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ABSTRACT: Sensitivity and specificity are among the most
important parameters for viable sensor technologies based on
magnetic nanoparticles. In this work, we describe synthetic routes
and analytical approaches to improve both aspects. Magnetic iron
oxide particles having diameters of 120, 440, and 700 nm were
synthesized, and their surfaces were specifically functionalized.
The larger particles showed significantly stronger magnetic signals
and responses when compared to commercially available magnetic
particles (Dynabeads). A force-based detection method was used
to distinguish specifically bound particles (via protein interactions)
and nonspecifically bound ones (e.g, via physisorption). In
addition, an exchange platform, denoted as exchange-induced
remnant magnetization (EXIRM), was developed and utilized to
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detect label-free proteins specifically. Using EXIRM, the 700 nm magnetic particles showed a 7-fold increase in detection
sensitivity when compared to the markedly larger commercially available Dynabeads; furthermore, EXIRM exhibited high
specificity, even in a 100-fold increase of nontargeted protein. More generally, particle size effects, reaction times, and dynamic

ranges are evaluated and discussed herein.

D 1 agnetic particles (MPs) are widely used in protein

purification and detection,"” having served as separation
tools, target labels, signal carriers, and even force trans-
ducers.' > Various detection techniques that utilize MPs have
been reported, such as chromatography, surface plasmon
resonance, optical/fluorescence spectroscopy, magnetic spec-
troscopy, and the recently invented force-induced remnant
magnetization spectroscopy (FIRMS), which measures the
binding forces of protein—protein interactions using magnetic
detection.”*”® Derived from the FIRMS technique, the method
of exchange-induced remnant magnetization (EXIRM) has
been used to study the exchange reaction between microRNA
(miRNA) and mismatched DNA.” With EXIRM, because the
binding between complementary RNA/DNA strands is
strongest when there are no mismatching nucleotides,
mismatched RNA/DNA labeled with MPs are replaced by
complementary strands that are unlabeled, leading to a
reduction in the magnetic signal. With this approach, the
specific detection of miRNA has been achieved: an atomic
magnetometer was used to detect the magnetic signals of
functionalized MPs before and after applying mechanical forces
to remove the nonspecific interactions.”

However, it still remains a challenge to detect proteins
specifically and with high sensitivity. First of all, protein—
protein interactions are generally more complicated and less
resolvable than DNA—DNA interactions. In particular, non-

-4 ACS Publications  © 2018 American Chemical Society

6749

specific interactions between target proteins and the comple-
mentary protein-functionalized surface are a major factor
inhibiting the development of MP-based specific protein
detection.'’ Second, commercially available MPs are magneti-
cally weak in general, which represents a major factor limiting
the sensitivity of MP-based detection techniques. The size of
the MPs not only governs the magnetic signal but also plays an
important role in partitioning the specific and nonspecific
interactions between protein-conjugated MPs and the comple-
mentary protein-modified surface.”'> Moreover, despite the
plethora of synthetic routes for the preparation of MPs having
various compositions, sizes, and morphologies,B_15 most of the
existing routes afford small particles or particles that have weak
magnetic properties.14_17

Herein, we report the highly sensitive and specific detection
of proteins using the EXIRM technique. To demonstrate this
achievement, this manuscript describes the synthesis and
characterization of exceptionally strong MPs, their functional-
ization with streptavidin, and their application in specific
protein detection using EXIRM (see Scheme 1). We prepared
three different sizes of iron oxide MPs with fairly narrow
distributions, 700 + 165 nm (MP700), 440 + 90 nm (MP400),
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Scheme 1. Synthetic Strategy Used to Prepare MPs for
Biosensing
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and 120 + 9 nm (MP100), and functionalized their surfaces for
specific protein detection. We compared their magnetic
properties to those of widely used and markedly larger
Dynabeads (M280, Invitrogen, 2.8 pm diameter). We then
used EXIRM to demonstrate the capacity of the synthesized
and functionalized MPs for the specific detection of various
subclasses of immunoglobulin G (IgG) based on their differing
binding affinities with protein A.

