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ABSTRACT: Nowadays, there is a growing interest in the field of
magnetic particle spectroscopy (MPS)-based bioassays. MPS
monitors the dynamic magnetic response of surface-functionalized
magnetic nanoparticles (MNPs) upon excitation by an alternating
magnetic field (AMF) to detect various target analytes. This
technology has flourished in the past decade due to its low cost,
low background magnetic noise interference from the biomatrix,
and fast response time. A large number of MPS variants have been
reported by different groups around the world, with applications
ranging from disease diagnosis to foodborne pathogen detection
and virus detection. However, there is an urgent need for guidance
on how to optimize the sensitivity of MPS detection by choosing
different types of MNPs, AMF modalities, and MPS assay

strategies (i.e, volume- and surface-based assays). In this work,
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we systematically study the effect of AMF frequencies and

amplitudes on the responses of single- and multicore MNPs under two extreme conditions, namely, the bound and unbound states.
Our results show that some modalities such as dual-frequency MPS utilizing multicore MNPs are more suitable for surface-based
bioassay applications, whereas single-frequency MPS systems using single- or multicore MNPs are better suited for volumetric
bioassay applications. Furthermore, the bioassay sensitivities for these modalities can be further improved by a careful selection of

AMF frequencies and amplitudes.

1. INTRODUCTION

Magnetic particle spectroscopy (MPS) is a technology derived
from the noninvasive tomographic technique, magnetic particle
imaging."” The idea of MPS was first conceived by Krause et
al. and Nikitin et al. in 2006, respectively.”* MPS detects the
dynamic magnetic responses of magnetic nanoparticles
(MNPs) upon the application of alternating magnetic fields
(AMFs), namely, the driving fields. Over the last decade, MPS
has been reported as a powerful tool for detecting blood
viscosity and blood clot,>® foodborne pathogens and
toxins,7_10 animal (e.g., Hepatitis B, HIN1, SARS-CoV-2,
etc.)'' "7 and plant viruses (e.g., grapevine fanleaf virus, potato
virus X, etc.),18 hormones, cytokines, and other signaling
molecules from body fluids."”*° Nowadays, there have
emerged a variety of MPS platforms such as the single- and
dual-frequency AMF implementations (categorized by the
number of AMFs), the single- and multicore MNP-based
assays (categorized by the structure of MNPs), and the
volume- and surface-based assay strategies (categorized by the
major contributing relaxation mechanisms).'>'**'~**

The MPS volumetric systems mainly rely on detecting subtle
changes in the binding state of the MNP (binding to target
analytes or cross-linked by the presence of target analytes),
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which results in a difference in the Brownian relaxation time
and changes the magnetic response. Both single- and multicore
MNPs combined with either single- or dual-frequency AMFs
have been reported in the MPS volumetric systems. For
example, 80 nm multicore MNPs and 30 nm single-core MNPs
have been independently reported in the MPS volumetric
system for the detection of SARS-CoV-2 proteins.'”"
Multicore MNPs combined with single-frequency excitation
field-driven MPS volumetric systems have also been widely
reported for detecting a variety of disease biomarkers, such as
thrombin and inflammation, and infection biomarkers.”>*>*° It
is worth mentioning that the MPS volumetric system shares
some similarities with the magnetoreduction assay
(MRA).**"** While both techniques detect the subtle changes
of dynamic magnetic properties of MNPs from liquid phase,
MRA uses a superconducting quantum interference device to
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Figure 1. Schematic depiction of the modified benchtop MPS system with a resonating capacitor bank for low- and high-frequency driving coils.

detect the AC magnetic susceptibility y,c of MNPs, and MPS
uses a pair of differentially wound Faraday coils (pick-up coils)
to probe the dynamic magnetic moments of MNPs.

On the other hand, in MPS surface-based assay systems, the
multicore MNPs driven by dual-frequency AMFs are widely
reported for bioassay applications.”'®**™ In this scenario,
MNPs are captured on a solid substrate such as a nonmagnetic
porous filter or a nitrocellulose membrane through the specific
antibody—antigen—antibody sandwich assay structure. The
dynamic magnetic responses are due to Néel relaxation of
magnetic moments in these captured MNPs.

