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ABSTRACT: Magnetic levitation, which is a magnetic phenomen _
levitating particles suspended in a paramagnetic liquid under a non RO " e,

5 g o _n 9no LAy H B target protein !
magnetic eld, is a powerful tool for determining densities and magnetics= " < poiymer : R Y magnetic
properties of micro- and nanoparticles. The levitation height of particleg ji..+. e fargetproein 11> % T < nanoparticle;
the magnetic eld depends on the magnetic susceptibility and depgiy. .. ... ... .44, :f
di erence between the object and the surrounding liquid. Her
developed a magnetic susceptibility-based protein detection scheme
cost and miniaturized magnetic levitation setup consisting of two o
magnets to create a gradient of a magmdica glass capillary channel
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 asse
realized by capturing the target protein to the polymer microspheres. Then, magnetic nanoparticles were attached onto the result
microsphereprotein complex, creating a sigamt di erence 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. T
levitation heights and their distribution were then correlated to the amount of target proteins. The method enabled a detection limi
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 achieveeriarttlserum, respectively. This approach
sensed the minute changes in the volume magnetic susceptibility of the microspheres with a ressiutdA pér4l2 m
levitation height change.

Protein biomarkers in blood serve as molecular signatureature with MNPs makes them susceptible to the magnetic
of complex diseases such as caricegrdiovascular  eld so they can be controlled by a simple magnet. In
disorderé, and other pathological situatiGisHence, = magnetic-based biosensing applications, MNPs can be
sensitive and rapid proteintefdion provides valuable exploited as magnetic labels, assay substrates on which the
information about the presence and course of a disease thadtein of interest is captured, or Bdthseveral studiés,*®

could improve the survival rate of patients. However, fese particles allowed highly sensitive detection of proteins
biomarker may be present at very low levels (e.g., sub-ng/mlding microuidic devices. Since these studies require precise
in the blood, which requires large volumes of samples and logightrol of microuidic ow rates and sophisticated exper-
processing time for classical biomarker analysis techniqy@gntal schemes, they could na@r@asy-to-use and low-cost
(e.g., enzyme-linked immunosorbent assay (ELISA)). lgetection schemes.

addition, the lack of portability hinders the applicability of pmagnetic levitation, which is levitating objects under an
traditional techniques in resource-limited seftifigsrefore, inhomogeneous magnetield based on the balance of
novel sensing methods or devices detecting a low amountgfynetic and buoyancy forces, has inspired many applications,
proteins directly from a complex mixture such as human serym, ging sorting numerous matetfafé the association of

have the potential to advanconventional diagnostic proteins and ligand$,22 cell measurement and detec-
techniques to further levels. ion2® 2° 3D assembly of living céfls’®> and biomarker

X . . tio
Over the years, magnetic-based detection techniques haye’ .. 3332 : ;
gained much attention as ideal candidates for biomark@ré?ec“or?' Lately, this technology has emerged to provide

analysis due to their contactless control in biological samples;—

ease of operation, low energy requirement, and simpfeeceived: June 10, 2020
desigr?. *° Magnetic-based protein detection technologieg\ccepted: August 19, 2020
have focused on the use of magnetic nanoparticles (MNPS}Plished: August 19, 2020
which are typically made of a magnetic core (eQ., dfal

FeO,) and a surrounding shell (e.g., dextran and Sflica).

Labeling of biological particles lacking magnetic property in
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high-throughput, compact, and portable analysis of micro-v2 FLGPCLO?2at a resolution of 25m (Formlabs, Form2 3D
particle and cell densitid$?3° *®* Fundamentals and printer) (Figure Sp
applications of magnetic levitation are well documented in Design and Characterization of the Magnetic
recent review articles* Levitation-Based Protein Assay Using b-BSAThe assay