B EXPERIMENTAL SECTION

Materials. The chemicals, ammonium hydroxide (30% NH,
in H,0, EM Science), sodium acetate, ethanol (McKormick
Distilling Co.), ethylene glycol (Avator), and iron(III) chloride
hexahydrate (Alfa Aesar) were of analytical grade and were used
as received. Polyvinylpyrrolidone (PVP, MW ~55 000 g/mol),
N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydro-
chloride (CgH;;N;-HCI, EDC), N-hydroxysuccinimide
(C,HsNO;, NHS), streptavidin, mouse IgG2a, glutaraldehyde,
phosphate-buffered silane (PBS) buffer, bovine serum albumin
(BSA), glycine (NH,CH,COOH), tetraethylorthosilicate
(TEOS), y-methacryloxypropyltrimethoxysilane (MPS), acrylic
acid (AA), N,N’-methylenebis(acrylamide) (MBA), acetoni-
trile, 2,2’-azobis(2-methylpropionitrile) (AIBN), Tween 20,
and polyethylene glycol (MW ~400 g/mol) were used as
received from Sigma-Aldrich. Dynabeads-M280 streptavidin,
protein A, and biotinylated mouse IgG1 from Thermo Fisher,
and biotin-PEG-succinimidyl valerate (MW ~5000) and m-
PEG-succinimidyl valerate (MW ~5000) from Laysan Bio were
also used without modification. DEVCON Clear 2 Ton Epoxy
glue was used for the assembly of the functionalized glass wells.
Water was purified to a resistivity of 18 MQ-cm (Academic
Milli-Q Water System, Millipore Corporation) and filtered
through a 0.22-um filter membrane to remove any impurities.
All glassware and equipment were cleaned in aqua regia and
rinsed with Milli-Q water prior to use. Details of all synthetic
procedures are provided in the Supporting Information.

Preparation of Fe;0, Particles with 120, 400, and 700
nm Diameters. The general procedure for the synthesis of
Fe;0, MPs follows a modification of a procedure reported by
Deng et al. and Rittikulsittichai et al."®"? In general, this
synthesis route involves a liquid reduction reaction between
iron chloride (FeCly) and the solvent (ethylene glycol and
diethylene glycol) together with hydrothermal and polyol
processes; sodium acetate and polyethylene glycol provide
electrostatic stabilization and prevent agglomeration. To
achieve tunable sizes with controllable size distributions,
many factors need precise control, including the coordinating
ligand, the solvent system, the concentration of iron source, and
the reaction time.”*~>* The growth of magnetic particles starts
from the formation of primary nanocrystals and then
agglomeration of secondary structures.

The size of the Fe;O, particles can be well controlled to 20—
200 nm using an ethylene §lycol (EG)/diethylene glycol
(DEG) binary solvent system.””*’ The bulkier, trivalent, and
higher boiling point of DEG coordinates with the iron ion to
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slow down the agglomeration of Fe;O, primary grains and
increase the number of agglomeration centers.”"””> When the
desired size is greater than 200 nm for the MP, EG provides a
higher capability for reduction and provides better control of
the morphology during the hydrothermal synthesis. Moreover,
the concentration of the iron source and the reaction time can
be adjusted to grow even larger particles.