However, there is a lack of systematic studies on how to
choose the right type of MNPs (single- or multicore
structures) for certain MPS-based bioassay applications.
Furthermore, guidelines for selecting optimal AMF frequencies
and amplitudes for certain types of MNPs to achieve maximum
bioassay sensitivity are urgently needed. In this work, we show
an example of comparing the dynamic magnetic responses of
two types of MNPs (i.e., 30 nm single-core SHS30 MNPs and
50 nm multicore SuperMagS0 MNPs) under single- and dual-
frequency AMFs. Two extreme bioassay conditions are
designed, namely, the unbound MNPs suspended in liquid
and the fully cross-linked MNP clusters in liquid. For the latter
case, an excess number of biotinylated antibodies are added to
ensure that all MNPs are bound, and Brownian relaxation is
fully blocked. This condition also favors the study of a surface-
based MPS assay since under this condition, only Néel
relaxation governs the relaxation dynamics of MNP magnet-
ization. Thus, the work reported herein tunes the three
variables: MNP structures, AMF, and the MPS assay strategy
intending to provide peers with insights on designing optimal
settings for MPS-based bioassays.

The results show that the single-frequency MPS modality
utilizing both the single- and multicore MNPs is suitable for
volumetric bioassay applications. The sensitivity of this
methodology can be further improved by utilizing higher
excitation frequencies and amplitudes as both promote the
Brownian relaxation mechanism of nanoparticles. It was also
observed that in dual-frequency MPS systems, utilizing
multicore MNPs and operating at higher excitation frequencies
are optimal for surface-based bioassay applications, as Neel
relaxation is the dominant relaxation mechanism. It was also
noted that the sensitivity of such surface-based bioassay
systems could be further optimized by a careful selection of
high- and low-frequency excitation field amplitudes.
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2. MATERIALS AND METHODS

2.1. Materials. The SHS30 MNPs are streptavidin-coated
30 nm single-core iron oxide nanoparticles, and SuperMag50 is
50 nm multicore iron oxide nanoparticles conjugated with
streptavidin; both at concentrations of 1 mg/mL were
obtained from Ocean NanoTech, USA. Biotinylated antibody
goat anti-mouse IFN-y with an antibody concentration of 0.4
ug/mL (2.67 nM) was obtained from R&D systems, USA
(ELISA kit product number DY485-0S, part number 840123).
Phosphate-buffered saline (PBS) was purchased from Genesee
Scientific, USA.

2.2. Static Magnetic Property Characterization. Static
magnetic property characterization of the MNP samples was
performed using the PPMS DynaCool system from Quantum
Design. MNP samples were prepared by air-drying 10 uL of 1
mg/mL MNP solutions on a filter paper. Measurements were
performed at 300 K and by varying the quasi-static field in the
+5000 Oe or + 500 Oe ranges. Further information regarding
the measured static properties is provided in the Supporting
Information (Section S1).

2.3. Modified MPS System. A modified version of our
benchtop MPS system'' added with a capacitor bank and a
current feedback path was utilized for the optimization study
experiments. Figure 1 shows a schematic representation of the
modified MPS system that can be broken down into five
different components: (1) a PC with pre-installed LabVIEW
software to enable the system control; (2) a data acquisition
unit (DAQ, NI USB-6289) for both the generation of
sinusoids for excitation fields and subsequently the real-time
collection of pick-up coil signals and passive current feedback
information; (3) power amplifiers to amplify the high- and
low-frequency excitation signals; (4) a switchable capacitor
bank constituting individual resonating capacitors for different
frequencies; and (S) a coil arrangement constituting two
excitation coils to generate single- and dual-frequency magnetic
fields along with a balanced set of pick-up coils. An electrical
readout is generated from pick-up coils based on the
magnetization response of MNPs following Faraday’s law of
induction (¢ = — NA@/At). The total time for the collection
of MPS readings was about 3 s. A further rest duration of 3 min
was kept between multiple readings to avoid any heating of the
coils. Ice packs were also kept across the coils to maintain
stable temperatures. Fast Fourier transform is then applied to
the captured electrical readout to analyze the harmonic
response in different excitation scenarios. The presence of a
current feedback loop enabled us to sense and control the
magnetic field amplitude precisely while varying the excitation
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Table 1. Sample Design Utilizing Single- and Multicore Nanoparticles for the MPS Optimization Study

