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ABSTRACT: In recent years, magnetic particle spectroscopy < 28 T T — 04 T "

(MPS) has become a highly sensitive and versatile sensing 820t WWMMWW i Il }

technique for quantitative bioassays. It relies on the dynamic 3 e IJM

magnetic responses of magnetic nanoparticles (MNPs) for the e - o e T 0 50-0;”" e v,

detection of target analytes in the liquid phase. There are many ' © Time(s) ' Frequency (Hz)

research studies reporting the application of MPS for detecting a ;0. one-stage Lock" B One-slage Lockcn

variety of analytes including viruses, toxins, nucleic acids, and so

forth. Herein, we report a modified version of the MPS platform 20 02

with the addition of a one-stage lock-in design to remove the gz,o- 1

feedthrough signals induced by external driving magnetic fields, s '°[ ] | ‘ ’ ‘ I 11

thus capturing only MNP responses for improved system il T N T proven 2000
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sensitivity. This one-stage lock-in MPS system is able to detect
as low as 781 ng multi-core Nanomag50 iron oxide MNPs
(micromod Partikeltechnologie GmbH) and 78 ng single-core SHB30 iron oxide MNPs (Ocean NanoTech). We first demonstrated
the performance of this MPS system for bioassay-related applications. Using the SARS-CoV-2 spike protein as a model, we have
achieved a detection limit of 125 nM (equal to S pmole) for detecting spike protein molecules in the liquid phase. In addition, using
a streptavidin—biotin binding system as a proof-of-concept, we show that these single-core SHB30 MNPs can be used for Brownian
relaxation-based bioassays while the multi-core NanomagS0 cannot be used. The effects of MNP amount on the concentration-
dependent response profiles for detecting streptavidin were also investigated. Results show that by using a lower concentration/
amount of MNPs, concentration—response curves shift to a lower concentration/amount of target analytes. This lower

concentration—response indicates the possibility of improved bioassay sensitivities by using lower amounts of MNPs.

1. INTRODUCTION

Magnetic particle spectroscopy (MPS) for magnetic bioassays
was first reported in 2006."” It is a technology derived from
magnetic particle imaging, which relies on the nonlinear
magnetization curves of magnetic nanoparticle (MNP) tracers
for medical tomographic imaging.” However, on the other
hand, MPS monitors the dynamic magnetic responses of
MNPs in the liquid phase and assists in the analysis of the
nanoparticles” binding status. To be specific, MNPs dispersed
in a liquid add an additional degree of rotational freedom that
allows for bioassays directly from the liquid phase. Upon the
application of external AC magnetic fields (also called driving
fields or excitation fields), the magnetizations of MNPs follow
the field direction through a Brownian relaxation process,
which is a physical rotational motion of nanoparticles. The
dynamic magnetic responses of MNPs can be transformed to
real-time voltage signals and monitored by using a pair of pick-
up coils. The signal spectrum contains higher harmonics that
are uniquely generated by MNPs. MPS-based bioassays use
these harmonics of oscillating MNPs as a measure of the
rotational freedom, that is, the bound status of MNPs, to target
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analytes from the liquid phase. With appropriate chemical
modifications, MNPs can be surface-functionalized with
proteins (such as antibodies, antigens, streptavidin, biotin,
etc.), nucleic acids (DNA and RNA), and polymers,
customized according to different bioassay purposes.’”
These surface-functionalized MNPs are nanoprobes that can
bind to target analytes with high specificity and have shown
great promise not only for MPS-based bioassays but also other
magnetic bioassays including magnetoresistive and magnetic
impedance biosensors and nuclear magnetic resonance
biosensors.”™"” In liquid phase MPS-based bioassays, the
binding of MNPs to target analytes will hinder or even block
the Brownian relaxation of MNPs and thus causes a phase lag
between their magnetizations and the external AC magnetic
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Figure 1. Schematic view of the MPS signal flow with (a) and without the

(d) one-stage lock-in implementation. The temporal-domain signal as

sampled by an ADC is shown in (b,e) while a corresponding signal depiction in the frequency domain is shown in (c,f) for the lock-in and without

lock-in-based approaches.

