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Abstract

Magnetic particle spectroscopy (MPS) offers a rapid, wash-free means to transduce biomolecular binding into
quantitative signals through Brownian-mobility changes of magnetic nanoparticles (MNPs). This study presents an
MPS bioassay for breast cancer detection using aptamer AS1411-functionalized, carboxylated iron-oxide nanoparti-
cles that recognize nucleolin (a breast cancer marker). A dual-stage scheme is implemented: (i) probe formation
using EDC/NHS coupling of amine-terminated AS1411; (ii) secondary recognition of nucleolin. Conjugation was
verified by DLS (hydrodynamic size increase; PDI < 0.30), and iron content was equalized by ICP-MS to ensure that
MPS signals reflect conjugation. Primary conjugation produced monotonic attenuation of odd harmonics with
aptamer density, with the third harmonic showing the most significant change (-67.0% vs plain MNPs). Secondary
recognition yielded additional concentration-dependent declines (-59.9% at 100 nM relative to the MNP-aptamer
baseline). MPS thus offers a robust, label-free readout with real-time acquisition and practical thresholds for

breast-cancer markers, supporting clinical validation and portable point-of-care use.

. Introduction

Breast cancer remains a major global health burden,
where earlier and minimally invasive detection could
meaningfully improve outcomes [1, 2]. Current clinical
practice relies on imaging: mammography, ultrasound,
and MRI, but each modality has well-recognized limi-
tations: mammographic sensitivity declines in dense
breasts [3], ultrasound performance varies with operator
skill [4], and MRI entails higher cost, limited access, and
contrast-agent considerations [5]. Serum proteins (CA15-
3, CEA, HER2-ECD) are useful for monitoring but are
not recommended for screening owing to limited stan-
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dalone sensitivity and specificity, and to their reliance
on multi-step, wash-based workflows [6]. Liquid-biopsy
assays (ctDNA/CTCs/EVs) provide molecular resolution
but face pre-analytical variability, technical complexity,
and longer turnaround times, particularly in early dis-
ease with low analyte fractions [7, 8]. Beyond imaging,
blood-borne biomarkers and circulating tumor-derived
signals offer windows into disease presence and dynam-
ics [9, 10]. MNP-based readouts are attractive in this
context because they interrogate tracer physics directly
with minimal tissue background [11, 12].

MPS is a zero-dimensional magnetic particle imag-
ing (MPI) that quantifies the nonlinear magnetization of
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superparamagnetic nanoparticles under an AC field [13,
14]. The harmonic response reflects two relaxation mech-
anisms: Néel (moment flipping) and Brownian (whole-
particle rotation) [15]. For single-core iron-oxide parti-
cles with core sizes greater than 20 nm, Brownian re-
laxation dominates and is exquisitely sensitive to hy-
drodynamic size and microviscosity [16, 17]. MPS has
been applied to protein, nucleic acid, and viral anti-
gen sensing by exploiting size and viscosity-dependent
changes in Brownian mobility that manifest as odd-
harmonic attenuation or phase shifts; representative
demonstrations and reviews detail real-time operation
in buffer and serum surrogates [18, 19]. By contrast,
MPI for in vivo imaging provides tracer-only contrast
for tumor and lymphatic applications, with clinical rele-
vance in breast imaging, including sentinel lymph node
(SLN) mapping using iron-oxide tracers and related mag-
netic localization tools [11]. However, breast-focused
biomarker assays using MPS remain sparse: studies ex-
plicitly targeting breast-associated analytes are limited,
with few reports providing clinically interpretable figures
of merit[13]. These gaps motivate a rigorously controlled,
breast-relevant MPS assay that isolates relaxation physics
and yields quantitative readouts, setting the stage for the
work presented here.

This study presents an MPS system for breast can-
cer detection using AS1411, a G-rich DNA aptamer with
high affinity to nucleolin, a protein frequently overex-
pressed on breast cancer cells [20]. A dual-stage work-
flow is implemented: first, covalent coupling of amine-
terminated AS1411 to carboxylated MNPs produces sta-
ble, monodisperse recognition probes; second, post-
conjugation blocking followed by target recognition to
preserve ligand presentation and maximize Brownian-
mobility hindrance upon specific binding [18]. Conju-
gation is verified by DLS, while the iron content of plain
and conjugated MNPs is quantified by ICP-MS to nor-
malize all assays to equal Fe mass before MPS measure-
ment, ensuring that observed signal changes arise from
relaxation dynamics rather than magnetic-mass variabil-
ity [19]. Target-induced size increases then yield robust,
analyte-dependent harmonic shifts in real-time, estab-
lishing a technically rigorous foundation for MPS as a
sensitive, specific platform for breast-cancer screening
and monitoring [13, 21].