MNP molar amount/vial (fmole)

sample index MNPs used MNP weight amount/vial (mg)

I SHS30 0.016 544
I 0.016 544
I SuperMagS0 0.04 40
v 0.04 40

biological matrix antibody amount

PBS NA
biotinylated antibodies 170.9 fmole
PBS NA
biotinylated antibodies 106.8 fmole
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Figure 2. (a) Photograph of the prepared single-core SHS30 (vials I and II) and multicore SuperMagS0 (vials III and IV) samples. Complete
sedimentation of the MNPs was observed from vials II and IV in which excess amounts of biotinylated antibodies were added. Schematic
presentation of the cluster formation of single-core and multicore MNPs presented, respectively, in (b) and (c).
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Figure 3. AC M—H curves of (a) SHS30 and (b) SuperMagS0 MNPs in the bound and unbound states.

field frequencies. Resonating capacitors allowed us to push the
operational frequencies for both the high-frequency (fy) and
the low-frequency (f) excitation field signals to higher values
while ensuring low reactive losses and thus maintaining a
reasonably applied voltage level. More information on
resonance effects and how these enable a high-frequency
operation has been provided in the Supporting Information
(Section S2).

2.4. Experimental Samples. Our experimental plans
consisted of two sample groups utilizing SHS30 and Super-
MagS50 MNPs. Two samples were prepared for each group to
simulate the unbound and bound states of the respective
nanoparticles as listed in Table 1. It should be noted that
although the weight concentrations of SHS30 and SuperMag50
MNPs are identical (1 mg/mL), the molar concentrations are
different. Excess amounts of biotinylated antibodies were used
to cause complete sedimentation of MNPs, as observed in
Figure 2a. For the bound state samples, the SHS30 or
SuperMag50 MNPs were mixed with biotinylated antibodies
and incubated at 4 °C overnight. The consequent cluster
formation due to streptavidin—biotin binding events for single-
and multicore MNPs has been depicted in Figure 2b,c,
respectively.

3. RESULTS AND DISCUSSIONS

3.1. Dynamic Magnetic Property Characterization of
MNP Samples. The dynamic magnetization response of the
MNP samples was studied under the application of a single-
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frequency AMF with an amplitude of 250 Oe and a frequency
of 130 Hz. Dynamic property characterization was performed
using the same modified benchtop scheme as described in
Figure 1 with only the excitation of the low-frequency field
coil. The magnetization response of the MNPs results in
corresponding voltage generation in the balanced pick-up coil
following Faraday’s law of induction. This voltage response of
the MNPs was then captured at a sampling rate of 100 ksps
using the data acquisition channel of DAQ. The real-time
voltage response along with the information on the applied
magnetic field was then utilized to plot the dynamic
magnetization—field (M—H) response curve following the
methodology presented in the Supporting Information
(Section S3). We do acknowledge that the magnetization
response captured would look differently if captured under a
different excitation frequency and/or magnetic field ampli-
tude.”

Dynamic magnetization responses of both single-core
SHS30 and multicore SuperMag50 MNPs in their bound
and unbound states are presented in Figure 3a,b, respectively.
In both plots, the response has been normalized to the highest
magnetization values observed, namely, the unbound state of
the respective MNPs. A clear difference in the AC M—H loop
can be observed from MNPs of the bound and unbound states
in terms of increased coercivity and reduced remnant
magnetization values. This change thus explains the reduction
in the harmonic amplitude of the captured MPS spectra for
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Figure 4. Frequency optimization results for the single-frequency system. (a,b) 3™ and 5™ harmonic amplitudes recorded from SHS30 and
SuperMag50 MNPs of the bound and unbound states. (c) Calculated % drop in the harmonic signal for both types of MNPs.

bound state nanoparticles as compared to the respective
unbound state nanoparticles.

