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ABSTRACT: Assays are widely used for detection of various targets, including pathogens, drugs, toxins etc. Homogeneous
assays are promising for the realization of point-of-care diagnostics as they do not require separation, immobilization, or
washing steps. For low concentrations of target molecules, the speed and sensitivity of homogeneous assays have hitherto
been limited by slow binding kinetics, time-consuming amplification steps, and the presence of a high background signal.
Here, we present a homogeneous differential magnetic assay that utilizes differential magnetic readout that eliminates pre-
vious limitations of homogeneous assays. The assay uses a gradiometer sensor configuration combined with precise micro-
fluidic sample handling. This enables simultaneous, differential, measurement of a positive test sample containing synthe-
sized Vibrio Cholera target and a negative control sample, which reduces background signal and increases the read-out speed.
Very low concentrations of targets down to fM levels are thus detectable without any additional amplification of number of
targets. Our homogeneous differential magnetic assay method opens new possibilities for rapid and highly sensitive diagnos-

tics at the point-of-care.

Assays are analytical tools for qualitative and quantita-
tive detection of a target analyte. The target analytes could
be of biological (e.g. antibodies, DNA/RNA molecules, pro-
teins, enzymes, etc!) or non-biological nature (e.g. ions, dis-
solved gases, drugs and toxins?). Diverseness, high sensitiv-
ity and specificity of assays are crucial in pharmaceutical
analysis, drug monitoring, diagnosis of diseases, clinical
pharmacokinetic and bioequivalence studies, environmen-
tal monitoring and pollutant detection. Assays are im-
mensely powerful in clinical analysis of viruses and various
diseases, where rapid and timely diagnosis is crucial for
public health.

Standard assays are often laborious, time consuming, and
require a specialized laboratory with trained personnel.
There is an increased need for rapid, portable, and user-
friendly assays that can perform point-of-care (POC) diag-
nostics at the home, emergency rooms, developing coun-
tries and resource-limited environment3?. Homogenous as-
says are advantageous for POC diagnostics as they do not
require washing steps, separation, and immobilization*.

They use the volume of the solution for sample preparation
and signal generation and three-dimensional diffusion re-
sults in a more rapid binding kinetics, reducing the total
turn-around time®. Combined with microfluidic-based de-
vices, homogeneous assays offer an opportunity for sensi-
tive and cost-effective POC diagnostics?.

In homogeneous assays, the detection signal can be gen-
erated from specific binding reaction between the targets
and the labels. The labels are usually mixed in solution with
the test sample and the signal is generated in the entire
mixed volume. In practice, the concentration of labels
should be comparable with the concentration of targets in
order to have a detectable signal. However, the time re-
quired to reach an equilibrium in binding kinetics strongly
depends on the concentrations of target and labels. There-
fore, measurement of low target concentration is a chal-
lenge. Various amplification methods, including isothermal
enzymatic schemes® and the polymerase chain reaction
(PCR)7 have been applied to increase the readout signal and
reach sub-fM detection levels in homogeneous assays®°.
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Figure 1 | Differential magnetic assay using the microfluidic device. (a) Schematic illustration of the readout configuration. Two
microfluidic channels are integrated into a PDMS chip and is aligned above a 1st order planar gradiometer SQUID sensor. An ac
magnetic excitation field (H) is applied to the channels, parallel to the sensor chip so that the SQUID is insensitive to it. In this con-
figuration, the magnetic fluxes produced by the MNPs in the two channels are subtracted. (b) A top view photograph of the micro-
fluidic chip aligned above the SQUID sensor; the channels are highlighted in yellow and green. (c) Real and imaginary components
of the ac magnetic susceptibility from 250 pg/mL MNP samples filling: only channel 1 (green triangles), only channel 2 (yellow
triangles), and both channels (blue circles) versus the frequency of the magnetic excitation field. Note that the magnetic ac suscepti-
bility signals from channel 1 is opposite in sign compared to that of channel 2 due to the differential measurement setup. (d) The
measured imaginary component of ac magnetic susceptibility when both channels are filled. For comparison, the sum of the signals
from the individual channels shown in Fig. 1c is also plotted. This magnetic ac susceptibility signal is considered the zero signal of
the system and is ~100 times lower in magnitude compared to the individual signals in channel 1 or 2. The summation of the mag-
netic ac susceptibility signals from the individual channels results in the same response as obtained from the measurement. The ac
susceptibility values are expressed as a voltage read out from the SQUID electronics.

