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ABSTRACT: Magnetic levitation, which is a magnetic phenomenon of
levitating particles suspended in a paramagnetic liquid under a nonuniform
magnetic field, is a powerful tool for determining densities and magnetic
properties of micro- and nanoparticles. The levitation height of particles in
the magnetic field depends on the magnetic susceptibility and density
difference between the object and the surrounding liquid. Here, we
developed a magnetic susceptibility-based protein detection scheme in a low-
cost and miniaturized magnetic levitation setup consisting of two opposing
magnets to create a gradient of a magnetic field, a glass capillary channel to
retain the sample, and two side mirrors to monitor inside the channel. The
method includes the use of polymeric microspheres as mobile assay surfaces and magnetic nanoparticles as labels. The assay was
realized by capturing the target protein to the polymer microspheres. Then, magnetic nanoparticles were attached onto the resulting
microsphere−protein complex, creating a significant difference in the magnetic properties of polymer microspheres compared to
those without protein. The change in the magnetic properties caused a change in the levitation height of the microspheres. The
levitation heights and their distribution were then correlated to the amount of target proteins. The method enabled a detection limit
of ∼110 fg/mL biotinylated bovine serum albumin in serum. With the sandwich immunoassay developed for mouse
immunoglobulin G, detection limits of 1.5 ng/mL and >10 ng/mL were achieved in buffer and serum, respectively. This approach
sensed the minute changes in the volume magnetic susceptibility of the microspheres with a resolution of 4.2 × 10−8 per 1 μm
levitation height change.

Protein biomarkers in blood serve as molecular signatures
of complex diseases such as cancer,1−3 cardiovascular

disorders,4 and other pathological situations.5,6 Hence,
sensitive and rapid protein detection provides valuable
information about the presence and course of a disease that
could improve the survival rate of patients. However, a
biomarker may be present at very low levels (e.g., sub-ng/mL)
in the blood, which requires large volumes of samples and long
processing time for classical biomarker analysis techniques
(e.g., enzyme-linked immunosorbent assay (ELISA)). In
addition, the lack of portability hinders the applicability of
traditional techniques in resource-limited settings.7 Therefore,
novel sensing methods or devices detecting a low amount of
proteins directly from a complex mixture such as human serum
have the potential to advance conventional diagnostic
techniques to further levels.
Over the years, magnetic-based detection techniques have

gained much attention as ideal candidates for biomarker
analysis due to their contactless control in biological samples,
ease of operation, low energy requirement, and simple
design.8−10 Magnetic-based protein detection technologies
have focused on the use of magnetic nanoparticles (MNPs),
which are typically made of a magnetic core (e.g., Fe3O4 and
γFe2O3) and a surrounding shell (e.g., dextran and silica).11

Labeling of biological particles lacking magnetic property in

nature with MNPs makes them susceptible to the magnetic
field so they can be controlled by a simple magnet. In
magnetic-based biosensing applications, MNPs can be
exploited as magnetic labels, assay substrates on which the
protein of interest is captured, or both.8 In several studies,12−15

these particles allowed highly sensitive detection of proteins
using microfluidic devices. Since these studies require precise
control of microfluidic flow rates and sophisticated exper-
imental schemes, they could not offer easy-to-use and low-cost
detection schemes.
Magnetic levitation, which is levitating objects under an

inhomogeneous magnetic field based on the balance of
magnetic and buoyancy forces, has inspired many applications,
including sorting numerous materials,16−18 the association of
proteins and ligands,19−22 cell measurement and detec-
tion,23−29 3D assembly of living cells,30−32 and biomarker
detection.33,34 Lately, this technology has emerged to provide
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high-throughput,35 compact, and portable analysis of micro-
particle and cell densities.28,29,36−38 Fundamentals and
applications of magnetic levitation are well documented in
recent review articles.39−41