With this initial characterization of MNP samples done,
further experiments were carried out to study the dependence
of MPS spectra performance on the excitation field frequencies
and amplitudes. The systematic experiments carried out for
both single- and dual-frequency MPS systems for frequency
and field amplitude optimizations have been presented with
detailed analysis in Sections 3.2 and 3.3, respectively.

3.2. Frequency Optimization. Frequency optimization
experiments were performed to study the dependence of
harmonic spectra of MNPs on the excitation field frequencies
in an MPS system. Experiments were designed to include
frequency variations for both single- and dual-frequency MPS
methodologies. For studying a single-frequency MPS modality,
the voltage was applied only to the low-frequency coils from
the system described in Figure 1 keeping the coil arrangements
the same between experiments. However, for the dual-
frequency experiments, both the low- and high-frequency
coils were applied with a sinusoidal excitation signal. We will
investigate the frequency optimization results for single- and
dual-frequency systems in Sections 3.2.1 and 3.2.2, respec-
tively.

3.2.1. Single-Frequency System. For the frequency
optimization studies on the single-frequency system, MPS
harmonic spectra were recorded with excitation of the low-
frequency (f.) coil at various frequency values while
maintaining a constant field amplitude of 250 Oe. F; was
varied between 50 Hz, 130 Hz, 285 Hz, 620 Hz, and 1.38 kHz.
The choice of these peculiar frequency numbers was due to the
limited availability of unique capacitance values for the
resonant capacitors. For each excitation frequency, we
recorded the MPS spectrum and analyzed the changes in the
3" and 5™ harmonics observed at 3f; and 5f;, respectively, for
the single-excitation system. Figure 4a shows the frequency
dependence of the 3™ harmonic response of the bound and
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unbound states for SHS30 and SuperMag50 MNPs. The
results corresponding to the S™ harmonic variations are
depicted in Figure 4b. We also calculated the % drop in the
harmonic signal for the two states (defined as

A e — Apound s
%Drop (A) = “tebemdsue “dowmdsue 5 100, where A stands for

AUnbound State

the harmonic amplitude), and the results have been presented
in Figure 4c. From these readings, several key observations can
be made. First, both the 3™ and the 5" harmonic amplitudes
increase with an increment of the excitation frequency f; for
SHS30 as well as SuperMag50 MNPs. Second, A increases
linearly for the single-core SHS30 MNPs and almost
exponentially for the multicore SuperMagS0 MNPs for the
frequency range tested. Third, A is higher for the SHS30
MNPs as compared with the SuperMagS0 in the observed
frequency values. A can also be understood as the contribution
of the Brownian relaxation mechanism to the harmonic
response of an MNP, as A is the reduction in signal from a
state allowing both Neéel and Brownian relaxation simulta-
neously to a state allowing only Néel relaxation. This definition
of A would be helpful in our further discussions. It should also
be noted that the observations made above are valid for the
frequency range mentioned previously.

3.2.2. Multiplexed Frequency System. For the multiplexed
(dual-) frequency investigations, both low-frequency (f;) and
high-frequency (fy) excitation fields were applied to MNPs.
For this portion of the study, the goal was to examine the effect
of the fy variation while keeping all other parameters constant
to limit the scope. Thus, to achieve this objective, the following
experimental design was followed: (a) a low-frequency
excitation signal was maintained at a constant operational
frequency of f; = 50 Hz and a constant field amplitude of 250
Oe; (b) the amplitude of the high-frequency field was
maintained at 25 Oe while varying the excitation frequency
fu between 1 and 27 kHz. With this experimental design
maintained, the 3 and 5™ harmonic responses (observed at fy;