A simply -designed magnetic levitation setup consists of tar b-BSA detection included streptavidin-coaterkscent
magnets whose same poles face each other. A partiptdystyrene microspheres (s-PMS) (Streptavidin Fluoresbrite
suspended in a paramagnetic liquid is levitated betwe®fG 6 m polystyrene beads, Polysciences Inc.), streptavidin
these magnets at an equilibrium position determined by it®ated-magnetic nanoparticles (s-MNP) (MACS streptavidin-
density and magnetic susceptibility relative to the surroundigupled microbeads, 50 F#h30-048-102, Miltenyi Biotec),
liquid. Briey, measuring the levitation height of an objectand b-BSA (Sigma-AldrichA8549-10MG) as a model
reveals the density and magnetic susceptibility. So far, denpitytein. Gd-BT-DO3A (Gadavist, gadobutroP{gdwhich
change regarding the binding of proteins onto the beads iisa nonionic paramagnetic medium with weak protein binding
measured by monitoring the levitation height change in theropertie§? was used to increase the magnetic susceptibility
magnetic levitation system and correlating to the amount @f erence between microspheres and the medium. Cell
proteins bound onto the bedts’**** One of those is a viability tests also revealed that this medium showed good
multiplex detection of antibodies against syphilis and hepatiifocompatibility up to 200 mM concentration I€vels.
C by observing the height change of levitating polystyrenein brief, the protein detection protocol starts with the
beads upon binding of antibodies and subsequent depositigigubation of s-PMS at two dient concentrations (i.e.>10
of metal nanoparticlé$Recently, the levitation height of two or 1 particles/mL) with the sample solution (200 for 30
di erent-density polymethylmethacrylate microspheres hasin on a vortex mixer. As a sample, b-BSA was spiked either in
been tracked for the quantition of interleukin-6 (IL-6). PBS (Gibco, pH = 7.4) or in dialyzed fetal serum albumin
These antibody-coated microspheres conjugate in the presefiegs) (Sigma-Aldrich). Prepared FBS samples were diluted
of IL-6 and reach a density value between those of two typesgiher 1:10 (v/v) with PBS containing 1% (v/v) Tween 20 or
microspheres. The technique can detect 10 pg/mL (correr:1 (v/v) with 1% (w/v) Pluronic F127 (Sigma-Aldrich).
sponds to 0.5 pM) of IL-6 in phosphate-ered saline  Then, the mixture was centrifugated at 13,500 rpm (DAIHAN
(PBS) samples. Moreover, aQhs disease-related anti- geientic CF-10) for 5 min and the supernatant was discarded.
Trypanosoma craritibodies in blood samples were quethti  Finally, b-BSA-bound s-PMS were resuspended ib @08
with a detection limit of 5g/mL (corresponds to30 M).™ levitation buer (i.e., either PBS (pH = 7.4) containing 1% (v/

Here, apart from density-based techniques using thg Tween or 1% (w/v) Pluronic F-127) and incubated with 1
magnetic levitation principle, we present a magnetic suscepf-of s- MNP stock solution for 15 min. After it was mixed with

ibility-based protein detection method using polymer microy \ G+ stock solution (with volumes of 0.4, 1.2, 2.4, and 3.6
spheres as mobile assay surfaces and MNPs as labels. Labgling get 10, 30, 60, and 90 mM35ih the nal solution

protein conjugated-polymer microspheres with MNPs chang pectively), the mixture (40) was loaded into the

the magnetic susceptibility of the conjugate, and in thgcrocapillary channel using an automatic micropipette. For
magnetic levitation system, the equilibrium height of thg,cp, experiment, a new microcapillary treated with an air

complex was sigoantly altered compared t0 N0 protein- hiaqma for 4 min at 0.5 mbar and 100 W (Diener plasma
conjugated microspheres. Approximately 110 fg/ml6 ( tjeaner) was used. After sample loading, one end of the

fM) biotinylated bovine serum albumin (b-BSA) could bew;erqcaniliary channel was sealed by immersing it into the

detected in serum. With the developed sandwich immun@s;ioqeq) (Leica Microsystems, Germany). Then, the capillary
assay, detection limits for mouse immunoglobulin G (I9G) ify 55 jnserted into the magnetic levitation platform. The center
pure buer and serum were 1.5 ”9’”.“0 pM) and >10 ng/ part of the channel was monitored under an inverted
mL, respectively. The assay requ_lred BOOF sample anq microscope (Zeiss Axio Observer Zlobjective) equipped
reasonably short analysis timed( min for assay preparation with a camera (Zeiss AxioCam ICm1). A single micrograph of

steps o the platform and 30 min for levitation on the . : . o
. o the microcapillary was used to analyze microsphere positions
platform). The results suggested that magnetic IeV|tat|on—basf8 each exgerin)]/ent. Distance mea);urementspon thg images

ass?ys_ hold a great prlom|se for sensitive and rapid protein = Conducted using the Image J Softv@epérting
analysis In serum samples. Information Table SlandFigure SB In a single micrograph,