Il. Materials and methods

Carboxyl iron oxide nanoparticles (SHP25-02, Lot
No: 040721) were purchased from Ocean Nano Tech
Inc. (USA). MES (2-(N-Morpholino) ethanesulfonic
acid hydrate, CAS No: 4432-31-9), EDC (1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide), and NHS (N-
Hydroxysuccinimide), were purchased from Sigma-
Aldrich (South Korea). Phosphate-buffered saline (PBS)
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(Catalog No. 10010031) and deionized (DI) water were
purchased from Thermo Fisher Scientific. AS1411 ap-
tamer (A 26-base guanine-rich oligodeoxynucleotide ap-
tamer) with a pre-modified terminal primary amine (-
NH,) was purchased from Bio-Synthesis Inc. (USA). Nu-
cleolin protein was purchased from Sino Biological Inc.
(China).

The MPS device was designed and fabricated in the
Intelligent Medical Robotics Lab at GIST (South Korea).
It has optimized excitation coils and highly sensitive re-
ceiver coils to detect the emitted signals from MNPs.
Samples were excited with a 2 mT at 7.74 kHz frequency
applied through a signal generator, a power amplifier
(AE Techron 7724), and a bandpass excitation filter to
ensure single-tone drive. The receive chain consisted
of matched pickup coils and a DSP lock-in amplifier
(SR865A, 4 MHz) for demodulating the third and fifth
harmonics. Signals were digitized through NI PXIe-7867
and PCle-6363 modules (National Instruments, Austin,
TX). The system could detect MNPs at concentrations as
low as 1 ng in 20 seconds with integrated frames. This
demonstrates the system’s potential for sensitive mea-
surements in biological applications [19].

Conjugation of biomolecules to carboxyl-
functionalized iron oxide nanoparticles (COOH-
MNPs) was performed using the EDC/NHS coupling
method [22]. Briefly, 200 ul of COOH-MNPs (SHP-25,
5 mg/mL; manufacturer’s stock concentration) were
activated in 100 mM MES buffer (pH 6.5) containing 10
mM EDC and 5 mM NHS and incubated for 10 minutes.
Subsequently, the activated nanoparticles reacted with
amine-terminated AS1411 to yield covalent amide
linkages. The AS1411 aptamer was pre-modified with a
terminal amine group to facilitate covalent attachment.
Following aptamer conjugation, particles were washed
multiple times with PBS to remove unreacted species.
Washing was performed by magnetic separation using
a permanent magnet, followed by removal of the
supernatant and resuspension of the nanoparticle pellet
in fresh buffer. No additional chemical blocking agent
was applied; instead, surface stabilization was achieved
through washing and buffer exchange before MPS
measurements.

After the conjugation, dynamic light scattering (DLS;
Zetasizer Nano ZSP, Malvern Panalytical) analysis was
performed. DLS was conducted at room temperature on
dispersions (50-100 pg/mL total solids). For comparative
analyses, the nanoparticle content per measurement was
kept constant, while varying the aptamer density (100
nM, 500 nM, 1 nM). Zeta potential measurements were
performed using the same instrument immediately after
conjugation and purification. Samples were magneti-
cally washed three times with PBS and re-suspended in
DI water before measurement to minimize buffer-related
screening effects. Under these aqueous conditions, any
NHS-active esters generated during EDC/NHS activa-
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Figure 1: Overview of the developed MPS system. (A) shows the physical hardware of the MPS system, highlighting the signal
generator, power amplifier, lock-in amplifier, and other components. (B) Assay principle: COOH-MNPs — AS1411-MNPs —
AS1411-nucleolin complexes. Target binding increases hydrodynamic size/cluster formation, which suppresses Brownian
rotation and yields a monotonic decrease in MPS harmonic amplitude.

Table 1: Sample’s details for the detection of targeted nucleolin

Table 2: Hydrodynamic Size and Zeta Potential Values of Un-
modified and Conjugated MNPs.

tion are expected to hydrolyze rapidly during washing
and handling. Therefore, the measured zeta potential
reflects the net surface charge after conjugation rather
than transient activated intermediates.