fields'® and a reduced AC magnetic susceptibility.'” The
binding of MNPs to analytes causes weaker dynamic magnetic
responses of MNPs and, as a result, the harmonic amplitudes
drop is expected. Thus, this assay mechanism allows for
development of one-step, wash-free, and quantitative detection
of target analytes directly in the liquid phase.””*'

In the past decade, various MPS platform designs have been
reported, such as two-AC (also called frequency mixing) and
one-AC driving field methods based on how the excitation
fields are applied and the surface- and liquid phase-based
bioassays (based on how the MNPs are bound).'"'*?%**~%
However, a common issue with all MPS systems is the
presence of feedthrough signal corresponding to the driving
magnetic fields, which can be orders of magnitude higher than
the MNP signal and can be a limiting factor in the MPS-based
bioassays. Modalities based on both active and passive
cancellations for such signals have been explored.””** In the
present work, we report a modified version of a two-AC
magnetic field-based MPS system with the addition of a one-
stage lock-in scheme for passive cancellation of the
teedthrough signal and improved detection sensitivity. The
performance and sensitivity of this one-stage lock-in MPS
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system is first evaluated by determining the lowest amount of
MNPs detectable in the liquid phase. Then, we applied it to
the detection of SARS-CoV-2 spike protein molecules,
exploiting the Brownian-relaxation of MNPs. Finally, we
explored the impact of MNP amounts on the ability of the
MPS system to detect varied concentrations of target analytes
by using a streptavidin—biotin binding system in the liquid
phase.

2. MATERIALS AND METHODS

2.1. Materials. The Nanomag50 MNPs are 50 nm
superparamagnetic dextran iron oxide composite nanoparticles
functionalized with biotin, with a weight concentration of 5
mg/mL and a particle concentration of 91.36 nM, purchased
from micromod Partikeltechnologie GmbH (product no. 79-
26-501). The SHB30 MNPs are 30 nm iron oxide nano-
particles functionalized with biotin, with a weight concen-
tration of 1 mg/mL and a particle concentration of 34 nM,
provided by Ocean NanoTech. Streptavidin from Streptomyces
avidinii is purchased from Sigma-Aldrich (product no. $4762).
The IPG30 MNPs are 30 nm iron oxide nanoparticles
functionalized with protein G, with a weight concentration of
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Figure 2. Block diagram of the MPS system with one-stage lock-in implementation.

1.7 mg/mL and a particle concentration of 57.8 nM, provided
by Ocean NanoTech. The PS500-SV beads are 500 nm
polystyrene beads coated with streptavidin purchased from
Nanocs Inc. (product no. PSS00-SV-1). The biotinylated spike
protein [receptor-binding domain (RBD), His tag, consisting
of 234 amino acids with a molecular mass of 26.54 kDa,
product no. 40592-VO8H-B] and the spike RBD antibody
(polyclonal rabbit IgG, product no. 40592-T62) are purchased
from Sino Biological Inc.

2.2. Magnetic Property Characterization. 10 uL of
Nanomag50 and SH30 MNP suspensions are each transferred
to a filter paper and air-dried. Then, the static magnetic
hysteresis loops are measured by a physical properties
measurement system (Quantum Design Inc.) to obtain the
magnetic properties of these nanoparticles such as the
saturation magnetization (M;) and coercivity (H.). The
specific magnetic magnetizations (M, emu/g) of NanomagS0
and SHB30 MNPs under a 500 Oe field are 18.2 and 29.2
emu/g, respectively. NanomagS0 MNPs show superparamag-
netic properties with zero magnetic coercivity, while, on the
other hand, SHB30 MNPs show a coercivity field of 36 Oe.
The hysteresis loops and magnetic properties of Nanomag50
and SHB30 MNPs are summarized in Supporting Information
S1L.

2.3. MPS Measurements. The dynamic magnetic
responses of MNPs are characterized using a homebuilt one-
stage lock-in MPS system. A fixed volume of MNP suspension
(with or without protein analytes) is added to a glass vial that
can fit into the pick-up coils. AC magnetic fields are applied by
drive coils and the dynamic magnetic responses are sensed by
pick-up coils in the form of a real-time voltage signal. Several
MPS readings are taken from each vial and each reading
consists of 170k discrete-time voltage samples from which the
higher harmonics are extracted.