The drawbacks of nucleic acid amplification are the risk
of cross-contamination leading to false positive detection,
and relatively high cost. Reducing assay complexity and to-
tal processing time while preserving high sensitivity and
specificity is still one of the major challenges in POC diag-
nostics.

Here, we present a differential magnetic assay based on
microfluidic sample handling that circumvents the main
limitations of the homogeneous assay. Magnetic assays use
bio-functionalized magnetic nanoparticles (MNPs) as la-
bels!0. Bio-functionalized MNPs can efficiently and

selectively bind to biological targets both as labels or as a
substrate for binding!% Biological samples generally con-
tain no magnetic materials and thus no magnetic back-
ground that may obscure highly sensitive magnetic meas-
urements!% Bio-functionalized MNPs have been success-
fully utilized as contrast agents in magnetic resonance im-
aging, disease therapy, biochemical separation, as well as
for bioanalysis and immunoassays!®14 Target recognition
in our magnetic assay exploits the specific binding reaction
between colloidal MNPs and the targets to induce an in-
crease in the hydrodynamic volume of the MNPs. This, in
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turn, changes the characteristic relaxation time of the MNPs
and can be measured using magnetic ac susceptibility!>. In
our assay, we use a gradiometer coupled magnetic sensor
configuration to simultaneously measure the magnetic ac
susceptibility from positive test and negative control sam-
ples. The differential readout enables subtraction of the ex-
cess unbound MNP labels in the test sample and allows
measurements of fM target concentrations without altering
the rate of binding kinetics. This drastically shortens the as-
say time while preserving sensitivity and specificity, that
are comparable with laboratory-based assays.

Experimental method

Our approach utilizes two identical microfluidic channels
fabricated in a single polydimethylsiloxane (PDMS) device.
The channels may be individually filled with magnetic fluid
samples. The magnetic samples are excited by an ac mag-
netic field and their magnetic ac susceptibility is measured
using a planar gradiometer sensor. The frequency depend-
ent magnetic ac susceptibility provides information about
the effective relaxation time which is dependent on the par-
ticle size distribution of the MNP colloidal suspension. Each
microfluidic channel is aligned parallel to the baseline of the
gradiometer along the pickup loops, as illustrated in Fig. 1a.
In this geometry, the screening currents produced by mag-
netic flux from the magnetic fluids in each individual chan-
nel are subtracted in the middle line of the gradiometer
where a high-temperature superconducting quantum inter-
ference device (SQUID) sensor is situated. Fig. 1b shows an
image of the aligned PDMS device on the gradiometer using
a 3D printed x-y alignment stage. Full details and descrip-
tion of the materials, methods and equipment including the
detection of the target molecule, i.e. synthesized Vibrio
Cholera, and the amplification process are presented in the
Supporting Information SI. 1.

Differential ac susceptibility measurements

First, we demonstrate the ability of the differential
readout to cancel signals from two identical magnetic sam-
ples filled in both channels and measured at rest. The mag-
netic samples are MNPs with a median particle diameter of
100 nm and no surface functionality. Fig. 1c shows the mag-
netic ac susceptibility responses from the MNPs with con-
centration of 250 pg/mL. The ac susceptibility is expressed
as a voltage read out from the SQUID electronics. Since the
actual susceptibility is only a calibration factor that con-
verts the voltage to a sample magnetic moment (and ac sus-
ceptibility by dividing magnetic moment with field ampli-
tude and sample volume) the voltage values are used as a
measurand of the ac susceptibility. When both channels are
filled with the same sample, the response signal is approxi-
mately zero and matches well with the manually added sig-
nals from the individually-filled channels. Fig. 1d shows the
differential measurement and the manually added ac sus-
ceptibility signals from individual channels and indicates
lower errors in the differential measurement. The similarity
of the two ac susceptibility responses shows that the meas-
ured ac susceptibility signal is a linear superposition of the
positive and negative signals from channel 1 and 2,