To ensure that MPS readouts reflected relaxation dy-
namics rather than magnetic-mass variation, iron con-
tent in plain and conjugated formulations was quanti-
fied by ICP-MS (Agilent 7900, Japan) after microwave
digestion (Multiwave 7000, Anton Paar) and used to nor-
malize all samples to an identical Fe mass before mea-
surement [19]. Conjugates were magnetically separated,
washed, and re-suspended in 200 pL PBS; 10 uL aliquots
were digested with 1,000 pL HNOj3, diluted to volume,
and analyzed against external Fe standards and blanks.

MPS assays were conducted in two tiers. Sensitivity
to primary conjugation was profiled by preparing MNP-
aptamer probes at concentrations of 12.5, 25, 50, 100,
and 500 nM aptamer and recording the third and fifth
harmonic responses. Secondary binding was then eval-
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. Fe
Sample Name Aptamer | Nucleolin mass Parameters Aptamer
(M) (M) (ng) Biomolecules Pure MNP

MNPs-Aptamer 100 0 20 concentration 100nM | 500nM | 1uM

MNPs-Aptamer + Nucleolin 100 25 20 Size (nm) 51 52.3 59.14 69.55

MNPs-Aptamer + Nucleolin 100 50 20 PDI 0.122 0.142 0.194 0.181

MNPs-Aptamer + Nucleolin 100 75 20 Zeta potential (mV) -22.9 -13.9 -15.26 | -16.36
MNPs-Aptamer + Nucleolin 100 100 20
MNPs-Aptamer + Nucleolin 100 150 20

uated using probes made with a 100 nM aptamer and
adding nucleolin at concentrations of 25, 50, 75, 100,
and 150 nM to quantify target-induced harmonic mod-
ulation under equal-iron loading conditions. All MPS
measurements were performed using ten independent
samples per condition (n = 10). Statistical analysis was
conducted using analysis of variance (ANOVA), followed
by pairwise t-tests for post hoc comparisons where ap-
plicable. Statistical significance was defined as *p < 0.05,
**p < 0.01, and **p < 0.001. Error bars in all figures repre-
sent the standard deviation across independent samples.
The sample’s details are shown in Table 1. A complete
experimental setup is shown in Figure 1.

I11. Results and discussion

Hydrodynamic and interfacial changes upon functional-
ization were quantified by DLS (Figure 2; Table 2). The
mean hydrodynamic diameter increased from 51 nm for
unmodified particles to 59 nm following aptamer conju-
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Figure 2: Hydrodynamic size distribution of MNPs after ap-
tamer conjugation measured by DLS. In all cases, conjugation
resulted in a concentration-dependent increase in hydrody-
namic diameter, consistent with surface modification of the
nanoparticles following biomolecule attachment.

gation, with a simultaneous shift in zeta potential consis-
tent with surface chemistry alteration. Across aptamer-
density series, all conjugates exhibited size increases
compatible with successful surface coverage. Polydis-
persity indices (PDI) remained <0.30 for all conditions,
indicating moderately monodisperse suspensions with
minimal aggregation and acceptable colloidal stability
for downstream magnetic measurements.

The increase in zeta potential magnitude from -22.9
mV (plain MNPs) to -13.9 mV at low aptamer coverage
is consistent with partial charge screening and surface
neutralization upon ligand grafting, while the modest
decrease observed at higher aptamer concentrations
likely reflects the increasing contribution of the nega-
tively charged phosphate backbone of the DNA aptamer.
Such non-monotonic trends have been reported previ-
ously for polyanionic biomolecules conjugated to car-
boxylated nanoparticle surfaces and reflect competing
surface-chemistry effects rather than experimental arti-
facts.

The observed increase in hydrodynamic diameter fol-
lowing aptamer functionalization is consistent with sur-
face modification of the nanoparticles, indicating the
presence of biomolecules at the interface. However, it
is noted that DLS alone does not verify covalent bond
formation; rather, it provides supportive evidence of in-
terfacial changes that must be interpreted alongside the
applied EDC/NHS chemistry, zeta potential shifts, and
the functional MPS response.

For DLS measurements, untreated COOH-MNPs (no
EDC/NHS activation) were used as the reference sample,
while all aptamer-conjugated samples were processed
identically through EDC/NHS activation and washing
prior to analysis.

To isolate relaxation-driven effects from variability in
magnetic loading, iron content was quantified by ICP-MS
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Table 3: Iron concentration (mg/mL) of Aptamer-conjugated
MNP samples measured by ICP-MS. Results show the mean +
SD of three replicates and the percentage of Fe retained relative
to the original MNPs.