3. RESULTS AND DISCUSSION

3.1. MPS Platform. The MPS platform consists of two
main parts, namely, magnetic field generation and MNP signal
decoding. The MPS system operates on the frequency mixing
modality where a magnetic field consisting of one high

frequency (fy) and one low frequency (f) components is
applied and the dynamic magnetic response of the MNPs is
recorded in accordance with the principle of Faraday’s law.
The experiments in this present work are conducted with the
dual-frequency magnetic field having sinusoidal components of
5 KHz, 25 Oe for the high-frequency driving field and 50 Hz,
250 Oe for the low-frequency driving field. A balanced set of
pick-up coils is used as shown in Figure la for recording the
magnetic response, which in principle cancels out any
electromagnetic field (EMF) generated due to the applied
magnetic field and permits exclusive recording of the magnetic
response from MNPs. However, in practice, the feedthrough
signal (ie, EMF due to driving fields) tends to be a real
problem. Figure 1f shows the fast Fourier transform spectrum
of the MNP response and it can be clearly observed that the
feedthrough signal corresponding to fy is 2 orders of
magnitude higher than the 3rd harmonic responses of MNPs.

Herein, a one-stage lock-in-based approach is used to
remove the feedthrough signals corresponding to driving field
frequencies and to capture only the MNP responses. Figure
la,d depicts schematic diagrams of the signal decoding
topology with and without the one-stage lock-in implementa-
tion and the corresponding captured signals in temporal and
frequency domains (Figure 1b,c,e,f). From Figure lc, we can
clearly observe that the one-stage lock-in approach significantly
removes the feedthrough signals. Another advantage that the
lock-in-based approach provides is the reduction of the
sampling frequency requirements. Experiments on an MPS
system without lock-in design (Figure 1d) require a sampling
frequency of up to 500 KSPS to obtain optimal signal-to-noise
ratio (SNR) performance. However, the lock-in-based
approach shifts the MNP spectra to a lower frequency range
and hence allows for better SNR performance with a lower
sampling rate (100 KSPS) that is easily adaptable on a
handheld system setting.

3.2. Circuit Design of a One-Stage Lock-In MPS
System. The circuit for the one-stage lock-in MPS system can
be divided into three main parts: (1) power, (2) excitation coil
driver, and (3) signal processing. Figure 2 depicts a simplified
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Figure 3. (a) 3rd, (b) Sth, (c) 7th, (d) 9th, (e) 11th, and (f) 13th harmonics collected from varying amounts of Nanomag50 MNPs. (g—i)
zoomed-in views of the 3rd, Sth, and 7th harmonics collected from samples with the MNP amount below 1 ug per vial. Error bars represent
standard errors. The minimum detectable amount of Nanomag50 MNPs is determined when the amplitude of the 3rd harmonic is at least twice the
standard error higher than the 3rd harmonic amplitude of the blank sample. Herein, the minimum detectable amount of NanomagS0 MNPs is

determined to be 781 ng.

block diagram of the one-stage lock-in MPS system developed
for this work.

3.3. Power Generation. An MPS device requires different
line voltages for operation of different system blocks. Briefly,
the system requires +24 V for the excitation coil voltage source
driver, +5 V for the signal processing stages, 3.3 V for AD9833
and STMF7 microcontrollers, 4.096 and 2.5 V for the analog
to digital converter (ADC) reference and power correspond-
ingly, and 1.8 V for the AD9958 DDS IC. The MPS device
utilizes a 48 V wall adapter, GSM160A48-R7B (MEAN WELL
Enterprises), as the main power source. The +24 V supply is
generated using a low-noise powerline split implementation
using OPAS49 (Texas Instruments), see Supporting Informa-
tion S2 for details. The voltages S, =S5, 3.3, 2.5, and 1.8 V are
generated using LDOs LT1117 (Linear Technology), LT1175
(Linear Technology), TPS62177 (Texas Instruments),
ADP1715-2.5 (Analog Devices), and ADP3338-1.8 (Analog
Devices), respectively.