A simply -designed magnetic levitation setup consists of two
magnets whose same poles face each other. A particle
suspended in a paramagnetic liquid is levitated between
these magnets at an equilibrium position determined by its
density and magnetic susceptibility relative to the surrounding
liquid. Briefly, measuring the levitation height of an object
reveals the density and magnetic susceptibility. So far, density
change regarding the binding of proteins onto the beads is
measured by monitoring the levitation height change in the
magnetic levitation system and correlating to the amount of
proteins bound onto the beads.21,27,33,34 One of those is a
multiplex detection of antibodies against syphilis and hepatitis
C by observing the height change of levitating polystyrene
beads upon binding of antibodies and subsequent deposition
of metal nanoparticles.33 Recently, the levitation height of two
different-density polymethylmethacrylate microspheres has
been tracked for the quantification of interleukin-6 (IL-6).27

These antibody-coated microspheres conjugate in the presence
of IL-6 and reach a density value between those of two types of
microspheres. The technique can detect 10 pg/mL (corre-
sponds to ∼0.5 pM) of IL-6 in phosphate-buffered saline
(PBS) samples. Moreover, Chagas disease-related anti-
Trypanosoma cruzi antibodies in blood samples were quantified
with a detection limit of 5 μg/mL (corresponds to ∼30 μM).34

Here, apart from density-based techniques using the
magnetic levitation principle, we present a magnetic suscept-
ibility-based protein detection method using polymer micro-
spheres as mobile assay surfaces and MNPs as labels. Labeling
protein conjugated-polymer microspheres with MNPs changed
the magnetic susceptibility of the conjugate, and in the
magnetic levitation system, the equilibrium height of the
complex was significantly altered compared to no protein-
conjugated microspheres. Approximately 110 fg/mL (∼1.6
fM) biotinylated bovine serum albumin (b-BSA) could be
detected in serum. With the developed sandwich immuno-
assay, detection limits for mouse immunoglobulin G (IgG) in
pure buffer and serum were 1.5 ng/mL (∼10 pM) and >10 ng/
mL, respectively. The assay required 200 μL of sample and
reasonably short analysis time (∼50 min for assay preparation
steps off the platform and ∼30 min for levitation on the
platform). The results suggested that magnetic levitation-based
assays hold a great promise for sensitive and rapid protein
analysis in serum samples.

■ EXPERIMENTAL SECTION

Experimental Setup. The protein assay was performed in
a magnetic levitation platform composed of (i) two magnets
(N52-grade neodymium, 50 mm length × 2 mm width × 5
mm height, supermagnete.de) with polarization through their
heights, (ii) two mirrors (1/2″ square protected aluminum
mirror, 3.2 mm-thick, Thorlabs) tilted at 45° to monitor the
channel along its height using an inverted microscope, and (iii)
a glass microcapillary channel (50 mm length × 1 mm width ×
1 mm height, vitrocom.com) with a wall thickness of 0.2 mm
placed between the magnets (Figure S1). The glass capillary
has a tolerance of ±10% for its inner dimensions. The parts of
the platform were assembled in a 3D-printed body, which was
produced by stereolithography using photoreactive resin “Clear

v2 FLGPCL02” at a resolution of 25 μm (Formlabs, Form2 3D
printer) (Figure S2).

Design and Characterization of the Magnetic
Levitation-Based Protein Assay Using b-BSA. The assay
for b-BSA detection included streptavidin-coated fluorescent
polystyrene microspheres (s-PMS) (Streptavidin Fluoresbrite
HG 6 μm polystyrene beads, Polysciences Inc.), streptavidin
coated-magnetic nanoparticles (s-MNP) (MACS streptavidin-
coupled microbeads, 50 nm, #130-048-102, Miltenyi Biotec),
and b-BSA (Sigma-Aldrich, #A8549-10MG) as a model
protein. Gd-BT-DO3A (Gadavist, gadobutrol (Gd3+)), which
is a nonionic paramagnetic medium with weak protein binding
properties,42 was used to increase the magnetic susceptibility
difference between microspheres and the medium. Cell
viability tests also revealed that this medium showed good
biocompatibility up to 200 mM concentration levels.9,31