Rep-1 | Rep-2 | Rep-3 | /48D % Fe
Sample Fe Fe Fe (mg/mL) Retained
(mg/ml) 8
Plain 3.18+
MNPs 3.200 3.152 3.17 0.034 100%
MNPs- 1.01 +
Aptamer 1.010 1.006 1.008 0.003 31.8%

and used to normalize all samples before MPS analysis.
Plain MNPs measured 3.176+0.034 mg Fe mL!, whereas
MNP-aptamer formulations retained 31.7% of the origi-
nal Fe following conjugation and washing (Table 3). For
MPS assays targeting 20 g Fe in 500 pL, volumes were
calculated from the measured concentrations through
(1), yielding 6.25 pL of plain MNPs and 19.71 pL of MNP-
aptamer, with the remainder made up in DI water.

Required Concentration (ug)

1)

Volume =

ICP Determined Concentration (ng/pL)

This normalization ensured that subsequent signal
changes reflected Brownian-mobility modulation rather
than differences in magnetic mass.

ICP-MS analysis indicated that approximately 31.7%
of the initial iron content was recovered after aptamer
conjugation and purification. This reduction primar-
ily reflects nanoparticle recovery during magnetic sepa-
ration and washing, which can be substantial for ~25
nm single-core MNPs, rather than limitations of the
EDC/NHS coupling chemistry itself. Transient changes
in surface charge and colloidal stability during activa-
tion and buffer exchange, together with handling losses
during repeated washes, likely contribute to the reduced
recoverable mass. Importantly, all MPS measurements
were normalized to the recovered iron concentration to
ensure that the reported signal changes arise from Brow-
nian relaxation effects rather than from differences in
magnetic mass.

Previous research has demonstrated that conjugation
of biomolecules to MNP surfaces alters their hydrody-
namic size and Brownian relaxation properties, thereby
modulating the MPS response, particularly at higher-
order harmonics [15, 18, 23]. Building on these findings,
we systematically investigated the efficiency of our MPS
system for aptamer-conjugated MNPs, to establish the
detection and evaluate biomarker-specific interactions.

For primary conjugation, the third- and fifth-
harmonic responses decreased monotonically with in-
creasing ligand coverage (aptamer amount from 12.5
to 500 nM), with the third harmonic showing the most
pronounced and statistically significant attenuation rel-
ative to plain MNPs (Figure 3) by performing ANOVA fol-
lowed by pairwise t-tests for post-hoc comparisons. This
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Figure 3: MPS signals (third and fifth harmonics) of MNPs con-
jugated with increasing concentrations of Aptamer. Significant
reductions in third-harmonic signals confirm successful con-
jugation and an increase in hydrodynamic size, with p-values
indicating statistical significance. The fifth harmonic shows
weaker sensitivity, but the trend is the same.
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Figure 4: MPS signal response to secondary bioconjugation
in the presence of first. Third and fifth harmonic analysis of
MNPs-Aptamer samples following nucleolin conjugation. Sig-
nal reduction reflects successful dual-stage bioconjugation and
reduced Brownian relaxation, with statistical significance indi-
cated (*p < 0.05, *p < 0.01, **p < 0.001).

trend indicates progressive hindrance of Brownian rota-
tion as hydrodynamic size and interfacial drag increase
upon ligand grafting. Significance annotations (*p < 0.05;
**p < 0.01; **p < 0.001) confirmed that these changes
were resolvable within short integration windows, align-
ing with prior MPS biosensing reports that emphasize
odd-harmonic metrics [23]. Collectively, these observa-
tions reinforce MPS as a promising transduction modal-
ity for label-free biosensing and diagnostics.

Secondary recognition was then assessed using
aptamer-functionalized probes, with the primary ap-
tamer loading fixed at 100 nM and the breast-cancer
biomarker nucleolin varied at concentrations given
in Table 1. The resulting bar plots (Figure 4) show
concentration-dependent decreases in both third- and
fifth-harmonic amplitudes, confirming specific sec-
ondary attachment. The signal drop reflects additional
growth of the hydrodynamic envelope upon target bind-
ing, along with the accompanying suppression of Brow-
nian relaxation. Notably, the third harmonic again pro-
vided the greatest dynamic range and statistical signif-
icance (p < 0.05 to p < 0.001), indicating sensitivity
to early-stage molecular interactions on the nanopar-
ticle surface. These results demonstrate that aptamer-
conjugated MNPs effectively recognize and bind nucle-
olin, highlighting the applicability of MPS for breast can-
cer biomarker detection.