3.4. Excitation Coil Driver. The coil excitation circuit
consists of sine wave generation followed by voltage source
implementation. A 2-channel DDS IC AD9958 (Analog
Devices) is used for generation of sinusoids for a high-
frequency (fy) driving field and for phase-shifted reference to
the synchronous demodulator in the signal processing stage.
Differential output from AD9958 is passed through instru-
mentation amplifier INA128 (Texas Instruments) to convert
into the single ended signal. DDS AD9833 (Analog Devices) is
used for generation of sinusoid for a low-frequency (fi)
driving field. An inverting amplifier topology utilizing OPAS548
(Texas Instruments) is used for the voltage source
implementation for driving the primary and secondary coils.
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3.5. Signal Processing. The differential signal from the
pick-up coils is amplified using the precision instrumentation
amplifier INA828 (Texas Instruments) for removing the
common mode noise. The signal at this stage consists of the
MNP response centered around a S KHz excitation frequency
as can be seen in Figure 1f. The amplified signal is processed
using a lock-in-based implementation consisting of an AD630
synchronous demodulator (Analog Devices) with a phase-
shifted S KHz (fy;) reference signal followed by a band-pass
filter to reject signal images at 0 Hz and around 10 KHz. The
band-pass filter is implemented using the Sallen-key scheme.
The filtered signal is sampled using LT C2368-24, 24-bit SAR
ADC (Linear Technology, Analog Devices) at a 100 KSPS
sampling rate. An STM32F747 microcontroller (STMicroelec-
tronics) is used for handling and storing the sampled data,
which are then transmitted to a PC using the UART
communication protocol for further processing and analysis.

3.6. Minimum Detectable Amount of Nanomag50
and SHB30 MNPs by the One-Stage Lock-In MPS
System. The sensitivity of our one-stage lock-in MPS system
was first evaluated by assessing the minimum amount of MNPs
detectable in the liquid phase. Briefly, two-fold dilutions of
Nanomag50 and SHB30 MNP samples are prepared in glass
vials and each vial contains 80 yuL of the MNP suspension.
Details of the experimental designs can be found in Supporting
Information S3.

The NanomagS0 MNPs were diluted up to 8192 times, from
S mg/mL (400 ug per vial, no dilution) to 610 ng/mL (48.8
ng per vial, 8192-fold dilution). Three independent MPS
readings were carried out on each sample. As shown in Figure
3, the amplitudes of higher harmonics (i.e., from the 3rd to the
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13th harmonics in Figure 3a—f) linearly decreased as the
amount of NanomagS50 MNPs decreases. The inset of Figure
3g shows a zoomed-in view of the 3rd harmonic amplitude
collected from the lowest amount of NanomagS0 MNPs. The
insets of Figure 3h,i are the zoomed-in views of the Sth and the
7th harmonic amplitudes collected from samples with lower
MNP amounts. It was concluded that the minimum detectable
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amount of Nanomag50 MNPs by the MPS system is 781 ng
(512-fold dilution).

In addition, varying amounts of SHB30 MNPs were
prepared by twofold dilutions in the same manner. The
SHB30 MNPs were diluted up to 2048 times, from 1 mg/mL
(80 ug per vial, no dilution) to 488 ng/mL (39 ng per vial,
2048-fold dilution). As shown in Figure 4, the amplitude of the
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Table 1. Experimental Designs for SARS-CoV-2 Spike Protein Detection

MNP—Aby complex (80 uL per vial)

bead—protein complex (80 uL per vial)

sample index IPG30 MNP concentration/amount

#1 57.8 nM, 4.624 pmole 13.872
#2 57.8 nM, 4.624 pmole 13.872
#3 57.8 nM, 4.624 pmole 13.872
#4 57.8 nM, 4.624 pmole 13.872
#5 57.8 nM, 4.624 pmole 13.872
#6 57.8 nM, 4.624 pmole 13.872
#7 57.8 nM, 4.624 pmole 0

spike RBD polyclonal antibody (pmole)

polystyrene beads (uL) spike protein concentration/amount

40 1 uM, 40 pmole
40 500 nM, 20 pmole
40 250 nM, 10 pmole
40 125 nM, S pmole
40 62.5 nM, 2.5 pmole
40 0 nM, 0 pmole