In brief, the protein detection protocol starts with the
incubation of s-PMS at two different concentrations (i.e., 105

or 106 particles/mL) with the sample solution (200 μL) for 30
min on a vortex mixer. As a sample, b-BSA was spiked either in
PBS (Gibco, pH = 7.4) or in dialyzed fetal serum albumin
(FBS) (Sigma-Aldrich). Prepared FBS samples were diluted
either 1:10 (v/v) with PBS containing 1% (v/v) Tween 20 or
1:1 (v/v) with 1% (w/v) Pluronic F127 (Sigma-Aldrich).
Then, the mixture was centrifugated at 13,500 rpm (DAIHAN
Scientific CF-10) for 5 min and the supernatant was discarded.
Finally, b-BSA-bound s-PMS were resuspended in 200 μL of a
levitation buffer (i.e., either PBS (pH = 7.4) containing 1% (v/
v) Tween or 1% (w/v) Pluronic F-127) and incubated with 1
μL of s-MNP stock solution for 15 min. After it was mixed with
1 M Gd3+ stock solution (with volumes of 0.4, 1.2, 2.4, and 3.6
μL to get 10, 30, 60, and 90 mM Gd3+ in the final solution,
respectively), the mixture (40 μL) was loaded into the
microcapillary channel using an automatic micropipette. For
each experiment, a new microcapillary treated with an air
plasma for 4 min at 0.5 mbar and 100 W (Diener plasma
cleaner) was used. After sample loading, one end of the
microcapillary channel was sealed by immersing it into the
Critoseal (Leica Microsystems, Germany). Then, the capillary
was inserted into the magnetic levitation platform. The center
part of the channel was monitored under an inverted
microscope (Zeiss Axio Observer Z1, 5× objective) equipped
with a camera (Zeiss AxioCam ICm1). A single micrograph of
the microcapillary was used to analyze microsphere positions
for each experiment. Distance measurements on the images
were conducted using the Image J Software (Supporting
Information, Table S1 and Figure S3). In a single micrograph,
100−120 microspheres could be analyzed at a concentration of
106 microspheres/mL.

Application of the Assay for the Measurement of
Immunoglobulin G Levels. The proof of concept developed
for b-BSA was tested for the detection of mouse IgG (Sigma-
Aldrich, I5381) spiked in buffer and serum as the target
protein biomarker. Biofunctionalization of streptavidin poly-
mer microspheres and magnetic nanoparticles with biotiny-
lated goat anti-mouse IgG (Sigma-Aldrich, B7264) is presented
in the Supporting Information. All IgG experiments were
conducted in PBS and FBS diluted 1:1 with PBS (pH = 7.4)
containing 1% (w/v) Pluronic F-127 and 1% (w/v) BSA
(Sigma-Aldrich) (Supporting Information). The incubation
and levitation procedures performed in b-BSA tests were also
applied for IgG (Supporting Information). On the other hand,
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the concentrations of MNPs were optimized to enhance
binding efficiency (Supporting Information, Figure S4).
Statistical Analysis. All experiments were repeated three

times using a new capillary channel for each experiment, and
data are presented as mean ± standard deviation (SD) from
the mean values of triplicates. Statistical significance was
determined by one-way analysis of variance (ANOVA)
corrected for multiple comparisons and t test with Welch’s
correction. Coefficient of variation (CV) (%) was calculated as
(standard deviation of population/mean of the population) ×
100. Statistical outliers in data were detected and removed
under the integrated robust regression and outlier removal
(ROUT) method43 for different maximum desired false
discovery rate (Q) values (i.e., 0.5, 1, 2, and 5%) for CV
(%)-based analysis. These analyses were conducted using
GraphPad Prism (version 6.0). The mean values of
experimental data were fitted into linear curves (i.e., semilog
lines) to obtain standard equations for deviation height/CV
versus protein concentration.