respectively. When measuring two different samples filling
channels 1 and 2, the expected result is proportional to the
relative difference in the ac susceptibility of the two sam-
ples which could, for example, be a result of a relative dif-
ference in the particle size distributions. The differential
signal is about 0.5 % of the amplitude of the signals from the
individual channels. The standard
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Figure 2 | Calibration of magnetic sensitivity for the dif-
ferential magnetic readout. (a) Differential measurements
of the imaginary component of the magnetic ac susceptibil-
ity for several test samples with different concentrations of
MNPs ranging from 1 pg/mL to 250 pg/mL in channel 1 with
a reference sample in channel 2 containing 250 pg/mL
MNPs. Error bars are standard deviation. (b) The amplitude
of the imaginary component of the differential ac suscepti-
bility peak at 100 Hz versus the difference in the concentra-
tion of magnetic material in the two channels. When the dif-
ference in the two concentrations is large (i.e., Ccp1 — Cch2
approaches C¢p3), the background magnetic signal makes it
difficult to distinguish small differences in the test sample
and the imaginary susceptibility saturates to that of the con-
trol sample signal amplitude. The blue line indicates the lin-
ear range of the Ccpy — Ccpz (excluding the zero-response
and the saturation values) and has a regression co-efficient
of 0.99.



deviation in the differentially measured signal is also much
smaller compared with manually added signal from individ-
ual channels.

In the next step, we calibrate the magnetic sensitivity of
our readout system by measuring different concentrations
of MNPs in one channel, while a control sample with a fixed
MNP concentration is present in the other. The concentra-
tion of the control sample is 250 pg/mL, while test samples
contain MNPs with concentrations ranging from 1 to 250
pg/mL. Fig. 2a shows the imaginary part of the differential
ac susceptibility as a function of frequency for different con-
centration of MNPs in the test samples. Starting with a test
sample concentration of 250 pg/mL, we obtain zero re-
sponse (Ceontrot — Crese = 0). By decreasing the MNP con-
centration of the test sample, the imaginary part of the dif-
ferential ac susceptibility increases as expected. Fig. 2b
shows the imaginary part of the differential ac susceptibility
at the peak amplitude frequency of 100 Hz as a function of
the difference in the MNPs concentration in the two chan-
nels. When the concentration of the test sample becomes
significantly small as compared to that of the control sam-
ple, i.e. when Ceoneroi — Crest = Ceontror, the differential ac
susceptibility signal approaches that of the control sample
(see Fig. 2a). When the particle concentrations in the two
channels are approximately equal, even if the particle con-
centration in each individual channel is high, the differential
susceptibility measurement gives a low signal, which corre-
sponds to the minute difference between the samples.
Therefore, the differential readout is highly sensitive to
small differences between magnetic samples. This is crucial
for the realization of homogeneous magnetic assays that
aim for detecting low concentrations of target molecules.
Using a calibration curve (c.f, Fig. 2b), we can precisely
calculate the difference between the concentrations of
MNPs in the two samples, assuming they have exactly the
same particle size distribution. For samples with different
particle size distributions, the full frequency response
should be measured in order to obtain information about
the difference in size distributions between the two
samples.

Detection of Vibrio Cholera DNA using differential ac
susceptibility readout

In our magnetic assay, we measure changes in magnetic
ac susceptibility of the MNPs due to specific binding reac-
tions with target molecules. The difference in the ac suscep-
tibility signal could be either a shift in frequency, due to a
change in the hydrodynamic volume of the MNPs, or a re-
duction in signal amplitudes, so-called turn-off detection?®.
A change in the hydrodynamic volume of MNPs due to bind-
ing reactions with analyte molecules is rather small and dif-
ficult to detect due to the broad particle size distribution of
the MNPs and small increase in particle size!®. In the turn-
off detection method, the MNPs that are specifically bound
with the target analyte are taken out of the main particle
size distribution due to a large increase in the hydrody-
namic volume of the particle-target complex. The bound
MNPs then shift out from the measuring frequency window
if they, together with the target to which they are bound, are

much larger compared to the free unbound MNPs, and the
remaining signal is only due to free/unbound MNPs. There-
fore, the extinction of the peak amplitude of the imaginary
part of the ac susceptibility is proportional to the number of
target analyte molecules. When the concentration of the tar-
get analyte is much smaller than the MNP concentration, the
extinction signal is too small to measure. To detect very low
concentrations of analyte, one should match the concentra-
tion of MNPs with the analyte concentration in order to
have a significant fraction of the MNPs bound to the target.
This is a significant drawback of turn-off detection as the
binding kinetics become slow atlow concentrations, and the
overall time of the assay significantly increases in order to
keep sensitivity high. The differential ac susceptibility
method removes the magnetic background signal that
arises from the excess unbound MNPs. Therefore, alow con-
centration of magnetic probes is not required in order to
measure low concentrations of analytes.