To verify that the observed harmonic attenuation re-
sults from specific AS1411-nucleolin recognition rather
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Figure 5: Third- and fifth-harmonic MPS responses of un-
conjugated COOH-MNPs upon incubation with nucleolin at
varying concentrations (25-150 nM) under equal iron loading
(20 ng Fe). No systematic or concentration-dependent signal
attenuation is observed, indicating negligible non-specific in-
teraction between nucleolin and COOH-MNPs in the absence
of AS1411 aptamer.

than nonspecific protein adsorption, a control experi-
ment was performed using unconjugated COOH-MNPs
incubated with nucleolin at identical concentrations and
iron loadings. As shown in Figure 5, plain MNPs exhib-
ited no monotonic or statistically significant change in
either the third- or fifth-harmonic amplitudes across
the tested nucleolin range. This confirms that nucleolin
alone does not measurably alter Brownian relaxation of
COOH-MNPs and that the signal changes reported in Fig-
ure 4 originate from aptamer-mediated specific binding.

To quantitatively evaluate changes in binding-
induced relaxation, the harmonic amplitudes were nor-
malized to appropriate controls. The averaged attenu-
ation values of the third harmonic signal are decreased
by 67.0% for MNP-aptamer probes, indicating a sub-
stantial damping of Brownian mobility after ligand graft-
ing. For secondary binding at 100 nM nucleolin, third-
Harmonic amplitudes were reduced by 59.9% versus
the aptamer-only baseline, establishing concentration-
dependent recognition on an equal-iron basis. These
behaviors align with established MPS mobility-analysis
frameworks that use absolute amplitudes or harmonic-
ratio metrics to parameterize binding-induced relaxation
shifts [23].

Taken together, the data establish MPS as a dual-
purpose readout: (i) indicating probe formation (primary
conjugation) and (ii) sensitively transducing specific
target engagement (secondary interaction) under rigor-
ously iron-normalized conditions. Nucleolin is a breast-
cancer—associated marker: a multifunctional phospho-
protein abundant in the nucleolus and aberrantly dis-
played on the cell surface in many tumors, including
breast cancer, where it supports proliferation, survival,
and metastatic programs [24]. Its elevated cell-surface
presentation provides an accessible molecular handle for
affinity ligands such as AS1411, a G-rich DNA aptamer
with high binding specificity and favorable low immuno-
genicity [20, 25]. Binding of AS1411 to surface nucleolin
increases the nanoparticle’s hydrodynamic diameter and
viscous drag; MPS converts this mobility change into a
robust attenuation of the third harmonic within min-
utes, yielding a wash-free, label-free signal [18]. While
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the present study establishes a rigorous proof of concept
for aptamer-mediated nucleolin detection using MPS
under controlled buffer conditions, performance in com-
plex biological matrices such as serum or plasma was not
evaluated here. In such environments, factors such as
nonspecific protein adsorption (protein corona forma-
tion), increased viscosity, and competing biomolecules
may influence nanoparticle Brownian relaxation and as-
say sensitivity. Addressing these matrix effects through
optimized surface passivation, blocking strategies, and
calibration in biologically relevant media represents an
important direction for future work toward clinical trans-
lation.

For breast cancer detection, this mechanism can be
deployed in two complementary ways. First, it serves
as a single-analyte screen for nucleolin-positive disease,
enabling rapid monitoring of treatment response. Sec-
ond, and more specifically, as part of a multiplex breast
panel in which AS1411-MNPs are run alongside breast-
oriented markers (CA15-3, CEA + HER2-ECD) on sepa-
rate channels, decision-level fusion then enhances dis-
ease specificity while preserving the nanomolar-level
sensitivity demonstrated here [26, 27].

IV. Conclusions

This work demonstrates that MPS can transduce breast
cancer-relevant molecular binding into a robust, quanti-
tative signal in real time. Using AS1411-functionalized
iron-oxide nanoparticles and strict iron-mass normaliza-
tion, third-harmonic attenuation consistently reflected
two stages: aptamer probe formation and specific nu-
cleolin recognition, thereby linking Brownian mobility
changes to the analytical readout. The platform is label-
free, wash-free, and compatible with serum handling,
supporting practical threshold and rapid workflows. Be-
cause nucleolin is frequently elevated in breast cancer,
the assay provides a biologically grounded detection ap-
proach and can be configured for greater disease speci-
ficity by multiplexing with established breast markers
(CA15-3, CEA, HER2-ECD). Overall, the results position
MPS as a technically rigorous and robust modality under
controlled buffer conditions, with clear potential for fu-
ture clinical translation as a clinically promising modality
for breast cancer detection and monitoring, motivating
subsequent validation in patients and the development
of portable instrumentation for point-of-care use.
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