■ RESULTS AND DISCUSSION
The magnetic levitation platform includes two permanent
neodymium magnets at the opposing configuration (i.e., same
magnetic poles face each other), a glass microcapillary channel
inserted between the magnets (50 mm length × 1 mm width ×
1 mm height), two mirrors tilted at 45° to monitor inside the
channel using an inverted microscope, and a 3D-printed holder
to maintain these pieces (Figure 1A). In this platform,
magnetic induction (B⃗) reaches its maxima near the magnets
and its minima at the midpoint between the magnets (Figure
1B). Our magnet configuration creates a linear magnetic
induction in the y direction (By) in the interspace between the
magnets separated by 1.8 mm (Figure S5). When diamagnetic
microspheres are spiked in a nonionic paramagnetic medium,
they come into an equilibrium position along with the channel
height and levitate where the magnetic force (F⃗M) is

counterbalanced with the buoyancy force (F⃗B).
31 Under the

same magnetic field conditions, the steady-state levitation
height of a microsphere depends purely on the magnetic
susceptibility (χ) and density (ρ) difference between the
microsphere and paramagnetic medium. For instance, if the
microspheres have high magnetic susceptibility or density (e.g.,
magnetic nanoparticles), they levitate close to the magnets
whereas diamagnetic particles (e.g., polymer microspheres) are
repelled by the applied magnetic field and levitate close to the
midpoint between the magnets (Supporting Information,
Figure S6).

Characterization of Magnetic Levitation-Based Pro-
tein Measurement. Our method detects b-BSA by
monitoring levitation heights of s-PMS. The deviation height
of microspheres (hD) is calculated as the distance of
microspheres from the centerline plane between magnets in
the presence of b-BSA and s-MNP. In the assay (Figure 1C),
b-BSA molecules are captured on s-PMS surfaces, and the
captured b-BSA are labeled with s-MNP due to strong
molecular affinity between streptavidin and biotin molecules
(Ka = ∼2.5 × 1013 M−1).44 These conjugations alter the net
magnetic susceptibility and density of s-PMS, and so they
significantly change the deviation height of s-PMS compared to
s-PMS without b-BSA (Figure 1D). Our assay monitors two
parameters for protein detection: (i) average deviation height
of microspheres labeled with magnetic nanoparticles and (ii)
deviation height distribution of microspheres.

Modeling and Design of Assay Protocol. We tested the
levitation profile of s-PMS spiked in 30 mM Gd3+ with (i) no
b-BSA, (ii) 1.05 ng/mL b-BSA, and (iii) 1.05 ng/mL b-BSA
and s-MNP (Figure 2A). The significant change in levitation of
s-PMS occurred in the presence of s-MNP (Figure 2B) similar
to the simulation results (Supporting Information, Figures S6
and S7. Most of proteins are diamagnetic in nature and have
very small magnetic susceptibility (e.g., χBSA: −0.826 × 10−6

(CGS units)45 and e.g., χwater: −0.719 × 10−6 (CGS units)46).

Figure 1. Principles of the magnetic levitation-based protein assay. (A) Illustration of the setup. A 3D-printed holder is used to assemble mirrors,
magnets, and a glass microcapillary. Two tilted side mirrors are attached onto the 3D-printed holder to monitor inside the capillary. (B) Magnetic
induction in the y direction (By). Magnets are separated 1800 μm from each other, and the microcapillary with a channel height of 1000 μm and a
channel wall thickness of 200 μm is placed between the magnets. (C) Schematic representation of offline incubation steps. (D) Schematic
representation of the protein detection principle. Due to magnetic induction (B⃗) and gravity (g⃗), microspheres inside the capillary channel levitate
where the magnetic force (FM⃗) is balanced by the buoyancy force (FB⃗). Upon binding of protein (b-BSA) and s-MNP onto the s-PMS, the complex
gains magnetic susceptibility and levitates significantly different than the no-protein condition (reference test). hD represents the deviation distance
of the microspheres from the centerline plane.
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Hence, there was no significant change in the density and
magnetic susceptibility of s-PMS upon the binding of b-BSA,
and consequently, the deviation height of s-PMS was not
altered. On the other hand, s-MNP attached onto the s-PMS
and BSA complex changed the overall magnetic susceptibility
(χp) of the complex and set a new levitation height for s-PMS,
which is closed to the bottom magnet. Later, the magnetic
susceptibility change due to the attachment of 1.05 ng/mL b-
BSA was calculated to be 2.7 × 10−6 (SI units) from Figure 2C
by fitting the deviation height versus magnetic susceptibility
data shown in Figure S7.
In routine operations, superconducting quantum interfer-