100 120 microspheres could be analyzed at a concentration of

EXPERIMENTAL SECTION 1P microspheres/mL.
Experimental Setup. The protein assay was performed in  Application of the Assay for the Measurement of

a magnetic levitation platform composed of (i) two magnetsnmunoglobulin G Levels. The proof of concept developed
(N52-grade neodymium, 50 mm lengtB mm widthx 5 for b-BSA was tested for the detection of mouse 1gG (Sigma-
mm heightsupermagnete)daith polarization through their Aldrich, 15381) spiked in ber and serum as the target
heights, (ii) two mirrors (1/2square protected aluminum protein biomarker. Biofunctionalization of streptavidin poly-
mirror, 3.2 mm-thick, Thorlabs) tilted af 46 monitor the mer microspheres and magnetic nanoparticles with biotiny-
channel along its height using an inverted microscope, and (fiéted goat anti-mouse IgG (Sigma-Aldrich, B7264) is presented
a glass microcapillary channel (50 mm lengjtimm widthx in the Supporting InformationAll 1IgG experiments were
1 mm heightyitrocom.comwith a wall thickness of 0.2 mm conducted in PBS and FBS diluted 1:1 with PBS (pH = 7.4)
placed between the magnétg)fre SIL The glass capillary containing 1% (w/v) Pluronic F-127 and 1% (w/v) BSA
has a tolerance H.0% for its inner dimensions. The parts of (Sigma-Aldrich) Supporting Informatipn The incubation
the platform were assembled in a 3D-printed body, which wasd levitation procedures performed in b-BSA tests were also
produced by stereolithography using photoreactivédiesin applied for IgG%upporting InformatipnOn the other hand,
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Figure 1.Principles of the magnetic levitation-based protein assay. (A) lllustration 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) Magneti
induction in they direction 8,). Magnets are separated 18@0from each other, and the microcapillary with a channel height ahlf@®a

channel wall thickness of 208 is placed between the magnets. (C) Schematic representatiame dhaubation steps. (D) Schematic
representation of the protein detection principle. Due to magnetic indB)caioth gravity @, microspheres inside the capillary channel levitate

where the magnetic fordg,] is balanced by the buoyancy foFgg (Upon binding of protein (b-BSA) and s-MNP onto the s-PMS, the complex

gains magnetic susceptibility and levitatescsigtly dierent than the no-protein condition (reference testgpresents the deviation distance

of the microspheres from the centerline plane.

Fy

the concentrations of MNPs were optimized to enhanceounterbalanced with the buoyancy fofge®t Under the
binding e ciency (Supporting Informatidfigure Sy same magneticeld conditions, the steady-state levitation
Statistical Analysis. All experiments were repeated three height of a microsphere depends purely on the magnetic
times using a new capillary channel for each experiment, aceptibility ( and density () di erence between the
data are presented as meastandard deviation (SD) from microsphere and paramagnetic medium. For instance, if the
the mean values of triplicates. Statistical cigpe was  microspheres have high magnetic susceptibility or density (e.g.,
determined by one-way bBsés of variance (ANOVA) magnetic nanoparticles), they levitate close to the magnets
corrected for multiple comparisons anest with Welch whereas diamagnetic particles (e.g., polymer microspheres) are
correction. Coecient of variation (CV) (%) was calculated as repelled by the applied magnetiltl and levitate close to the
(standard deviation of population/mean of the population) midpoint between the magnets (Supporting Information,
100. Statistical outliers in data were detected and removethure SpB
under the integrated robust regression and outlier removal Characterization of Magnetic Levitation-Based Pro-
(ROUT) method® for di erent maximum desired false tein Measurement. Our method detects b-BSA by
discovery rateQ) values (i.e., 0.5, 1, 2, and 5%) for CV monitoring levitation heights of s-PMS. The deviation height
(%)-based analysis. These analyses were conducted ugifigmicrosphereshg) is calculated as the distance of
GraphPad Prism (version 6.0). The mean values ahicrospheres from the centerline plane between magnets in
experimental data wered into linear curves (i.e., semilog the presence of b-BSA and s-MNP. In the aSsayd C),
lines) to obtain standard equations for deviation height/C\b-BSA molecules are captured on s-PMS surfaces, and the

versus protein concentration. captured b-BSA are labeled with s-MNP due to strong
molecular anity between streptavidin and biotin molecules
RESULTS AND DISCUSSION (Ky= 2.5x 10 M 1).** These conjugations alter the net