40 1 uM, 40 pmole

i ®
(on
Excitation Field B
A—)
(@]
Excitation Field B

o
MPS Spectra

=)
||,

Inadequate Streptavidin

Linear Response Region

= =

Excessive Streptavidin

Figure 6. Streptavidin has a high binding affinity to biotin on the surface of SHB30 MNPs. With the addition of streptavidin as shown in (a), the
MNPs form clusters and their Brownian relaxation process is blocked, (b,c). Under different scenarios with inadequate streptavidin, the linear
response region, and excess streptavidin, the dynamic magnetic responses in the form of MPS spectra (higher harmonics from MNPs) become

weaker, (d). Dashed closed loops depict the hydrodynamic sizes.

higher harmonic linearly decreases as the SHB30 amount
decreases in the samples. The minimum detectable amount of
SHB30 MNPs by the developed one-stage lock-in topology-
based MPS system is 78 ng (1024-fold dilution). The modified
MPS system shows a 50-fold improvement in sensitivity for
detection of iron oxide MNPs when compared to our previous
work (limit of detection was 4 yg) not utilizing a lock-in-based
approach as shown in Figure 1d.**

3.7. One-Stage Lock-In MPS System for the Detection
of SARS-CoV-2 Spike Protein. The performance of this one-
stage lock-in MPS system was first verified by detecting SARS-
CoV-2 spike protein molecules from PBS buffer. As shown in
Figure Sa, seven samples were prepared and are listed in Table
1. Briefly, vials #1—6 each contained 80 uL of IPG30 MNPs
that were surface-functionalized with SARS-CoV-2 spike RBD
polyclonal antibody with MNP/Aby an ratio of 1:3. Vial #7
contained 80 uL of IPG30 without antibody functionalization,
as a negative control sample. On the other hand, seven vials
each containing 40 uL of S00 nm polystyrene beads (PSS00-
SV) mixed with 40 uL of biotinylated SARS-CoV-2 spike
protein of varying concentrations from 0 nM to 1 uM were
prepared. The biotinylated SARS-CoV-2 spike protein binds to
streptavidin from beads and forms bead—protein complexes.
The MNP—Aby complexes were then incubated with bead—
protein complexes for 1 h to allow the specific antibody—
antigen binding before MPS measurements. For the exper-
imental group, namely, vials #1—5, MNPs bind to the
polystyrene beads through antibody—antigen recognition, as

17226

shown in Figure Sb. As a result, this binding event blocks the
Brownian relaxation of MNPs, thus causing a drop in the MPS
spectra. However, for the negative control group, namely, vials
#6 & 7, either spike protein molecules or polyclonal antibodies
were missing.

The MPS spectra containing higher harmonics were
collected from seven samples as summarized in Figure Sc.
Vial #1 shows the scenario where excess amounts of spike
protein molecules were present in the sample. Thus, the
surface-functionalized MNPs may bind to free spike protein
molecules instead of the fixed protein from polystyrene beads,
forming small clusters. Although, these smaller MNP clusters
will show weaker harmonic responses when compared to
unbound MNPs, the harmonic response is still stronger than
MNPs immobilized on the bead surface forming MNP—Aby—
spike protein—bead complexes. The orange region in Figure Sc
highlights the region of linear response where all the
biotinylated spike protein molecules are conjugated with the
streptavidin on the bead surface. Smaller spike protein
concentrations lead to less MNPs binding to polystyrene
beads and hence, we observe a smaller drop in MPS spectra for
vials #2 through #6. As a negative control, we prepared vial #7
with MNPs that are not surface-conjugated with any
antibodies. We observed the strongest harmonic response in
this case as no MNP—polystyrene bead binding event takes
place and the sample solution contains only of free-rotating
MNPs. The detection limit for spike protein is determined
from the vial where the amplitude of the 3rd harmonic is at
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least twice the standard error higher than the 3rd harmonic
amplitude of vial #6 (negative control). Based on this standard,
the detection limit for SARS-CoV-2 spike protein was
confirmed to be 125 nM (equal to S pmole).

