 

59 nt long target DNA sequences and compared with the original 43 nt long target sequence. The assays 

performed with these three sequences revealed dose-response patterns similar to what was observed for 

the 43 nt target, meaning a very steep initial rise of the HR53 ratio with the target concentration (Fig. 3d). 
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The obtained LOD values of these three different sequences were also comparable to the LOD of 43 nt 

long sequence. 

Figure 3. Detection of SARS-CoV-2 virus DNA analog and RNA of different lengths using MAC. (a) Region 

of the target sequence on the ORF1b gene from the SARS-CoV-2 viral genome. The 43 nt long sequence 

shown in the red box is the main target sequence. Additional nucleotides of the 59 nt sequence are 

colored in blue out of the red box. The shortened target sequences are shaded in light gray and light 

magenta color. (b) Harmonics HR53 ratio of both MAC (red) and non-amplifying MC (green) assays as a 

function of target concentration. The control sample is a mixture of both RMC systems in the absence of 

the target, and was measured right after the sample preparation and after 24 h incubation. The increase 

in the HR53 at 0 nM target concentration, here referred to as the leakage, is due to the presence of the 

amplifiers that are still present in the mixture as no cleaning step is done in between. As an additional 

control, we added the same target concentrations to a mixture of DNA-labelled BNF-MNPs, that were 

used as building blocks to form the RMCs, and observed no changes in the HR53 ratio for all target 

concentrations tested here. This result demonstrates that the magnetization dynamics of building block 
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MNPs is not influenced by the target. (c) Shows the panel (b) zoomed in at the low concentrations. (d) 

MAC assays on DNA targets with different lengths. Normalized HR53 ratio vs. target concentration for 

MAC assays on 59 nt (blue), 37 nt (magenta) and 27 nt (black) DNA target sequences. (e) MAC assays on 

RNA target sequences with different lengths. Normalized HR53 harmonics ratio vs. target concentration 

for 59 nt (blue), 43 nt (red), 37 nt (magenta) and 27 nt (black) sequences. RNA assays were performed in 

the virus lysis buffer. All assays were incubated at 25°C for 24 h. Mean values and standard deviations (sd) 

were obtained from three independent measurements. Colored dashed lines are fits to the data points. 

The black horizontal dashed lines in all the panels mark the LOD cutoff line (control sample (mixture of 

two RMC systems at 0 nM target) + 3sd).  

To qualify for the measurements of SARS-CoV-2 patient sample , the next logical step was to run MAC 

assays on RNA targets. For these studies, we took the same target sequences but as RNA. All RNA-based 

assays were performed on virus lysis buffer to mimic the environment of patient sampling (see SI for 

protocols). For RNA detection, our MAC offers a unique feature where it translates RNA assay to DNA 

binding reactions after the circuit is initially triggered by the target RNA. Thus, the assay becomes highly 

useful and robust for sensitive RNA samples. The dose-response data were recorded on all target lengths 

that were also tested in the DNA assays.  The dose-response data shows a steep initial rise of the HR53 

harmonics ratio with the target concentrations, which is similar to the read-outs of DNA-based assays (Fig. 

3e). However, the LOD of RNA-based assay is 96 pM which is roughly three times the LOD of DNA-based 

assay, yet in the low pM regime, justifying that. The assay results on different RNA target lengths show 

that the length of the target does not compromise the performance of the MAC assay.  

The TM-DSD reaction is highly sensitive to base-pair mismatches.61–63 We, therefore, decided to challenge 

our DNA-based MAC with base mismatches. To do so, we placed mismatches at different positions along 

the target sequence. We investigated DNA sequences with one (M1), two (M2), and six mismatches (M6). 

We plotted the HR53 harmonics ratio of the three mismatched targets and compared them with the DNA 

target having no mismatches (M0) (Fig. 4). Judging the assay result being positive or negative by 

comparing the HR53 ratio to the control sample+3sd, it can be appreciated that our MAC-based assays 

are capable of telling a target variant with a single-base mismatch apart from the fully matched one. 

Although the results shown here are from three independent assays, we have to however admit that our 

mismatch experiments is significant influenced by the position, base, and nearest neighbor of the 

nonmatching base that dictate the success of the single-base mismatch assays.  
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Figure 4. Specificity of MAC to nucleotide mismatches. Changes in the harmonics HR53 ratio for three 

mismatched DNA target sequences (M1-M2-M6) at a target concentration of 0.25 nM. For comparison, 

the change in the harmonics HR53 ratio for fully matching DNA target is plotted. The results of three 

independent assays are shown here. The dashed gray line marks the HR53 ratio the control sample (RMC1 

+ RMC2 + 0 nM target)+3d. The harmonics ratio was determined as described in the text. 

 

Conclusion  

Here, we demonstrate magnetic signal amplification circuit (MAC) which works through declustering of 

responsive magnetic clusters and is responsive to the input of target nucleic acid. The MAC exploits the 

specificity of toehold-mediated DNA strand displacement and the magnetic response of MNPs to 

clustering/declustering. Additionally, the MAC benefits from the magnetic signal amplification through 

the domino effect based recycling of the amplifier sequences. Importantly, the MAC requires no 

amplification and extraction of target nucleic acids, yet it achieves high sensitivity and specificity. 

Our MAC sensing concept addresses two major limitations of reported MIAs: sensitivity and specificity. In 

our assays, the MPS signal is amplified while sensing the target, which is in stark contrast to clustering-

based MIAs, wherein the assay read-out is weakened upon detecting the target. We demonstrated that 

the MAC improves the LOD by four times, reaching to 27 pM (corresponding to 2 fmole), compared to the 

non-amplifying magnetic circuit. Moreover, we showed that the MAC circuit enables detection of different 

lengths of DNA and RNA targets directly in virus lysis buffer. Further studies on sequence mismatches 
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revealed that the single-base mismatch resolution of the MAC assays can be achieved when the mismatch 

is positioned in the middle of the toehold region of the target.  

The MAC circuit design can be adapted to DNA, RNA, and miRNAs. Its ability to resolve singe-base 

mismatch makes it highly suitable for mutant/variant testing. Working regardless of the target length, the 

MAC is highly compatible to testing patient samples, wherein a certain level of flexibility in terms of the 

length of DNA-RNA fragments being sought after is necessary. Being one-pot and purification-free, it 

facilitates translating magnetic biosensing into POC settings, where complex sample handling should be 

avoided. We expect to further improve the LOD by two to three orders of magnitudes by combining the 

domino effect with a circuit that offers an exponential amplification. 

 

ASSOCIATED CONTENT  

Experimental details as mentioned in the test including: nucleic acid sequences, sample preparation 

protocols for DNA/RNA assays, and characterization techniques. Characterization of static and dynamic 

properties of BNF80 magnetic nanoparticles (Fig. S1), normalized data of harmonics ratio as a function of 

target concentration for DNA MAC and non-amplifying DNA MC assays (Fig. S2), scheme of non-amplifying 

MC circuit (Fig. S3), and MAC assay on 43nt RNA target up to 6 nM target concentration (Fig. S4).  
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