To demonstrate this, we perform differential measure-
ments of positive test samples containing different concen-
trations of rolling circle products (RCPs) of synthetic V.
Cholera DNA targets and a negative control (NC) sample.
The RCPs are a result of volume amplification using rolling
circle amplification (RCA) and each individual RCP in the
test sample corresponds to one single V. Cholera target. The
NC sample is prepared by mixing the MNPs with a hybridi-
zation buffer; it therefore does not contain any RCPs. We
emphasize that all of the positive test samples and the NC
sample contain the same amount of MNPs (particle concen-
tration of 250 pg/mL in 3.6 pL sample volume). The zero-
response signal, in this case, is the measured signal when
both channels are filled with the NC. Fig. 3a shows the im-
aginary part of differential ac susceptibility as a function of
frequency for the NC sample and a series of positive test
samples with different concentrations of RCPs. Due to the
surface functionalization of the MNPs, the monomodal size
distribution of the MNP turns into a bimodal one. Therefore,
a bimodal Brownian relaxation model consisting of a super-
position of two Cole-Cole models (See Supporting Infor-
mation SI 3) is fitted to the data, solid lines in Fig 3a. The
fitting parameters are listed in Supporting Table 1. The
peak amplitudes increase when the concentration of RCPs
increases from 0 to 90.4 pM. The increase of the peak am-
plitude in our differential readout is due solely to the change
of the MNP size distribution in the positive test sample. The
hydrodynamic volume of the MNP-RCP complex is larger
than that of the unbound MNPs. Therefore, the Brownian re-
laxation frequency of the MNP-RCP complexes is shifted to
lower frequencies in the positive test sample. At equilib-
rium, the fraction of MNP probes bound to RCPs to the total
number of MNPs is defined as fraction bound, fb.q, which
is related to the concentration of the RCPs and the equilib-
rium dissociation constant, Kj,, and is proportional to the

. C n n
signal: fbeq(Crcp) = SE— o¢ ¥ (Crep)/ Xtaxs

Crcp+Kp

where yp.. is the signal amplitude from the NC sample in
channel 1 (see Supporting Information). Assuming that the
magnetic moment of individual MNP does not depend on its
volume, the amplitude of the imaginary component of the ac
susceptibility is proportional to the concentration of the

sensing
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Figure 3 | Quantification of the DNA target concentration using differential ac susceptibility measurements. (a) Imaginary
component of differential ac susceptibility versus the frequency for positive test samples containing different concentrations of RCPs
ranging from 45 fM to 90 pM (one RCP corresponds to one DNA target). The NC sample is filled into channel 1 and the positive test
samples are filled into channel 2. The solid lines are fits to the data with a bimodal Brownian relaxation model consisting of a super-
position of two Cole-Cole models for the free MNPs and the MNP-RCP complexes. (b) The equilibrium fraction bound measured as
the normalized imaginary signal of the ac susceptibility at 64 Hz versus the concentration of the V. Cholera DNA targets (RCPs) in
the 3.6 pL sample volume. The LOD is 45 fM and the working range spans more than 3 orders of magnitude in target concentration.
(c) A cartoonillustration of the dynamic equilibrium in each individual channel and what is measured by the sensor in the differential
readout for varying binding fractions. For Crcp < Kp,the effective fraction bound is always 50% (i.e., for each MNP that is bound in
channel 1, there is a corresponding free MNP in channel 2). For RCP concentrations above the equilibrium dissociation constant, the
RCPs and MNPs agglomerate and sediment (red arrows), which takes the bound MNPs in the positive test sample out of the meas-
urement window. In this case, the sensor signal is the difference between that of the MNPs in the NC sample (channel 1) and the
remaining (unbound) MNPs in the test sample (channel 2). This results in an effective binding fraction of more than 50%.