3.8. Effect of MNP Amount on Analyte Concen-
tration—Response Profiles. Herein, we explored the effect
of MNP amount on concentration—response curves for analyte
detection by using a streptavidin—biotin binding system. As
shown in Figure 6, SHB30 MNPs were surface-functionalized
with biotin molecules that have high binding affinity to
streptavidin. When there is an inadequate amount (or lack of)
of streptavidin to bind MNPs, as shown in Figure 6, MNPs can
freely rotate through Brownian relaxation (Figure 6b) to align
with driving magnetic fields, thus showing strong dynamic
magnetic responses and large harmonic amplitudes (Figure
6¢,d). With increasing amounts of streptavidin in the sample,
MNPs form cluster matrices and exhibit larger hydrodynamic
sizes (the closed loops in Figure 6). As a result, the clustered
MNPs lose their rotational freedom and exhibit weaker
dynamic magnetic responses to the driving fields and
consequently lower harmonic amplitudes are expected (see
Figure 6d). Based on the relative abundance of MNPs and
streptavidin in the liquid sample, the degree of MNP clustering
goes through the zone of inadequate analyte (a.l), linear
response region (a.2), and zone of excessive analyte (a.3,a.4) as
labeled in Figure 6. In the linear response region, the amounts
of MNPs and streptavidin reach concentrations that enable
formation of analyte—MNP cluster matrices. The formation of
the matrix increases in a linear ratio until it exceeds an optimal
concentration when the matrices dissociate, with excessive
amounts of streptavidin. This MNP inter-linking continues
along a linear scale until formation of large clusters of MNP—
streptavidin completely blocks the Brownian relaxation of
MNPs, resulting in the lowest harmonic amplitudes. As the
concentration of streptavidin (analyte) increases, MNP—biotin
binding sites will become saturated until they are fully
occupied by streptavidin (see Figure 6a.4), the large cluster
matrices are disrupted, and MNP clusters no longer form the
majority in the liquid phase. Individual MNPs when saturated
with streptavidin in this scenario will exhibit a harmonic
response that is greater than that of large clusters but smaller
than that of the free MNPs due to an increment in effective
hydrodynamic size.

The goal of this experiment was to examine the effect of
varying MNP amounts in the assay on the concentration—
response profiles for detection of streptavidin in the liquid
phase. Four experimental groups were designed, each
consisting of 10 samples/vial and each vial containing 80 uL
of SHB30 MNPs with the following concentration: (1) 8.5 nM
(group I, particle amount: 680 fmole per vial, 4-fold dilution),
(2) 4.25 nM (group 11, particle amount: 340 fmole per vial, 8-
fold dilution), (3) 2.125 nM (group III, particle amount: 170
fmole per vial, 16-fold dilution), and (4) 1.0625 nM (group IV,
particle amount: 85 fmole per vial, 32-fold dilution). To all 10
vials from each group, 80 uL of varied streptavidin
concentrations ranging from 400 to 0 nM were added, as
shown in Table 2.

In short, 80 uL of SHB30 MNP suspensions of varying
dilutions was mixed with 80 uL streptavidin of varying
concentrations. The mixtures are incubated at room temper-
ature for 30 min on a shaker to allow the binding of biotins on
SHB30 MNPs to streptavidin in the liquid phase. MPS

Table 2. Experimental Designs for Groups I-IV

SHB30 MNP streptavidin
group no. concentration/amount (80 uL.  concentration/amount (80
sample index per vial) UL per vial)
group I # 8.5 nM (4-fold dilution), 680 400 nM, 32 pmole (#1)
1-10 fmole
300 nM, 24 pmole (#2)
group 11 # 4.25 nM (8-fold dilution), 200 nM, 16 pmole (#3)
1-10 340 fmole
150 nM, 12 pmole (#4)
group Il #  2.125 nM (16-fold dilution), 100 nM, 8 pmole (#5)
1-10 170 fmole
50 nM, 4 pmole (#6)
group IV#  1.0625 nM (32-fold dilution), 25 nM, 2 pmole (#7)
1-10 85 fmole

10 nM, 800 fmole (#8)
5 nM, 400 fmole (#9)
0 nM, 0 fmole (#10)

measurements are carried out on each vial and six independent
MPS readings are taken from each sample.