The magnetic levitation platform includes two permanermagnetic susceptibility and density of s-PMS, and so they
neodymium magnets at the opposinggumation (i.e., same  signi cantly change the deviation height of s-PMS compared to
magnetic poles face each other), a glass microcapillary chassBMS without b-BSArigure D). Our assay monitors two
inserted between the magnets (50 mm lengytimm widthx parameters for protein detection: (i) average deviation height
1 mm height), two mirrors tilted at°46 monitor inside the  of microspheres labeled with magnetic nanoparticles and (ii)
channel using an inverted microscope, and a 3D-printed holdgviation height distribution of microspheres.

to maintain these piecefigure A). In this platform, Modeling and Design of Assay Protocol.We tested the
magnetic inductiorBj reaches its maxima near the magnetdevitation prole of s-PMS spiked in 30 mM¥dith (i) no

and its minima at the midpoint between the magrietsr¢ b-BSA, (ii) 1.05 ng/mL b-BSA, and (iii) 1.05 ng/mL b-BSA
1B). Our magnet coguration creates a linear magnetic and s-MNP Eigure 2). The signicant change in levitation of
induction in they direction 8)) in the interspace between the s-PMS occurred in the presence of s-MiRi(e B) similar
magnets separated by 1.8 rrigyre Sp When diamagnetic to the simulation results (Supporting Informagaiyres S6
microspheres are spiked in a nonionic paramagnetic medismd S7Most of proteins are diamagnetic in nature and have
they come into an equilibrium position along with the channelery small magnetic susceptibility (e;gs, 0.826x 10 ¢

height and levitate where the magnetic foRgd s (CGS unitsf®and e.g.,yae; 0.719% 10 © (CGS unitsj9).
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)5 0

units) and labeled Ce”sygast, liver, and carcinoma celss 20 x
10 8 (Sl units))>* 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@8
(SI units) per 1 m deviation height change in a 30 mM'Gd
based paramagnetic liquidg(ire Z).

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*GHor protein
detection experiments in @ient Gd" concentrations, the
levitation was conducted for 30 min to ensure steady-state
deviation height prtes (Supplementary Informatiéingure
S§. The average deviation heights of s-PMS for various b-BSA
concentrations are showrrigure 3The points including the

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- eld and uorescent microscopy images of s-PMS after 30 min
of levitation in the 30 mM Gtbased 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 deviatian height
SD. Data are compared with each other using one-way ANOVA.
**rx P < 0.0001 and ns: not sigrant. (C) Magnetic susceptibility
versus deviation height simulation for s-PMS. fidlemagnetic
susceptibility ¢) of s-PMS in the presence of 1.05 ng/mL b-BSA and
s-MNPs can be determined from the distinct deviation Hgjgtuf(
s-PMS. Zoomed plot and linearto the data with a coeient of
determinationR) are shown in thegure.

Hence, there was no sigmint 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-P

and BSA complex changed the overqll magnetic susceptibi tviation heights with (A) 30 mM, (B) 60 mM, and (C) 90 mM

( p)_ of 'ghe complex and set a new levitation height for s-PM d**-based paramagnetic medium are presented. Data are shown as
which is closed to the bottom magnet. Later, the magnetiGean of three replicates with error hag0). Linear ts to the data

susceptibility change due to the attachment of 1.05 ng/mL Kyith coe cient of determinatiorRf) are shown as solid lines.
BSA was calculated to bex210 ° (Sl units) fromFigure €

by tting the deviation height versus magnetic susceptibility
data shown ifrigure S7 reference condition (no b-BSA) are also presentéduire

In routine operations, superconducting quantum interfeiS9 Limit of detection (LOD) signal was calculated as adding
ence deviéé magnetometry, vibragj-sample magneto- three standard deviations to the mean of reference signal (0 g/
meter® and nuclear magnetic resonéheee widely used mL b-BSAF? Experimental results weteed to a linear curve
techniques for sensitive magnetic susceptibility measureme@spporting Information-igure S10 LOD concentration
of materials. However, they include a hard-to operate amdlues were calculated as the intersection of these linear curves
expensive scheme that is not optimized for single-partici@d the LOD signal. LOD values of >0.1 ng/mL were obtained
measurements. To overcome these limitations, magnein-30 mM and 60 mM Gdsolutions for b-BSA, whereas a >1
phoretic motion of particles in a nonhomogeneous magnetig/mL LOD value was reached in 90 mM*Gdlutions. As

eld has been used for measuring volumetric susceptibilitiessabwn in simulationsFigure S); experimental results
both nonlabeled cells.{,a wmor celis 0.5136x 10 (CGS revealed that the detection sensitivity of the assay was

re 3. Levitation of s-PMS in b-BSA-spiked PBS samples.
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improved with the decrease irfGmbncentration. The LOD
value in PBS experiments using 30 mi &el, 0.12 ng/mL,

