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Abstract

A strategy is reported to improve the detection limits of current giant magnetoresistance (GMR) biosensors by augmenting
the effective magnetic moment that the magnetic tags on the biosensors can exert. Magnetic supercluster particles (MSPs),
each of which consists of ~ 1000 superparamagnetic cores, are prepared by a wet-chemical technique and are utilized to
improve the limit of detection of GMR biosensors down to 17.6 zmol for biotin as a target molecule. This value is more than
four orders of magnitude lower than that of the conventional colorimetric assay performed using the same set of reagents
except for the signal transducer. The applicability of MSPs in immunoassay is further demonstrated by simultaneously detect-
ing vascular endothelial growth factor (VEGF) and C-reactive protein (CRP) in a duplex assay format. MSPs outperform

commercially available magnetic nanoparticles in terms of signal intensity and detection limit.
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Introduction

Molecular diagnostic tools are required to have a superior
sensitivity to detect subtle changes in biomarkers, such as
DNAs [1, 2], proteins [3, 4], and metabolites [5], for effec-
tive disease diagnosis and drug evaluation. However, the
detection of proteins has suffered from low sensitivity, and
their amplification prior to detection is also technically very
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difficult. The importance of highly sensitive detection of pro-
teins can be seen in many clinical situations. For example,
early tumors release only extremely small amounts of tumor-
specific antigens into the bloodstream [6, 7], whereas their
timely detection is critical to improving the survival rate of
the patients [8]. It has also been reported that virus antigen
tests such as those for the spike proteins of SARS-CoV-2
are suited as a first-line test to screen people before fur-
ther performing standard polymerase chain reaction (PCR)-
based tests [9], where more sensitive detection of virus anti-
gens can contribute more to identifying and separating the
infected individuals.

Tremendous efforts have been made to enhance the sen-
sitivity of optical biosensors [10, 11]. For instance, in lieu
of enzyme-based colorimeters, fluorescent tags including
quantum dots have been utilized to further push the limit
of detection in optical biosensing [12, 13]. It has also been
reported that the introduction of a gold layer or nanostruc-
ture in optical biosensors can amplify the signals via the
surface plasmon resonance effect [11, 14], through which,
for example, a detection limit as low as 2 pmol was recently
achieved for biotin [15]. Furthermore, other types of biosen-
sors based on different sensing mechanisms have been devel-
oped to achieve higher sensitivities than optical biosensors
[3, 16]. Electrochemical biosensors that can utilize simple
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sensor geometry without using bulky optical components are
one of such examples and present a readiness for point-of-
care (POC) tests, as demonstrated for CRP and biotin with
detection limits of 3.3 pg mL~! and 0.3 fmol, respectively
[17, 18]. However, their signals are heavily affected by the
pH and salinity of the samples and buffers, requiring extra
endeavor to compensate for those effects [19].

Magnetic biosensors have been reported to be among
the most sensitive devices owing to the lack of magnetic
contents in biological samples in general, thereby capable
of producing a very low background noise [20, 21]. Their
sensitivities can be tailored by modifying the structure and
geometry of the sensors and employing signal transduction
tags such as magnetic nanoparticles, magnetic microbeads,
or any other magnetic materials. By taking advantage of
these aspects, magnetic biosensors have successfully been
used in various applications including antibody monitor-
ing [22-24], evaluation of protein—protein interactions [25,
26], DNA mutation measurement [27], and cancer biomarker
detection [28, 29]. To further increase the sensitivity of mag-
netic biosensors, signal-generating tags are worth improving
because magnetic biosensors typically detect the magnetic
field from the tags attached to the target analytes rather than
directly detecting the analytes themselves.

Superparamagnetic iron oxide nanoparticles (SPIONs)
are one of the most frequently applied magnetic tags in bio-
sensing because of their relatively cost-effective synthesis
and facile surface functionalization [30]. However, their
intrinsically small magnetic moment has limited the sensi-
tive detection of target analytes, which in part prevents the
widespread use of magnetic biosensors for medical diagno-
sis. It has been known that clustering SPIONS into a single-
particle form can increase the magnetic responsiveness of
the nanoparticles as an aggregate [31], and the application
of such particles as T, contrast enhancement agents in mag-
netic resonance imaging has also been demonstrated [32,
33]. However, their utility in magnetic biosensors has not
extensively been investigated so far, despite the assured
advantage in signal transduction. Moreover, given that pre-
viously reported magnetic cluster particles mostly relied on
rather loosely assembled structures of SPIONs [32-34], it
is anticipated that the use of magnetic cluster particles with
a high packing density would be able to push the limits of
current magnetic biosensors even further.