As shown in Figure 7a, clear concentration—response curves
are observed from all four groups, the 3rd harmonics gradually
decrease as the amount of streptavidin increases from vial #10
to #1. Vials #1 to #4 for group IV demonstrate the phenomena
of MNP—biotin saturation with excess streptavidin, where
most MNP-binding sites are fully occupied with streptavidin,
decreasing the formation of large MNP clusters. This
phenomenon is most apparent when higher 3rd and Sth
harmonic signals were observed at higher analyte concen-
trations compared to vials #5—7 with lower streptavidin. It
should also be noted that 3rd harmonic amplitude in vials #1—
#4 (streptavidin saturation) was smaller than that of vials #9—
10 (inadequate streptavidin case) where unbound MNPs form
a majority in the liquid phase. For experimental groups I-III,
the higher amount of streptavidin in vials #1—35 results in the
clustering of SHB30 MNPs and hence lower harmonic signals
are observed. As a result, this clustering hinders the Brownian
relaxation of MNPs to realign their magnetic moments to the
driving fields. As we reduce the streptavidin concentration/
amount, it reaches to linear response region where the relative
number of biotins from SHB30 MNPs is in the same order of
magnitude as streptavidin. With further reduction of
streptavidin concentration/amount, the harmonic signal
increases and reaches a state where SHB30 MNPs can freely
rotate following the driving magnetic fields since there is
inadequate amount of streptavidin to enable MNP clustering
and hinder their Brownian relaxation. We observed a weak
reversal of harmonic signals from its nadir for groups I to III
(in vials #1—4); however, the phenomenon was not as
prominent as observed for group IV, even at the highest (400
nM) concentration of streptavidin tested. It is plausible that
400 nM streptavidin is insufficient to completely saturate
MNP-associated biotins in groups I-IIL. These three different
response zones are highlighted in blue (excessive amount of
streptavidin), orange (linear response region), and green
(inadequate streptavidin) regions in Figure 7e—h as well as in
Figure 6d. Overall, the higher harmonics show parallel
concentration—response curves in the 3rd harmonic signals.
It is observed that the linear response region of concentration—
response curve moves toward lower streptavidin quantities (as
shown by the arrow in Figure 7a and summarized in Table 3)
with the dilution of SHB30 MNPs from group I to group IV.
Figure 7b—d compares the 3rd harmonic amplitudes of SHB30
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Figure 7. (a) Concentration—response profiles for streptavidin based on the 3rd harmonic amplitudes of SHB30 MNPs with 8.5 nM (group I,
black), 4.25 nM (group 11, red), 2.125 nM (group 111, blue), and 1.0625 nM (group IV, magenta) concentrations. (b—d) 3rd harmonics of different
dilutions of SHB30 MNPs mixed with 0, 100, and 400 nM streptavidin, respectively. (e—h) concentration—response profiles for streptavidin from
groups I—-IV based on the 3rd to the 15th harmonics. Error bars represent standard errors.

Table 3. Linear Response Region Observed from
Concentration—Response Profiles Based on Different MNP
Concentrations

group SHB30 MNP linear response region
index concentration (nM) (streptavidin concentration) (nM)
I 8.5 50—100
I 4.25 25—-100
111 2.125 10—-50
v 1.06235 KA

MNPs from groups I-IV, detecting the same concentration/
amount of streptavidin.

Interestingly, the best SNR performance was not observed
from the 3rd harmonic response of the MNPs, but instead the
least standard deviation was observed consistently when the
9th and 15th harmonics were used to represent MNP binding
information. Figure 8a,b presents the concentration—response
profiles for streptavidin based on the 9th and 15th harmonics,
respectively. A plausible explanation for the observation could
be the higher 1/f noise for the 3rd harmonic signal. During
experiments, it was observed that the 3rd harmonic was more
susceptible to surrounding noises. Most of these issues can be

addressed by providing proper magnetic and EMI isolation to
the system along with implementation of a second lock-in
corresponding to the harmonic of interest to reject phase-
separable noise.