2pM) requires 1.0 x 10* b-BSA available molecules per
microspheres in the solution. This corresponds to 201°
increase in the average magnetic susceptibility of the
microspheres=(gure £), which is due to the attachment of
more than 1.% 10° s-MNPs Figure Syper microspheres.
Since microspheres started to reach the boundary of the
capillary channel for 1g/mL b-BSA at 30 mM &4
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

rst. However, all s-PMSs were collected at the bottom of the
capillary, probably due to the nonsgeadisorption of serum
proteins and s-MNP onto the s-PMSs and causing micro-
spheres to settle down to the bottom of the chaRitlré
S1). To eliminate nonspeciadsorption of proteins, we used
Tween 20 and Pluronic F-127 as nonionic surfattames.
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%) bu er, still no microsphere was observed in the glass
microcapillary during the levitation, probably due to the
continuing eect of nonsped 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*®dsed 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 A,B). However, s-PMSs were less dispersebigure 4.Levitation of s-PMS in b-BSA-spiked FBS samples under 30

in the capillary channel with PBSP dilution than in that witd"M GOT{']baSF?SSﬁV“agCg‘SQegAi\U“I;j TDhe_FtBS iaf_“ﬁ'tes were d”‘;t?hd
PBST dilution Eigure S1pfor the reference test. using either or A eviation neight analyses of the
We also anlgl%lzed t]fﬁf distribution fercof s-PMS for sample diluted with PBST and PBSP, respectively. (C, D) CV (%)

. i o analyses of the deviation heightlpsofor PBST and PBSP dilutions,
d.' erent b'BSA (Supporting Informatlélgur_es S131§ resp)éctively. Data are show% asp mean of three replicates with error
since not all microspheres would end up with the attachmeplys ¢ Sp). Linear ts to the data with coeient of determination
of the same number of magnetic nanoparticles due to the?) are shown as solid lines.
di erences in their binding capacities. CV (%) statistically
includes the relative dispersion of data points around the mean
value. Because of that, we incorporated CV (%) into owhan Tween. CV analysis revealed that detectable b-BSA
analysis as an indicator of s-PMS distribution within theoncentrations could be slightly improved only for the
channel. s-PMS with b-BSA showed a more distributeskperiments conducted with Plurorfiegire €,D). This
deviation height prte within the microcapillary channel approach reduced the LOD down to sub ng/mL levels for b-
compared to the s-PMS without b-BSAgire S1P BSA in FBS samples diluted 1:1 (v/v) with Pluronic. However,
However, the average deviation height-based analysis did it@hould be noted that CV (%) of s-PMS isigmced by the
include this distribution. Due the distributed lprof s-PMS,  number of analyzed particles. Therefore, s-PMS number in the
the change in CV (%) was greater than the change in averagnnel should be kept constant in experiments.

deviation height in the presence of b-BSgu(e S20 As We used 10-fold diluted s-PMS in order to improve the
shown inFigure S21there was a high distribution in the s- detection sensitivity in serum by increasing the number of
PMS prole for reference tests (CV 14%) using PBST target proteins per microsphere. Hence, much more b-BSA
dilution. On the other hand, for the dilution with Pluronic, s-molecules and s-MNP labels would be concentrated on s-PMS
PMSs in reference tests were not widely distributed (CV for the same b-BSA concentration levels used in previous
7%). Hence, in our assay protocol, Pluronic in dilutiar bu experiments. Experiments revealed that the LOD reached
could eliminate better nonspediindings on s-PMS surfaces down to 110 fg/mL for b-BSA in the serum sample diluted
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1:1 with PBSP Higure 5and Figure S22 However, the
standard deviation increased between the repeats because of
the low number of microspheres.

Figure 5.CV (%) analysis of the deviation heightlpsoof diluted s-

PMS for dierent concentrations of b-BSA-spiked FBS sample
prepared in PBSP. Data collected using the 30 nivbaed
levitation medium are shown as mean of three replicates with error
bars ¢ SD). A lineart to the data with a coeient of determination

(R is shown as a solid line.