ence device47 magnetometry, vibrating-sample magneto-
meter,48 and nuclear magnetic resonance49 are widely used
techniques for sensitive magnetic susceptibility measurements
of materials. However, they include a hard-to operate and
expensive scheme that is not optimized for single-particle
measurements. To overcome these limitations, magneto-
phoretic motion of particles in a nonhomogeneous magnetic
field has been used for measuring volumetric susceptibilities of
both nonlabeled cells (χHeLa tumor cells: −0.5136 × 10−6 (CGS

units))50 and labeled cells (χyeast, liver, and carcinoma cells: 13−20 ×
10−6 (SI units)).51 In this study, we used a magnetic levitation
strategy to measure target proteins captured on microspheres
with a change in the magnetic susceptibility of microspheres.
Our method can distinguish a volumetric magnetic suscepti-
bility of a single microsphere with a resolution of 4.2 × 10−8

(SI units) per 1 μm deviation height change in a 30 mM Gd3+-
based paramagnetic liquid (Figure 2C).

Levitation of s-PMS in the Presence of b-BSA Spiked
in PBS. Detection of b-BSA with the presented assay method
was conducted in 30, 60, and 90 mM Gd3+. For protein
detection experiments in different Gd3+ concentrations, the
levitation was conducted for 30 min to ensure steady-state
deviation height profiles (Supplementary Information, Figure
S8). The average deviation heights of s-PMS for various b-BSA
concentrations are shown in Figure 3. The points including the

reference condition (no b-BSA) are also presented in Figure
S9. Limit of detection (LOD) signal was calculated as adding
three standard deviations to the mean of reference signal (0 g/
mL b-BSA).52 Experimental results were fitted to a linear curve
(Supporting Information, Figure S10). LOD concentration
values were calculated as the intersection of these linear curves
and the LOD signal. LOD values of >0.1 ng/mL were obtained
in 30 mM and 60 mM Gd3+ solutions for b-BSA, whereas a >1
ng/mL LOD value was reached in 90 mM Gd3+ solutions. As
shown in simulations (Figure S7), experimental results
revealed that the detection sensitivity of the assay was

Figure 2. Sensitivity of the protein assay in the presence and absence
of magnetic nanoparticles for detection of 1.05 ng/mL b-BSA. (A)
Bright-field and fluorescent microscopy images of s-PMS after 30 min
of levitation in the 30 mM Gd3+-based paramagnetic medium.
Micrographs correspond to reference (no b-BSA), s-PMS with 1.05
ng/mL b-BSA, and s-PMS with 1.05 ng/mL b-BSA and s-MNP
experiments. (B) Quantitative deviation height analysis of micro-
spheres shown in (A). Data are presented as mean deviation height ±
SD. Data are compared with each other using one-way ANOVA.
****: P < 0.0001 and ns: not significant. (C) Magnetic susceptibility
versus deviation height simulation for s-PMS. The final magnetic
susceptibility (χf) of s-PMS in the presence of 1.05 ng/mL b-BSA and
s-MNPs can be determined from the distinct deviation height (hD,f) of
s-PMS. Zoomed plot and linear fit to the data with a coefficient of
determination (R2) are shown in the figure.