To produce a uniform silica shell on the MPs, we used a
modification of the sol—gel procedure reported by Stober et
al.”* This method starts with the hydrolysis of TEOS under
basic conditions (e.g., aqueous ammonium hydroxide solution),
followed by the condensation and polymerization of TEOS into
a silica shell on the surface of the magnetic core. The coating
thickness can be controlled by adjusting the relative
concentrations of ammonium hydroxide, TEOS, and water.
For our experiments, details of the chemicals and descriptions
of the procedures used are provided in the Supporting
Information. Poly(acrylic) acid-coated MPs (Fe;0,@SiO,@
PAA) were prepared via distillation—precipitation polymer-
ization.”>”*® Fe,;0,@Si0, particles were conjugated with the
vinyl-terminated silane compound, y-methacryloxypropyltrime-
thoxysilane (MPS), to expose olefinic bonds on the surface.
The procedure involved the treatment of Fe;O,@SiO, with
NH,OH and MPS in ethanol. The solution containing the well-
dispersed, carboxylic acid-functionalized particles was mixed
with EDC and NHS to activate the carboxyl group on the
surface for conjugation with streptavidin. As noted above, the
details of all synthetic procedures are provided in the
Supporting Information.

Characterization of Synthesized MPs. The morphology
of the synthesized MPs was evaluated using a LEO-1525
scanning electron microscope (SEM) operating at an
accelerating voltage of 15 kV; in these analyses, the MPs
were deposited from solution and allowed to dry on a silicon
wafer. For characterization of the particle sizes, dynamic light
scattering (DLS) measurements were obtained using a
Zetasizer Nano ZS (Malvern Instruments) equipped with a
He—Ne laser operating at 633 nm. The concentrations of the
particles were determined at room temperature at dilute sample
concentrations (controlled mass) in deionized water using a
NanoSight NS300 (Malvern) with programmable Nanoparticle
Tracking Analysis (NTA) software. Each measurement was
repeated three times.

Additional characterization was obtained by powder X-ray
diffraction (XRD, Siemens, model DS000 X-ray diffractom-
eter). A concentrated sample of the bare Fe;O, particles in
water was deposited on a piranha-cleaned glass slide, and XRD
data were obtained using Cu Ka radiation over the 26 range of
0—110°. For characterization of the functionalized particles, X-
ray photoelectron spectrometry (XPS) measurements were
performed using a PHI 5700 X-ray photoelectron spectrometer
equipped with a monochromatic Al Ka X-ray source. For these
measurements, the particles were dispersed in water, deposited
on a copper-taped silicon wafer, and allowed to dry. Fourier
transform infrared spectra (FT-IR) were obtained on dried
samples mixed with KBr and compressed to form pellets. All
spectra were collected over the range from 800 to 4000 cm™*
using a Nexus-670 E.S.P. FT-IR spectrometer. Transmission
electron microscope (TEM) imaging was used to analyze the
nanoparticles after functionalization using a FEI FP 5018/40
Technai G* Spirit BioTWIN instrument equipped with a Gatan
Orius CCD camera controller operated at 100 kV. All TEM
samples were prepared on 300 mesh holey carbon-coated
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Figure 1. Morphologies and size distributions of the synthesized iron oxide MPs. (a—c) SEM images of MP700, MP400, and MP100, respectively.
Scale bar: S00 nm. (d—f) Respective size distributions extracted from the images for MP700, MP400, and MP100.

copper grids and dried before analysis. Thermogravimetric
analysis (TGA) measurements were collected using a TA
Instruments TGA-2050 under a constant flow of nitrogen (100
mL/min). The temperature was increased from room temper-
ature (25 °C) to 800 °C at a rate of S °C/min. Weight
measurements were recorded with an accuracy of <+0.3%.

The magnetic properties were obtained using a vibrating
sample magnetometer (VSM), LakeShore, model VSM 7300
series with a LakeShore model 735 Controller and LakeShore
model 450 Gmeter Software, version 3.8.0, with a known mass
of the sample. The atomic magnetometry measurements were
obtained using a home-built apparatus with a typical noise level
of 1-2 pT during measurements.