Figure 6.CV (%) analyses of the anti-mouse IgG microspheres for
di erent concentrations of mouse IgG spiked in (A) PBS and (B)
Detection of Immunoglobulin G as a Biomarker in FBS. Data collected using the 3(_) ml\?l*@t_ised levitation medium

g . ., are shown as mean of three replicates with errot By @ linear
Pure and Complex Media.Lastly, we applied a sandwich 5 the data with a coeient of determinatiorf) is shown as a
immunoassay on the polymer microspheres for detection o&&id line.

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 pathogemsid autoimmune Magnetic Levitation-Based Protein Detection Meth-
diseases. The normal concentrations of total IgG in humanods. Magnetic levitation technology has been exploited to
blood range between B mg/mL>® and discrepancies in detect dierent proteins. Target proteins, sample volume,
total IgG levels in blood relate to serious health problems. Fdetection limits, assay time, and detection principle of those
instance, in hypogammaglobulinemia, the IgG levels astudies are summarizedTiable S2 So far, the detection
signi cantly reduced. On the other hand, elevated levels of e orts have been based on density changes of microparticles
IgG may be the signatures of caficerlong-term infections  upon binding of target molecules. Our study is novel in that it
such as HIV? Moreover, antigen-specigG tests possess a has proved the applicability of magnetic susceptibility-based
very critical role in the conformation of viral infections such gwotein detection under magnetic levitatiogrinog notable
severe acute respiratory syndrome coronavirus 2 (SARS-CpY6tein detection levels of10 fg/mL ( 1.6 fM) in serum

2) in which specct IgG concentration peaks at 16.¢/mL samples and could improve the detection sensitivity of
after the onset of the illness and remains at d/ilnd. until magnetic levitation technology further. Since biological
31 41 day§’® samples mostly have weak magnetic $ijttaés measure-

Microspheres and magnetic nanoparticles covered withent based on magnetic susceptibility changes can also be
biotinylated anti-mouse IgG antibodies were used to detegsed to detect many other clinically important biomolecules.
mouse IgG spiked in ber and serum by monitoring deviation = Compared to the detection limits (>100 pg/mL) and assay
heights of microspherésqure §. In PBS, the LOD value was time (>360 min) of conventional ELISApur magnetic
determined as 1.5 ng/mL 10 pM) (Figure &) whereas in  susceptibility-based protein assay provided low detection limits
FBS, a higher concentration (>10 ng/mL) was detectable witlvith a reasonable analysis tim&0( min). The protein
CV analysisHigure B8). A similar LOD was observed in terms analysis with the presented strategy was conducted directly on
of deviation height analydisgure S23 The results revealed a simple brighteld microscope with a more straightforward
that LOD values increased for IgG compared to those for lrethod that does not require complex instrumentation,
BSA. This could be due to the fact that b-BSA used in thisumerous washing, and incubation steps unlike conventional
study contains multiple binding sites (i.€L68nol biotin per  ELISA. Moreover, magnetic nanoparticles could be adopted in
mol BSA) for binding onto the s-PMS and s-MNP. MoreovenJltrasensitive and automated on-chip protein analysis plat-
the streptavidinbiotin interaction has a®1a.(® times higher ~ forms:>®® For a remote and portable protein analysis, this
a nity than an antibodyantigen formation and is not easily assay could be adopted to low-cost and portable imaging
disturbed by assay manipulations such as washifig Isteps. systems such as cellular phéhdensless holographic
addition, the increase in LOD for IgG could be due to themicroscopy systefifS/ and self-contained and handheld
lowered number of available target binding sites on particlesgnetic levitation devi€e$’ In addition, integration of the
since not all streptavidin molecules on their surface would besay into ow-assisted magnetic levitation déVicesild
functionalized with the well-oriented biotinylated antibodyenable analyzing higher sample sizes and hence increasing the
This can be eliminated by immobilizing a capture antibodgensitivity of protein detection.
covalently onto a preactivated solid phase, instead of using th®ur proposed detection method uses centrifugation to
streptavidinbiotin system. It is a complex method but mayeliminate sample matrices. Hence, the analysis is independent
improve antibody density on the surface. from the variabilities ndng from the real sample
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composition, such as viscosity and density. Even if there are  tting of experimental data; and ROUT analysis for
some residues of detected molecules left in the paramagnetic elimination of outlier microspher®H@

medium with a density of 1.016 g/mL, theiect on the

medium density is very low si_nce low concentrations. of AUTHOR INFORMATION

molecules (1 g/mL) were used in our study. Moreover, if
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