Figure 3. Levitation of s-PMS in b-BSA-spiked PBS samples.
Deviation heights with (A) 30 mM, (B) 60 mM, and (C) 90 mM
Gd3+-based paramagnetic medium are presented. Data are shown as
mean of three replicates with error bars (±SD). Linear fits to the data
with coefficient of determination (R2) are shown as solid lines.
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improved with the decrease in Gd3+ concentration. The LOD
value in PBS experiments using 30 mM Gd3+ (i.e., 0.12 ng/mL,
∼2pM) requires ∼1.0 × 104 b-BSA available molecules per
microspheres in the solution. This corresponds to a 1 × 10−6

increase in the average magnetic susceptibility of the
microspheres (Figure 2C), which is due to the attachment of
more than 1.2 × 103 s-MNPs (Figure S7) per microspheres.
Since microspheres started to reach the boundary of the
capillary channel for 1 μg/mL b-BSA at 30 mM Gd3+,
deviation height values of microspheres would be saturated
beyond this concentration.
Levitation of s-PMS in the Presence of b-BSA Spiked

in FBS. Direct examination of biological molecules in blood
serum of a patient is of great importance in diagnostic assay
development strategies. In this regard, s-PMS and s-MNP were
suspended in FBS without b-BSA and used as a reference test
first. However, all s-PMSs were collected at the bottom of the
capillary, probably due to the nonspecific adsorption of serum
proteins and s-MNP onto the s-PMSs and causing micro-
spheres to settle down to the bottom of the channel (Figure
S11). To eliminate nonspecific adsorption of proteins, we used
Tween 20 and Pluronic F-127 as nonionic surfactants.53 We
used PBS with 1% (v/v) Tween 20 solution (PBST) and PBS
with 1% (w/v) Pluronic F-127 (PBSP) to dilute the FBS
sample. For 1:1 (v/v) dilution of sample solution with PBST
(1%) buffer, still no microsphere was observed in the glass
microcapillary during the levitation, probably due to the
continuing effect of nonspecific bindings. Later, the dilution
ratio was increased to 1:10 (v/v) and microspheres could be
levitated in the glass capillary. In the case of PBSP (1%), a 1:1
(v/v) ratio sample dilution worked for microspheres. Then, we
tested the detection capacity of the magnetic levitation-based
assay in the serum sample composed of FBS spiked with b-
BSA. For b-BSA-spiked FBS tests, the sample was diluted with
either 1:10 (v/v) using PBST or 1:1 (v/v) using PBSP.
Experiments conducted with the 30 mM Gd3+-based levitation
medium revealed that deviation heights of s-PMS increased
with b-BSA concentration and an LOD value of >1 ng/mL was
obtained for b-BSA in FBS using both PBST and PBSP
dilutions (Figure 4A,B). However, s-PMSs were less dispersed
in the capillary channel with PBSP dilution than in that with
PBST dilution (Figure S12) for the reference test.
We also analyzed the distribution profile of s-PMS for

different b-BSA (Supporting Information, Figures S13−S18)
since not all microspheres would end up with the attachment
of the same number of magnetic nanoparticles due to the
differences in their binding capacities. CV (%) statistically
includes the relative dispersion of data points around the mean
value. Because of that, we incorporated CV (%) into our
analysis as an indicator of s-PMS distribution within the
channel. s-PMS with b-BSA showed a more distributed
deviation height profile within the microcapillary channel
compared to the s-PMS without b-BSA (Figure S19).
However, the average deviation height-based analysis did not
include this distribution. Due the distributed profile of s-PMS,
the change in CV (%) was greater than the change in average
deviation height in the presence of b-BSA (Figure S20). As
shown in Figure S21, there was a high distribution in the s-
PMS profile for reference tests (CV ≅ 14%) using PBST
dilution. On the other hand, for the dilution with Pluronic, s-
PMSs in reference tests were not widely distributed (CV ≅
7%). Hence, in our assay protocol, Pluronic in dilution buffer
could eliminate better nonspecific bindings on s-PMS surfaces

than Tween. CV analysis revealed that detectable b-BSA
concentrations could be slightly improved only for the
experiments conducted with Pluronic (Figure 4C,D). This
approach reduced the LOD down to sub ng/mL levels for b-
BSA in FBS samples diluted 1:1 (v/v) with Pluronic. However,
it should be noted that CV (%) of s-PMS is influenced by the
number of analyzed particles. Therefore, s-PMS number in the
channel should be kept constant in experiments.
We used 10-fold diluted s-PMS in order to improve the

detection sensitivity in serum by increasing the number of
target proteins per microsphere. Hence, much more b-BSA
molecules and s-MNP labels would be concentrated on s-PMS
for the same b-BSA concentration levels used in previous
experiments. Experiments revealed that the LOD reached
down to ∼110 fg/mL for b-BSA in the serum sample diluted