MNPs. The fraction bound measured at the characteristic
relaxation frequency of unbound MNPs at 64.5 Hz therefore,
depends on the concentration of the RCPs in the positive
test sample and follows a logistic function behaviour!”-18, as
shown in the calibration plot in Fig. 3b. Fig. 3c is a cartoon
representation of the equilibrium dynamics in the NC sam-
ple (channel 1) and the positive test sample (channel 2), and
the difference between the two, which is measured in the

differential readout. In the case of turn-off detection
method, when the number of MNPs significantly exceeds
the number of RCPs, Cynp > Crep, itis difficult to detect low
concentrations of RCPs as the fraction of bound MNPs is
close to zero. To detect such low concentrations of RCPs, a
measurable fraction must be bound, which typically means
that the concentration of the MNP probes should be lowered
to a level where it is comparable with the concentration of
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the RCPs!8. This, however, results in a very low signal from
the probes and requires a longer time to reach equilibrium.
Our differential readout eliminates the excess background
signal from the MNPs in the positive test sample without
changing the concentration of the MNP probes. As a result,
the sensor measures only the MNP-RCP complexes and the
MNP probes consumed by RCPs, which corresponds to the
effective fraction bound of 50%. This can be seen as an ef-
fective reduction of concentration of MNPs without chang-
ing the binding kinetics. A 50% fraction bound holds for all
concentrations of RCPs where Cp-4 < K, and the number of
MNP probes can be assumed to exceed the number of RCPs.
At higher concentrations of RCPs, where Crcy = Kp, the
fraction bound becomes larger than 50% until all MNP
probes in the positive test sample are bound (see Support-
ing Table 1 for an estimation of the available number of
MNPs per RCP at different concentrations of RCPs). At
Crcp = Kp, the fraction bound is 50%. At this point, the sen-
sor signal is 50% of its maximum which means that half of
the MNP probes are hybridized to the RCPs. Using the cali-
bration plot in Supporting Fig. 2, we estimate the dissocia-
tion constant of our assay to be between 10 and 20 pM.
Since the imaginary ac susceptibility at 64.5 Hz in this range
is a linear function of RCP concentration, we estimate the
equilibrium dissociation constant to be K;, = 16.5 pM. Hav-
ing the equilibrium dissociation constant and the total num-
ber of available MNP probes, we can also estimate the aver-
age number of MNPs in the MNP-RCP complex to be: gyyp =

—Cznf{"P ~ 7.5. This is 2-3 times more MNPs per RCP compared
D

to previously reported estimations29, This increased num-
ber of MNPs per RCP further increases the sensitivity of our
assay.

Discussion

Having no washing step in a homogenous assay greatly
simplifies its implementation for POC diagnostics. In such
assays, the detection signal, which is a result of the binding
interaction between the analyte and the probe, is not sepa-
rated from the background signal®. In homogenous mag-
netic assays?!, the background signal comes from the excess
magnetic probes (in our case the unbound MNPs) and limits
the sensitivity of the assay. Practically, one can control the
concentration of the labels to be comparable with the con-
centration of the targets in order to always ensure that a
measurable fraction of the analytes is bound to the detec-
tion probes. However, at low concentrations, the binding ki-
netics becomes slower and increases the necessary time to
reach equilibrium. Therefore, measurements of low target
concentrations are challenging in magnetic homogeneous
assays. Our differential magnetic readout eliminates the
background signal without modifying the binding kinetics.
It is analogous to a washing step where the excess number
of unbound labels is removed from the positive test sample.
This allows us to keep a high label to target molecules ratio
without affecting the binding kinetics. The kinetics in our
assay is thus determined by the high concentration of the
labels, and equilibrium is reached after the same hybridiza-
tion time for any concentration of the targets. The total
turn-around time of the homogenous differential magnetic

assay is 60 minutes. We have reported that the turn-around
time for the assay in the turn-off detection approach is 115
minutes?°.