https://doi.org/10.1021/acs.jpcc.2c07534
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+ 2fy and fy + 4f1, respectively) of the bound and unbound
MNP samples were recorded for the varying fy; values. The
observed frequency dependence of the 3™ and the 5%
harmonic amplitudes of MNPs has been summarized in Figure
Sa,b. The signal drop in the respective harmonic amplitude, A,
has also been presented in Figure Sc. Key takeaways from these
observations were as follows: first, from all the samples, both
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the 3™ and the 5™ harmonic amplitudes increase with the
increase of fy. Second, A decreases linearly for both the 3™
and the 5™ harmonics of single-core SHS30 MNPs with an
increment in the excitation frequency, fy. Third, A drops
consistently for the multicore SuperMagS0 MNPs reaching a
baseline saturation level around fy = 14 kHz. Finally, the
observed drop was persistently larger for harmonics of SHS30
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Figure 7. Amplitude optimization results for the dual-frequency system. (ab) 3™ and 5" harmonic amplitudes recorded from SHS30 and
SuperMag50 MNPs of the bound and unbound states. (c) Calculated % drop in the harmonic signal for both types of MNPs.

MNPs when compared to the drop in the respective harmonics
of SuperMag50 MNPs for the frequency range in observation.
We will once again use these observations in further sections to
conclude the optimal operating conditions for bioassay
applications.

3.3. Amplitude Optimization. Amplitude optimization
studies were performed on the MNP samples by keeping the
excitation frequencies, i.e, f; and fy constant while changing
only the applied field amplitude. For a single-frequency MPS
system, only the f; excitation field was applied, and its
amplitude A; was varied. For a dual-frequency MPS setup,
both f} and fy fields were applied, and their amplitudes, i.e., A,
and Ay were swept. A detailed study setup and results have
been presented in the subsections.

3.3.1. Single-Frequency System. The amplitude optimiza-
tion study for a single-frequency setup was carried out by
keeping the field frequency f constant at 620 Hz and varying
its amplitude A; between 31.25, 62.5, 125, and 250 Oe. MPS
spectra were recorded from all four samples, using each of the
prior mentioned excitation conditions. Hence, in doing so, the
dependence of both the 3™ and the 5™ harmonic amplitudes
on the excitation field amplitude was studied. Amplitudes of
the 3™ and the 5™ harmonics under varying excitation fields
were summarized in Figure 6a,b, respectively. Similar to the
frequency optimization studies, the drop in the respective
harmonic amplitude was also calculated and has been plotted
in Figure 6¢. The key observations from this part of the study
are as stated. First, the 3" and the 5™ harmonic amplitudes
increase steadily for both bound and unbound states of the two
types of MNPs with an increment in the applied field
amplitude. Second, the drop in the harmonic amplitude from
bound to unbound states, A, increases almost linearly with a
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decrement in A;. Third, A for the Sth harmonic is decidedly
larger than that of the 3™ harmonic. One abnormal reading of
SHS30 MNPs for A} = 31.25 Oe can be explained by the
presence of small amplitudes of the harmonic magnitude for
this case and the corresponding instrumentation recording
error causing this issue. Fourth, A for SHS30 is observed to be
larger than that for the SuperMagS0 nanoparticles. These
amplitude dependence results are in accordance with the
theoretical models™ for excitation field amplitude depend-
encies.

3.3.2. Multiplexed Frequency System. The following
experimental design was followed for amplitude optimization
studies using a multiplexed (dual-) frequency system: (1) field
excitation frequencies f; and fy; were kept constant at 50 Hz
and S kHz, respectively. (2) The amplitude of the low-
frequency field A; was varied between 31.25, 62.5, 125, and
250 Oe. (3) For each magnitude of the low frequency applied,
the high-frequency field amplitude Ay was varied between
2.78, 8.33, 16.67, and 25 Oe, and the MPS spectra were
collected for all of the resulting 16 unique excitation scenarios.
The 3" and the 5™ harmonic amplitude results from this part
of the study have been presented in Figure 7a,b. The resultant
harmonic drop (A) from the unbound state of MNPs to the
maximum binding state has also been depicted in Figure 7c.