In this regard, we herein report MSPs, wherein SPION's
are assembled with a close-packed structure to maximize
their magnetic moment per particle, and their application
in GMR biosensors. These particles show an outstanding
ability to improve the detection limit of GMR biosensors
compared to conventional optical assays. In addition, MSPs
are capable of producing even higher magnetic signals in
GMR biosensors than commercially available magnetic nan-
oparticles (MNPs) can do, thereby allowing more sensitive
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detection of protein biomarkers as demonstrated for VEGF
and CRP.

Materials and methods
Materials and instruments

All organic solvents and buffer solutions are prepared with
analytical grade reagents. Phosphate-buffered saline (PBS)
at pH 7.4 and borate buffer at pH 8.0 was purchased from
Thermo Fisher and Sigma-Aldrich, respectively. Capture
and detection antibodies for human VEGF and CRP were
purchased from R&D systems. Commercially available
chemical compounds were used for synthesizing nanopar-
ticles and performing assays. TEM images were obtained
using JEM-2100F (JEOL, Japan) at 200 kV. Hydrodynamic
sizes of MSPs were analyzed using Zetasizer Nano-ZS (Mal-
vern, UK). Magnetization curves of SPIONs and MSPs were
obtained using PPMS-14 (Quantum Design, USA). The
immobilization of probes onto the GMR biosensors was per-
formed with a non-contact robotic arrayer, SciFlexArrayer
S3 (Scienion, Germany). GMR signals were obtained using
a custom-made reader system, as described previously [21,
35]. For sensitivity comparison, streptavidin-MNPs were
purchased from Miltenyi Biotec (Germany).

Fabrication of SPIONs

Iron(III) oleate was made using a method slightly modified
from a previous report [36] (see detailed protocols in Sup-
plementary Information). To produce 19-nm-sized SPIONS,
iron(III) oleate (1.8 g) was heated with 1-octadecene (10 g)
and oleic acid (0.3 g) for 30 min at 320 °C under vigor-
ous stirring. Then, the resultant solution was cooled down
and washed with excess ethanol. SPIONs were separated
by precipitation via centrifugation (5000 rpm, 30 min). The
collected SPIONs were washed and centrifuged twice more.

Synthesis of MSPs

MSPs are produced by assembling pre-synthesized SPIONs
of a uniform size through a microemulsion-based process
(Fig. 1). Briefly, 19-nm-sized SPIONs were dispersed
in chloroform (3 mL) at a concentration of 50 mg mL~".
Dodecyltrimethylammonium bromide (DTAB) dissolved in
deionized water (10 mL) at 15 mg mL~! was then added to
the chloroform solution. The mixture solution was stirred
vigorously for 12 h to evaporate the chloroform. The hydro-
phobic interactions between the surface capping ligands on
the SPIONs and DTAB in water resulted in the close pack-
ing of the SPIONs in each MSP. Then, poly(acrylic acid)
(PAA) (M,, =1800) dissolved in ethylene glycol (10 mL) at
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Fig. 1 Schematic of MSP
formation. SPIONs are emulsi-
fied with an aqueous solution
of DTAB, assembled into an
ordered structure by evaporat-

DTAB
ing chloroform, and coated with
PAA Water

Chloroform
SPIONSs

Mixing Evaporation

100 mg mL~! was added. This subsequent coating with PAA
further improved the colloidal stability of MSPs and pro-
vided the functional groups for streptavidin conjugation. The
MSPs in the solution were washed with excess deionized
water and separated by centrifugation (5000 rpm, 5 min).

Fabrication of streptavidin-MSPs

MSPs (1 mg [Fe]) dispersed in deionized water (0.5 mL)
was mixed with 1-ethyl-3-(3-(dimethylamino)propyl)urea
hydrochloride and N-hydroxysuccinimide at 10 mg mL™!
each in 2-(N-morpholino)ethanesulfonic acid buffer
(0.1 mL) for 30 min. The MSPs were separated by centrifu-
gation (5000 rpm, 5 min) and reacted for 1 h with strepta-
vidin (0.1 mg) in PBS (1 mL). The streptavidin-MSPs were
washed with excess borate buffer and separated by centrifu-
gation (5000 rpm, 5 min).