The streptavidin—biotin binding experiments were also
carried out on multi-core Nanomag50 MNPs, where each of
the four experimental groups consists of 10 samples/vials was
designed and each vial contained 80 yL of NanomagS0 MNP
of 8.5, 4.25, 2.125, and 1.0625 nM concentrations. Due to the
characteristic of the multi-core NanomagS0 MNPs having
smaller superparamagnetic iron oxide nanoparticles embedded
in the matrix, their Brownian relaxation is intrinsically blocked
and hence, clustering does not impact their dynamic magnetic
response. Thus, very weak or no harmonic signal changes were
observed from Nanomag50 MNP samples mixed with varying
concentrations/amounts of streptavidin. The experimental
design and results of multi-core Nanomag50 MNP-based
streptavidin tests are summarized in Supporting Information
S4. The results indicate that multi-core MNPs, whose
Brownian relaxation is intrinsically blocked, cannot be used
for liquid-phase MPS-based bioassays.
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(group I, black), 4.25 nM (group II, red), 2.125 nM (group III, blue), and 1.0625 nM (group IV, magenta) concentrations. Error bars represent

standard errors.

4. CONCLUSIONS AND FUTURE PROSPECTS

In the present study, we have reported a method for passive
cancellation of feedthrough signal for dual-frequency (2 AC
driving fields) MPS methodology. The sensitivity of this one-
stage lock-in MPS system is first evaluated by detecting
twofold dilutions of commercial iron oxide MNPs: SHB30 and
NanomagS0. The lowest amount detectable by the system was
confirmed to be 78 ng for the single-core SHB30 and 781 ng
for the multi-core NanomagS0 iron oxide MNPs. As a proof-
of-concept, we applied this MPS system to the detection of
SARS-CoV-2 spike protein samples, where the MNPs were
surface-functionalized with spike RBD polyclonal antibodies
that can specifically bind to spike protein coated on
polystyrene beads. The binding events fix MNPs to larger
beads’ surfaces, hence blocking their rotational freedom of
motion. As a result, the dynamic magnetic responses of MNPs
become weaker and harmonic amplitudes become lower. Using
this bioassay strategy, we showed the minimum detectable
amount of spike protein molecules on the MPS platform is 125
nM (equal to S pmole).

In addition, using a streptavidin—biotin binding system as a
model, we explored the effects of MNP amount on
concentration—responses profiles for detecting target analytes.
By fine-tuning the MNP amount/concentration in the sample,
we were able to shift the linear response region for streptavidin
detection. Results confirmed that the liquid phase bioassay
scheme shows improved sensitivity in our one-stage lock-in
MPS system when a lower amount/concentration of MNPs is

used. The linear response region shifts the detection ability to a
lower concentration of streptavidin using lower MNP
quantities. Using 8.5, 4.25, 2.125, and 1.0625 nM concen-
trations of MNPs for streptavidin detection, the linear response
region shifts from 50—100, 25—100, and 10—50, down to 10—
25 nM, respectively, pushing the detection limit of streptavidin
further into the femtomole range. These concentration—
response profiles indicate the possibility for improved bioassay
sensitivities by using a lower amount/concentration of MNPs.
In the present study, our one-stage lock-in MPS system is able
to detect as low as 800 fmole of streptavidin using a 1.0625 nM
concentration of MNPs. However, this detection limit can be
further improved by using lower amounts (higher dilutions) of
MNPs. In addition to improved sensitivities, the cost per assay
can be further reduced by using a less amount of MNPs. Low-
cost options allow the point-of-care assays to be available in
impoverished regions with scarce medical resources.

Our future plans include improving the sensitivity of the
MPS system by using active feedthrough cancellation
techniques. The passive feedthrough cancellation reported in
the present study helps remove the feedthrough signals before
ADC sampling. Therefore, with proper amplifications in place,
we can take advantage of true ADC resolution for improved
sensitivity. However, this method of removing feedthrough
signals and amplifying remnant signals still holds a
disadvantage as the intrinsic noise components also get
amplified through the amplification units. Active cancellation
of feedthrough can help improve the signal-to-noise ratio
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before the instrumentation amplifier stage and hence allow for
better sensitivity in MPS bioassay applications. We believe this
passive feedthrough cancellation methodology in the MPS
system design and fine-tuning the MNP amount/concentration
to shift the linear response region will elucidate new ways of
increasing detection sensitivity of MPS-based bioassays.
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