The simultaneous measurement of both positive test and
negative control samples further reduces the measurement
time. Real-time comparison enables accounting for possible
sources of variation in the signals, which are hard to control,
including unspecific binding to the microfluidic walls, sedi-
mentation, and clustering of the MNPs. This results in a ro-
bust measurement of weak positive signals and increases
the precision of the measurements as the stability of the col-
loidal samples at such small volumes suffer from time vari-
ation?2. Our differential magnetic readout has enabled us to
reach a fM level of sensitivity without additional amplifica-
tion of the number of targets. We should emphasize that the
RCA technique is only used here for volume amplification
and not for increasing the number of target copies.

A typical sensitivity for previously reported magnetic as-
says is about 1-10 pM1%23-31 see Supporting Table 2. Using
very low concentration of MNP probes, i.e,, 5 pg/mL, Tian et
al.31 has reported 780 fM LOD which is 15 times better than
the LOD reported for 100 pg/mL of magnetic probes3°. Such
an improvement in the LOD is an inherent result of decreas-
ing magnetic probe concentration which, in turn, increased
the binding fraction. Despite our relatively high concentra-
tion of MNPs (250 pg/mL), our differential signal corre-
sponds to an effective 50% binding fraction, which results
in an experimental LOD of 45 fM. This clearly highlights the
importance of differential readout and background elimina-
tion in our assay. A significant benefit is that the necessary
hybridization time required to reach equilibrium does not
increase with decreasing RCP concentrations.

The experimental LOD (45 fM) that we have reached in
our assay is still two orders of magnitude above the noise
level of our magnetic sensor. The linear dynamic range for
our assay is 3 orders of magnitude. Theoretically, we could
reach an LOD as low as 0.4 fM at a signal-to-noise ratio of 10
and extend the dynamic range to five orders of magnitude,
see Supporting Fig. 2. Practically, the LOD is greatly affected
by the colloidal stability and fluctuations in the concentra-
tion of the nanoparticle system in small volumes. This is a
generic problem that did not allow us to measure lower con-
centrations of targets, as we observe signal variations that
exceed the noise level of our sensor. This implies that it is
not necessary to utilize sensors with extreme noise perfor-
mance (such as the SQUID we used) in order to reach fM lev-
els of sensitivity. Technically, one can take advantage of the
symmetries in many other magnetic sensors to subtract the
magnetic background. Magnetic sensors including flux
gates3233, induction coils’>2%, and giant magnetoresistive
sensors®* are examples of sensors that have reasonably high
magnetic field sensitivity and can be configured for differ-
ential ac susceptibility measurements. These sensors are
compact, cheap, and can operate at room temperature. This
opens opportunities for implementation of our differential
magnetic assay in a portable, cheap, and ultrasensitive sys-
tem for POC diagnostics. Volume amplification of the target
with the RCA technique is furthermore an isothermal pro-
cess and easy to execute, which is ideal for POC diagnostics.

6



All of the steps of the assay can be implemented in a single,
disposable microfluidic chip reactor, which requires only a
small sample volume and reduces the risk of contamina-
tion35. Several isothermal processes including the RCA have
already been implemented on microfluidic chips, e.g, RCA
on a microchip3¢, dendrimer-aptamer-RCA microfluidics for
E. coli detection?’, sensitive microRNA analysis using micro-
fluidic exponential RCA38 and others?°. The successful bio-
functionalization of MNPs to antibodies, ligands, peptides
nucleic acids, etc. makes them a versatile tool for many bio-
applications®, especially diagnostics*l. Our differential
magnetic detection method is therefore, not limited to nu-
cleic acids and can be used for detection of other target mol-
ecules.

By using a mixture of MNPs with significantly different
hydrodynamic sizes and target-specific coatings, it has been
shown that different DNA targets can be detected using vol-
ume amplified magnetic assays?842. Such multiplexed mag-
netic assays, however, provide only qualitative results and
have very low sensitivity to target analytes. They further-
more use turn-off based detection, which provides overlap-
ping responses from the MNP mixture. The analysis of the
detection response and, hence, the quantification of the tar-
gets is thus challenging. Our differential ac susceptibility
measurement provides a starting zero signal, which makes
signal analysis far more straightforward.

Conclusion

In conclusion, we have demonstrated a homogeneous dif-
ferential magnetic assay for detection of DNA that can reach
fM levels of sensitivity without additional amplification of
the number of targets and washing steps. The removal of
the background signal combined with fast binding kinetics
offers opportunities for future applications of magnetic as-
says in rapid POC diagnostics.
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