GMR biosensor sensitivity test

A 10x 8 array of GMR biosensors (100 x 100 pm, each) was
fabricated on a chip (5 X4 mm), mounted on a printed circuit
board and assembled with a custom-designed cartridge to
create a reaction well over the sensors. The GMR biosen-
sors with a temperature correction feature consist of multiple
stripes of spin-valve stacks, as described previously [35, 37].
Briefly, thin films of seed layer/IrMn (8)/CoFe (2)/Ru (0.8)/
CoFe (2)/Cu (2.3)/CoFe (4.5) (all thicknesses in nm) were
fabricated on a Si/SiO, substrate. The capping layer at the
top of this structure protects the sensors from stringent con-
ditions and ensures the pH- and salinity-insensitive operation
of the sensors [20, 25]. For estimating the limit of detection,
approximately 2 nL of solutions containing 1% bovine serum
albumin (BSA) or biotinylated BSA (biotin-BSA) ranging
from 35 zmol to 35 fmol were spotted on different GMR
biosensors with replicates, respectively, using a non-contact
robotic arrayer. After overnight incubation of the sensor chip
in a humid chamber at 4 °C, the chip was washed with a
washing buffer (PBS with 0.1% BSA and 0.05% Tween-20)
and then incubated with 1% BSA in PBS for 1 h. The chip
was washed again with the washing buffer and inserted into
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a custom-made reader system. After obtaining the baseline
signals from the sensors, 60 pL. of MSP solution diluted 10
times with borate buffer was added to the reaction well and
incubated for 40 min while the signals were being recorded.
Then, the chip was carefully washed with the washing buffer,
and the signals were obtained for the subsequent analyses.
For comparison with enzyme-linked immunosorbent assay
(ELISA), a microplate containing the same amounts of
samples with replicates was prepared following the general
ELISA protocols. The limit of detection was determined as
the level two times the standard deviation above the zero-
analyte signal.

GMR biosensor immunoassays

For immunoassays, anti-VEGF capture antibodies and anti-
CRP capture antibodies at 0.5 mg mL~! each were spotted
on different sensors with replicates along with BSA as a
negative control, using the arrayer. The chip was incubated
overnight, washed with the washing buffer, and then incu-
bated with 1% BSA in PBS for 1 h, as described above. A
mixture of VEGF and CRP at indicated concentrations was
added to a set of two identically prepared chips, respectively,
and incubated for 1 h. The chips were again washed with
the washing buffer, and a mixture of anti-VEGF detection
antibodies and anti-CRP detection antibodies at 0.5 pg mL ™!
each was added to the chips and incubated for 1 h. Washed
with the washing buffer, the chips were inserted into the
reader system. After obtaining the baseline signals, 60 pL
of the commercially available streptavidin-MNPs or the pre-
pared streptavidin-MSPs was introduced to each chip for
signal comparison.

Results and discussion
Characterization of MSPs
SPIONS are synthesized by thermally decomposing iron(IIT)

oleate in 1-octadecene as a non-coordinating solvent. Oleic
acid is used as a surface capping ligand to regulate the size
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distribution of SPIONs tightly during the synthesis. The
size of SPIONSs is verifiable in the transmission electron
microscope (TEM) image that shows an average diameter
of ~19 nm (Fig. 2a and Supplementary Information Fig. S1).
X-ray diffraction (XRD) analysis reveals a cubic spinel-
structured Fe;0, phase of the SPIONSs (Fig. 2b). Because the
SPIONS are smaller than the superparamagnetic limit size
of Fe;O, [38], they are expected to be superparamagnetic.
The uniformity in size of the constituent SPIONs is
evident from the formation of the ordered superlattice in
the MSPs as shown in the TEM image (Fig. 3a). The aver-
age size of the produced MSPs is~ 190 nm. By assuming a
hard-sphere model of close-packed 19-nm-sized SPIONS,
a 190-nm-sized MSP is estimated to consist of approxi-
mately ~ 1000 SPIONs. The magnetization curve obtained
for the MSPs at 300 K displays a superparamagnetic behav-
ior with no remanent magnetization at zero fields (Fig. 3b),
implying that the superparamagnetic property of SPIONS is
preserved in MSPs. Although the saturation magnetization
of MSPs is only ~23% larger than that of SPIONSs in terms of
mass, it is evident that MSPs exhibit a very large magnetiza-
tion per particle due to its assembly structure made of ~ 1000
SPIONSs. The hydrodynamic size of MSPs measured by