Figure 4. Levitation of s-PMS in b-BSA-spiked FBS samples under 30
mM Gd3+-based levitation medium. The FBS samples were diluted
using either PBST or PBSP. (A, B) Deviation height analyses of the
sample diluted with PBST and PBSP, respectively. (C, D) CV (%)
analyses of the deviation height profiles for PBST and PBSP dilutions,
respectively. Data are shown as mean of three replicates with error
bars (±SD). Linear fits to the data with coefficient of determination
(R2) are shown as solid lines.
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1:1 with PBSP (Figure 5 and Figure S22). However, the
standard deviation increased between the repeats because of
the low number of microspheres.

Detection of Immunoglobulin G as a Biomarker in
Pure and Complex Media. Lastly, we applied a sandwich
immunoassay on the polymer microspheres for detection of a
serological biomarker. We chose IgG as the target biomarker to
validate our method since IgG levels in blood are indicators of
neutralization of toxins and pathogens54 and autoimmune
diseases.55 The normal concentrations of total IgG in human
blood range between 8−16 mg/mL56 and discrepancies in
total IgG levels in blood relate to serious health problems. For
instance, in hypogammaglobulinemia, the IgG levels are
significantly reduced.57 On the other hand, elevated levels of
IgG may be the signatures of cancer58 or long-term infections
such as HIV.59 Moreover, antigen-specific IgG tests possess a
very critical role in the conformation of viral infections such as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in which specific IgG concentration peaks at 16.47 μg/mL
after the onset of the illness and remains at 11.4 μg/mL until
31−41 days.60

Microspheres and magnetic nanoparticles covered with
biotinylated anti-mouse IgG antibodies were used to detect
mouse IgG spiked in buffer and serum by monitoring deviation
heights of microspheres (Figure 6). In PBS, the LOD value was
determined as 1.5 ng/mL (∼10 pM) (Figure 6A) whereas in
FBS, a higher concentration (>10 ng/mL) was detectable with
CV analysis (Figure 6B). A similar LOD was observed in terms
of deviation height analysis (Figure S23). The results revealed
that LOD values increased for IgG compared to those for b-
BSA. This could be due to the fact that b-BSA used in this
study contains multiple binding sites (i.e., 8−16 mol biotin per
mol BSA) for binding onto the s-PMS and s-MNP. Moreover,
the streptavidin−biotin interaction has a 103−106 times higher
affinity than an antibody−antigen formation and is not easily
disturbed by assay manipulations such as washing steps.61 In
addition, the increase in LOD for IgG could be due to the
lowered number of available target binding sites on particles
since not all streptavidin molecules on their surface would be
functionalized with the well-oriented biotinylated antibody.
This can be eliminated by immobilizing a capture antibody
covalently onto a preactivated solid phase, instead of using the
streptavidin−biotin system. It is a complex method but may
improve antibody density on the surface.62

Magnetic Levitation-Based Protein Detection Meth-
ods. Magnetic levitation technology has been exploited to
detect different proteins. Target proteins, sample volume,
detection limits, assay time, and detection principle of those
studies are summarized in Table S2. So far, the detection
efforts have been based on density changes of microparticles
upon binding of target molecules. Our study is novel in that it
has proved the applicability of magnetic susceptibility-based
protein detection under magnetic levitation offering notable
protein detection levels of ∼110 fg/mL (∼1.6 fM) in serum
samples and could improve the detection sensitivity of
magnetic levitation technology further. Since biological
samples mostly have weak magnetic signals,63 the measure-
ment based on magnetic susceptibility changes can also be
used to detect many other clinically important biomolecules.
Compared to the detection limits (>100 pg/mL) and assay