From these results obtained, the following insights can be
drawn on the effect of the excitation field magnitude on the
MNP harmonic spectra: (1) reducing the Ay amplitude leads
to a monotonic reduction in both the 3" and the 5* harmonic
amplitudes for both the bound and the unbound MNP
samples. (2) Reducing the A; does not lead to a monotonic
reduction in the respective harmonic amplitudes. The
particular combinations producing the highest harmonic signal
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for SHS30 and SuperMagS0 MNPs in different states have
been provided in Table 2. These findings indicate that the

Table 2. Combinations of Low- and High-Frequency
Excitation Field Amplitudes, A; and Ay, Generating the
Highest Harmonic Amplitude for SHS30 and SuperMag50
MNPs

MNPs rotational state harmonic A (Oe) Ay (Oe)
SHS30 unbound state 3" harmonic 125 25
5™ harmonic 125 25
bound state 3" harmonic 250 25
5™ harmonic 250 25
SuperMagS0 unbound state 3" harmonic  62.5 25
5™ harmonic 125 25
bound state 3" harmonic 62.5 25
5" harmonic 125 25

choice of an excitation field for getting the highest harmonic
amplitude is a function of all three factors, namely, (1) the
choice of the nanoparticles, (2) the choice of the MPS
harmonic, and (3) the conjugation state (bound or unbound)
of MNPs for a particular application, i.e., for surface-based
bioassay applications, one might want to maximize the
harmonic amplitude from the bound state of nanoparticles,
whereas for the volumetric bioassay applications, one might
want to go with an excitation field magnitude choice,
maximizing the harmonic amplitude from the unbound state
and generating the highest A.

Similarly, the following observations regarding the drop in
the harmonic amplitude can also be made: (1) reducing the Ay
does not have a significant impact on A for either of the
harmonics for both SHS30 and SuperMag50 nanoparticles;
this can be observed from the relatively constant value of A for
both the nanoparticles in Figure 7c when A; is kept constant.
(2) A significant increment in A is observed for both the 34
and $™ harmonics of SHS30 and SuperMagS0 nanoparticles
with a reduction in the excitation field amplitude A;. (3) A for
single-core SHS30 nanoparticles is always greater than that
observed for multicore SuperMag50 nanoparticles. (4) Finally,
a drop in the Sth harmonic in all scenarios for both the
nanoparticles is found to be larger as compared to the
respective drop in the 3™ harmonic. We will look into the
particular implications of these results on the bioassay
methodologies in the following sections.

3.4. Volumetric Bioassays. With all the frequency and
amplitude dependencies as studied above for the single-core
SHS30 and the multicore SuperMag50 MNPs in both bound
and unbound states, the key question of interest becomes what
the optimum condition would be for the design of a bioassay

system utilizing MPS or MPS-like methodologies. We try to
answer this key question in this and the following section. In
this section, we will discuss the implications for the design of a
volumetric bioassay system, and in Section 3.5, we will
investigate the operational design implications for surface-
based bioassay systems.

The schematic view of a volumetric bioassay methodology
for a dual-frequency MPS system has been depicted in Figure
8. Free MNPs in volumetric media can undergo both the Néel
and Brownian relaxation processes simultaneously’*® and
hence have a larger harmonic response in MPS spectra.
However, upon the addition of target analytes, the MNDPs
undergo clustering events, thus restricting Brownian relaxation,
which leads to a drop in the harmonic amplitude. Two
important factors help improve the sensitivity of a volumetric
bioassay MPS system: (1) Brownian dominant behavior of
MNPs, what it means to our context is that a larger % drop
(A) from the unbound state (simultaneous Brownian and Néel
relaxation possible) to the bound state (only Néel relaxation
possible) benefits sensitivity; and (2) higher harmonic
amplitude from unbound MNPs, this has an indirect effect
on sensitivity as it allows for the use of smaller quantities of
MNPs for bioassay testing, which has proven to improve the
sensitivity significantly.”””® Because of this unique depend-
ence, instead of giving general guidelines, we will limit
ourselves to only a few categorical reviews that can help
improve sensitivity.