dynamic light scattering (DLS) shows an intense peak at
202 nm (Fig. 3c) which is close to the size observed by TEM
analysis (Fig. 3a). To use MSPs as magnetic tags in biosens-
ing, streptavidin is immobilized onto the MSP surface via
the conjugation between the carboxylic acid groups in PAA
and the amine groups in streptavidin. DLS measurement
data shows a concomitant increase in the hydrodynamic
size of MSPs after the functionalization with streptavidin
(Fig. 3c). The resulting streptavidin-MSPs are capable of
binding to biotin and biotinylated proteins because of the
very high affinity between streptavidin and biotin.

The limit of detection with GMR biosensors using
MSPs

To figure out the limit of detection using MSPs on GMR
biosensors shown in Fig. 4a, different concentrations of
biotin-BSA are immobilized on the sensors with replicates.
In parallel, the same amounts of biotin-BSA are added into
ELISA microplate wells for comparison. The main feature
of the GMR biosensor compared with the conventional
colorimetric sandwich immunoassays is the use of mag-
netic tags as a signal transducer. After the application of

Fig.2 a TEM image of SPI- b
ONs. The scale bar is 100 nm.
b X-ray diffraction pattern of —~
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Fig.3 Characterization of MSPs. a TEM image of MSPs. The scale bar is 100 nm. b Magnetization curve of MSPs (black) and SPIONs (red). ¢
Hydrodynamic sizes of MSPs measured before and after conjugation of streptavidin
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Fig.4 GMR biosensors and titration curves for biotin-BSA. a Opti-
cal image of a GMR biosensor chip consisting of 80 sensors. A
white arrow indicates an individual sensor. The scale bar is 500 pm.
b Structure of the spin-valve stack (not to scale). ¢ Titration curves
of GMR biosensor (red line) and direct ELISA (blue line) measure-

an external magnetic field, stray magnetic fields are gener-
ated as a response to the magnetic tags bound on the sensor
surface, such that they enhance the effective magnetic field
that the GMR biosensor experiences [37]. Since the external
magnetic field is applied in a way to misalign the magnetiza-
tion directions of the magnetic free and reference layers of
the spin-valve stack (Fig. 4b), the added field strength by
the magnetic tags eventually leads to more misalignment
between those two layers. When a voltage is applied to the
GMR biosensor, the conducting electrons are supposed to
exhibit a spin-dependent scattering behavior while passing
through the copper layer positioned in between the magnetic
free and reference layers. Such a spin-dependent scattering
is proportional to the degree of the misalignment. In other
words, the change in the magnetoresistance (AMR) of the
GMR biosensor is affected by the number of magnetic tags
bound on the biosensor surface and thus the concentration of
the target analyte. In both experiments, biotin-BSA is used
as the target analyte to directly capture the signal transduc-
ers in both modalities, to minimize the chances of target
unbinding, and to more accurately estimate the number of
target molecules on the surface. Thus, we add streptavidin-
MSPs to the GMR biosensors and streptavidin—horseradish
peroxidase (streptavidin-HRP) to the ELISA wells to obtain
the signals. The optical density at 450 nm is measured
for ELISA using a microplate reader, and the data shown
in Fig. 4c indicate that the limit of detection in ELISA is
approximately 0.1 fmol, which is consistent with the previ-
ously reported values [20]. The detection limit of the GMR
biosensors in combination with streptavidin-MSPs is esti-
mated to be 17.5 zmol, which is more than four orders of
magnitude lower than that of ELISA (490 amol).