time (>360 min) of conventional ELISA,64 our magnetic
susceptibility-based protein assay provided low detection limits
with a reasonable analysis time (∼80 min). The protein
analysis with the presented strategy was conducted directly on
a simple bright-field microscope with a more straightforward
method that does not require complex instrumentation,
numerous washing, and incubation steps unlike conventional
ELISA. Moreover, magnetic nanoparticles could be adopted in
ultrasensitive and automated on-chip protein analysis plat-
forms.15,65 For a remote and portable protein analysis, this
assay could be adopted to low-cost and portable imaging
systems such as cellular phones,27 lensless holographic
microscopy systems,66,67 and self-contained and handheld
magnetic levitation devices.68,69 In addition, integration of the
assay into flow-assisted magnetic levitation devices70 could
enable analyzing higher sample sizes and hence increasing the
sensitivity of protein detection.
Our proposed detection method uses centrifugation to

eliminate sample matrices. Hence, the analysis is independent
from the variabilities coming from the real sample

Figure 5. CV (%) analysis of the deviation height profiles of diluted s-
PMS for different concentrations of b-BSA-spiked FBS sample
prepared in PBSP. Data collected using the 30 mM Gd3+-based
levitation medium are shown as mean of three replicates with error
bars (±SD). A linear fit to the data with a coefficient of determination
(R2) is shown as a solid line.

Figure 6. CV (%) analyses of the anti-mouse IgG microspheres for
different concentrations of mouse IgG spiked in (A) PBS and (B)
FBS. Data collected using the 30 mM Gd3+-based levitation medium
are shown as mean of three replicates with error bars (±SD). A linear
fit to the data with a coefficient of determination (R2) is shown as a
solid line.
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composition, such as viscosity and density. Even if there are
some residues of detected molecules left in the paramagnetic
medium with a density of 1.016 g/mL, their effect on the
medium density is very low since low concentrations of
molecules (≤1 μg/mL) were used in our study. Moreover, if
the sample medium (i.e., FBS with a density of 1.025 g/mL23)
remains in the paramagnetic medium, its effect should also be
observed in the reference tests (i.e., without the target
molecule). The effect of centrifugation on the levitation height
of microspheres was not observed also (Figure S24). In
addition, the aggregation of the microspheres does not alter
the net levitation height of microspheres since the levitation
height is independent from the volume of the microspheres
(Figure S6). It is also known that the magnetic levitation
profile is not significantly affected by mild temperature changes
(28−36 °C).31 Considering all, we believe that the method
shown here could provide consistent readouts in the field. For
more sensitive protein detection, MNP labels with higher
susceptibility can be easily adapted in the presented method so
that microspheres can deviate more under the same magnetic
field and create a significant levitation height change in the
presence of ultralow protein concentrations. By changing the
surface properties of the particles, the unspecific adsorption
can be reduced in complex media such as blood plasma, and
the sensitivity of the assay can be further increased.71

■ CONCLUSIONS
In this study, we demonstrated a new method of using
diamagnetic microspheres as mobile assay substrates to catch
the target protein and magnetic nanoparticles as labels to
increase the magnetic susceptibility of protein-conjugated
microspheres. The increase in the magnetic susceptibility
results in a significant deviation of microsphere−protein
conjugates from the centerline of the two magnets compared
to microspheres containing no protein. While other magnetic
levitation-based protein detection methods focus on density
changes of particles due to binding of target analytes, here, we
propose a method that utilizes minute magnetic susceptibility
changes upon labeling the target with magnetic nanoparticles.
Hence, apart from protein detection, the method developed
here could be used to estimate the magnetic susceptibility
changes of particles with a resolution of 4.2 × 10−8. Moreover,
the assay platform does not depend on electric power to
operate, and it offers a plain and low-cost design (<$30) that
can be mounted easily to a regular microscope for protein
measurements. The presented protein detection assay could
also be adopted for the detection of any other target molecule
using polymeric and magnetic micro/nanoparticles decorated
with specific recognition molecules against the target molecule.
This could enable a broad range of applications in the field of
environmental inspection, food and water safety, drug
screening tests, and medical diagnosis.
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