For a single-frequency MPS system, increasing the excitation
frequency f| positively improves both the harmonic amplitude
from unbound MNPs and corresponding A, so the use of
higher excitation frequencies can help with sensitivity improve-
ment. Also, for the single-frequency MPS system, increasing
the excitation field amplitude increases the harmonic
amplitude significantly but also leads to a small reduction in
A. Due to the relative scale of changes as observed from Figure
6, ie., greater than 10 times improvement in the harmonic
amplitude, and only around 25% reduction in corresponding A
for the Ay variation, an argument can be made that a larger
excitation field is also beneficial for the overall sensitivity.

For a dual-frequency system, the excitation field amplitude
combination (Ap + Ay) of 62.5 Oe + 25 Oe results in a higher
harmonic amplitude together with a significant improvement
in A when compared to the excitation scenario of 250 Oe + 25
Oe excitation fields. This implies that a larger excitation signal
is not necessarily the most optimal for bioassay applications. In
the excitation frequency case, the scenario is much more
complex as increasing the fy; increases the harmonic amplitude
significantly but also leads to a significant reduction in A (refer
to Figure 5). Hence, a coherent sensitivity argument cannot be
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Figure 8. Schematic depiction of the harmonic change in a volumetric bioassay process for a dual-excitation field MPS system. (a) MNPs coated
with polyclonal capture antibodies are free to rotate in the test volume. (b) Addition of the biological sample constituting a target analyte causes
cluster formation and increases the hydrodynamic size. This increment in the hydrodynamic size leads to a higher phase lag in the Brownian

relaxation process, causing a reduction in the harmonic amplitude.
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Figure 9. (a) Schematic representation of a surface-conjugation-based MPS bioassay mechanism along with the harmonic signal generation for
single- and multicore nanoparticles. (i) Capture antibodies are immobilized on a reaction surface. (ii) In addition to the biological test sample
constituting a target analyte, the target analyte specifically binds to the capture antibodies. (iii) Biotinylated detection antibodies are immobilized
on the target analyte completing the sandwich assay structure. Streptavidin-coated nanoparticles are then captured on the biotinylated detection
antibodies; this process for single- and multicore MNPs has been shown in (iv) and (v), respectively, with corresponding resultant MPS harmonic
spectra. (b) Harmonic amplitude per micro-mole of the bound state of MNPs for SHS30 and SuperMagS0 has been depicted.

made without conducting further tests to determine the limit
of detection for each case.

3.5. Surface-Based Bioassays. In surface-based bioassay
methodologies, the MNPs are immobilized on a reaction
surface following the sandwich bioassay mechanism. A
schematic view of a sandwich bioassay scheme is depicted in
Figure 9a along with the resultant harmonic spectra from
immobilized MNPs. Immobilized MNPs can only undergo the
Neéel relaxation process once an excitation field is applied. This
is also the case for the bound state of MNPs where complete
sedimentation of nanoparticles can be observed (refer to
Figure 2), ie., samples II and IV, pertaining to strong
streptavidin—biotin binding and excess amounts of biotiny-
lated antibodies added. Hence, by looking specifically at the
harmonic amplitudes of the bound state SHS30 and Super-
MagS50 nanoparticles, intuitive arguments can be made
regarding the choice of nanoparticles and the MPS excitation
methodology for optimum bioassay performance. It should
also be pointed out here that this study was limited to the use
of single-core SHS30 and multicore SuperMagS0 nano-
particles, and a choice of a different set of MNPs can result
in uniquely different observations.