Duplex immunoassay with GMR biosensors

After confirming the high performance of streptavidin-
MSPs as a signal transducer for GMR biosensors, this
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ments. Error bars are standard deviations (n=23). The dotted lines
indicate the average plus two standard deviations of the signals from
BSA-coated GMR biosensors (red) and ELISA wells (blue), respec-
tively

combination is further evaluated against the combination
with commercially available streptavidin-MNPs to dem-
onstrate the higher detection sensitivity of streptavidin-
MSPs in protein immunoassay. Figure Sa—e schematically
illustrate the procedures of the sandwich immunoassay
based on GMR biosensors using streptavindin-MSPs. Spe-
cifically, different sensors on the GMR biosensor chip are
functionalized with either capture antibody or BSA, where
the latter serves as a negative control. Then, the samples
and the corresponding detection antibodies are added,
washed, and incubated sequentially to form the sandwich
structure. Two kinds of protein biomarkers, VEGF and
CRP, are tested in a multiplexed way after verifying the
absence of cross-reactivity between them (Supplementary
Information Fig. S2). VEGF is a mediator of cancerous
angiogenesis and is found to be at high levels in tumors
[39]. CRP is produced mainly in response to inflamma-
tion, thus related to many morbid conditions including
cancer, autoimmune diseases, and health problems [40,
41]. A mixture of VEGF and CRP both at 0.005, 0.025,
0.125 or 0.625 ng mL~! is incubated with two identi-
cally processed chips, but each chip is assayed with either
streptavidin-MSPs or streptavidin-MNPs for comparison.
When streptavidin-MSPs are employed to bind to the
biotinylated detection antibodies, signals proportional to
the target analyte concentrations are obtained as expected
(Fig. 5f). Importantly, the signals produced by streptavi-
din-MSPs are much greater than the signals produced by
the commercially available streptavidin-MNPs (Fig. 5g).
This signal enhancement is reasoned to the much larger
number of magnetic SPIONs incorporated in MSPs than
in MNPs, as can be verified by their TEM images (Fig. 3a
and Supplementary Information Fig. S3) and thus the
corresponding increase in the magnetic moment per par-
ticle. As a result, the limits of detection for VEGF and
CRP using MSPs are 1.4 and 9.0 pg mL~!, respectively,
which are lower than the detection limits by MNPs (50 and

@ Springer



256 Page6of8

Microchim Acta (2022) 189: 256

a

A A SNy YY .

Fig.5 Detection of protein analytes using GMR biosensors. a—e A
schematic of the GMR biosensor immunoassay using streptavidin-
MSPs. a Capture antibodies (left) and BSA (right) are immobilized
on the surface of each sensor. Anti-VEGF and anti-CRP capture anti-
bodies are immobilized on different sensors for multiplexed assays. b
Target analytes are added to the sensor chip and bound to the capture
antibodies. No analyte is bound to BSA. ¢ Biotinylated detection anti-
bodies are introduced to the sensor chip and bound to the target ana-
lytes that are captured by the capture antibodies. d Streptavidin-MSPs

16.5 pg mL~"). These sensitive measurements with MSPs
perform better than conventional ELISA (Supplementary
Information Fig. S4).

Conclusions

MSPs were developed to circumvent the inherent limita-
tion of SPIONs as magnetic tags. The unique structure of
MSPs with a very high loading density of SPIONs not only
contributes to preserving their superparamagnetic property
but also greatly improves their capability to generate sig-
nals on GMR biosensors, as shown by using biotin-BSA as
the target analyte. Furthermore, in our demonstration of a
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are added and bound to the detection antibodies via the streptavidin—
biotin interaction. ¢ Unbound streptavidin-MSPs are removed through
washing. f Typical real-time signals obtained from GMR biosensors.
At about 1 min, streptavidin-MSPs are added to the chip, and washing
was performed at 32 min. g Standard curves obtained by multiplexed
measurements of VEGF and CRP after application of streptavidin-
MSPs or streptavidin-MNPs. The dotted lines indicate the average
plus two standard deviations of the zero analyte signals. Error bars
are standard deviations (n=4)

multiplexed immunoassay for VEGF and CRP, streptavidin-
MSPs outperform the commercial streptavidin-MNPs, which
contain only a few loosely coalesced SPIONS, in terms of
the signal generation. A drawback of the MSP-based mag-
netic immunoassay demonstrated in this study would be the
necessity of a washing step for the end-point measurement.
However, we believe that the significant improvement in
magnetic signal transduction achievable by MSPs still pro-
vides a meaningful advantage over the inconvenience due
to the additional washing process, especially for the cases
where high sensitivities are extremely desired. Moreover,
such a procedure can easily be implemented if the sensor
system is integrated within a microfluidic chip [42]. Since
the surface functionalization of MSPs is compatible with
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the conventional immunoassay procedures and relies on the
specific antigen—antibody interactions, MSPs would be able
to find their appropriate use in various types of magnetic
sensing platforms for biomedical research and diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05354-x.
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