First, for the choice between a single- and a dual-frequency
MPS methodology, the latter is more favorable. This can be
argued by the observation that although increasing the
excitation frequency in either of the methodologies leads to
a monotonous increment in the harmonic amplitudes, in the
case of single-frequency excitation, it also leads to a significant
increment in A, which is not the case observed for the dual-
frequency excitation scenarios. Second, the use of multicore
SuperMag50 MNPs is several orders better than the use of
single-core SHS30 MNPs. The argument for this peculiar
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choice of MNPs can be understood from the findings
presented in Figure 9b, which shows the results for the
harmonic amplitude generated per micro-mole of the bound
state of MNPs for both sets of nanoparticles. It can be noted
that SuperMag50 generates a significantly larger harmonic
response per micro-mole of nanoparticles. This can be
attributed to two main reasons: (1) SuperMagS0 MNPs
show a strong Néel dominant relaxation mechanism for dual-
excitation MPS systems, as can be inferred from Figure Sb. (2)
SuperMag50 MNPs are made of a cluster of smaller
nanoparticles fixed in a matrix and hence have a high magnetic
moment generated per particle as compared to SHS30. Finally,
the use of a higher excitation frequency fy is favorable for the
surface-based MPS bioassay systems.

4. CONCLUSIONS AND FUTURE PROSPECTS

Herein, we study the effects of the excitation field amplitude
and frequency modulation on the MPS spectra of single-core
SHS30 and multicore SuperMagS0 MNPs. The modulation
study was performed for both the single- and dual-frequency
MPS schemes to uniquely identify the optimization conditions
that can improve the bioassay system sensitivities. For these
experiments, MNP samples in unbound and bound states were
prepared to simulate (1) border scenarios of a volumetric
bioassay scheme and (2) immobilization scenarios of a surface-
based bioassay scheme. Streptavidin-coated nanoparticles were
added with excess amounts of biotinylated antibodies to cause
aggregation and complete sedimentation to realize the bound
state. To identify the optimal scenarios for surface-based
bioassay applications, the harmonic signal from the bound
state of nanoparticles was chosen to be the determining factor;
to note the favorable conditions for volumetric bioassay
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systems, a higher harmonic signal from an unbound state of
MNPs together with higher A were chosen to be the deciding
factors for optimized performance. Although the use of
Faraday detection coils would suggest that the choice of a
higher excitation frequency and a high excitation field
amplitude should favor a larger harmonic response from
nanoparticles, the observations show that an upper limit is
imposed by the MNP’s relaxation time instead. The key
findings were noted as described below.

The experimental results demonstrate the distinct advan-
tages of choosing multicore MNPs for use with dual-excitation
frequency MPS systems in surface-based bioassays. We further
noted that for this modality, modulating the excitation field
frequency and amplitude could further improve the system
sensitivities. First, for the optimal frequency selection, a higher
excitation frequency was found to be favorable as it generated a
higher harmonic signal from the same MNP amount. Second,
for the optimal excitation field amplitude selection, it was
found that for SuperMag50 multicore MNPs, an A; = 62.5 Oe
and Ay = 25 Oe combination resulted in the highest harmonic
signal from the bound state of nanoparticles.

For the volumetric bioassays, both single- and multicore
MNPs in conjunction with the use of a single-excitation
frequency MPS system were found to be suitable candidates.
As can be noted from Figures 4 and 5, the single-frequency
systems resulted in a significantly higher A while providing
better (in the case of single-core MNPs) or equivalent (in the
case of multicore MNPs) harmonic spectra amplitudes from
the unbound state of nanoparticles when compared to the
dual-excitation MPS systems. Furthermore, it was found that
for the single-excitation frequency MPS scheme, the use of
both a higher excitation frequency f; and a larger excitation
field strength A; provides significant improvements in the
MNP harmonic spectra amplitude and the resultant harmonic
drop (A). Both favor the scenarios for sensitivity improvement
in the case of volumetric bioassays. In this study, however, we
do not comment on the choice of single- or multicore MNPs
being the better candidate for the volumetric bioassay
application. On one hand, single-core MNPs present with a
larger harmonic drop, meaning that the Brownian relaxation
mechanism is more dominant for these nanoparticles; on the
other hand, they also offer a smaller harmonic amplitude. This
means that a smaller number of multicore MNPs can be
utilized instead for the generation of a suitable harmonic
amplitude for bioassay applications, which has been shown to
provide significant sensitivity improvements.’”** Due to this
dichotomy between the harmonic amplitude strength and
corresponding A, the choice between single- or multicore
MNPs for better sensitivity has been left for further in-depth
investigation.
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