Preparation of Biotinylated Substrates and Protein
Surfaces. Before functionalization with the amino-terminated
silane, (3-aminopropyl)triethoxysilane (APTES), all glass slides
were cleaned with acetone, sonicated in 10 M potassium
hydroxide solution, and then rinsed with methanol sequentially.
The cleaned glass slides were dried by nitrogen gas and kept in
the oven at 300 °C overnight. The cleaned and dried glass
slides were treated with a methanolic solution containing a
10:1:2 ratio of water:acetate acid:APTES for at least 30 min
under sonication. After coating with APTES, the glass slides
were dried with nitrogen gas and kept in a desiccator.

Biotin-coated slides were prepared by treatment with a
mixture of biotin-PEG-succinimidyl valerate and mPEG-
succinimidyl valerate. The active groups (ie., the succinimid-
yl-terminated ligands) were coupled to the amino groups on
the surface prepared above. Each amino-functionalized slide
was incubated with a mixture containing 1.0 mg of biotin-PEG,
6.25 mg of mPEG, and 25 puL of 8.4 mg/mL NaHCO; for 3 h
in the dark. After biotinylation, all slides were rinsed with water
and dried with nitrogen gas. A sample well was assembled by
gluing the amino-functionalized glass to a 20 X 3 X 1 mm® (L X
W X H) piece of polystyrene having 2 4 mm X 2 mm oval
opening at the center (area ~7 mm?). Prior to bioconjugation,
the sample wells were rinsed with water followed by PBS buffer
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and then dried with a stream of nitrogen. A streptavidin surface
was prepared via conjugation between the biotin-modified
surface and streptavidin. The procedure involved the addition
of 8 uL of 0.625 mg/mL streptavidin into the biotinylated
surface-glued sample well followed by incubation for 1 h.

Protein A slides were prepared by glutaraldehyde cross-
linking.”® To the covalently attached protein (i.e., streptavidin)
on the glass slide, 10 uL of glutaraldehyde (2.5 v/v %) was
added into the sample well and incubated for at least 1 h.
Protein A, at a concentration of 1 mg/mL, was incubated with
the aldehyde-activated glass sample well for 2 h. After washing
with PBS buffer for three cycles, 10 uL of glycine at 25 mM was
used to block the unreacted aldehyde groups on the surface.

Applications of MPs in Protein Detection. To study the
specific binding of the streptavidin-functionalized MPs to
biotinylated surfaces, the functionalized MPs were dispersed in
PBS buffer and incubated with the biotinylated surface in the
sample well for 2 h. The samples were then magnetized by a
permanent magnet of 0.5 T followed by relaxation for 1 h prior
to measurements to ensure stable results. A set of baseline
measurements of the magnetic response of the sample were
collected using the atomic magnetometer. A mechanical force
of 16 pN, provided by a centrifuge (Eppendorf SO18R), was
then applied to remove nonspecifically bound MPs. Then, the
magnetic response of the samples was measured again, which
allowed us to determine the quantity of MPs specifically bound
via streptavidin—biotin interactions.

For specific protein detection using the MPs, four types of
streptavidin-coated MPs including MP700, MP400, MP100,
and the commercial Dynabeads-M280 were diluted to various
desired concentrations in PBS buffer that contained 0.05% (w/
w) Tween 20. Separately, aliquots of a solution of biotinylated
IgG1 antibody (0.02 mg/mL, in PBS at pH 8.0) were added to
protein A-modified surfaces and kept at 4 °C overnight. After
immobilization of biotinylated IgGl, the sample well was
incubated with 3% BSA to reduce nonspecific adsorption. The
various streptavidin-conjugated MPs were then added to the
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protein A-modified surfaces and allowed to incubate for 2 h at
room temperature. The samples were then magnetized by a
permanent magnet of 0.5 T followed by relaxation for 1 h prior
to measurements to ensure stable results. After removing the
physisorbed MPs from the IgGl surface, a set of baseline
measurements of the magnetic response of the sample was
collected using the atomic magnetometer. The exchange
reactions were then performed by incubating the sample well
with free IgG2a in PBS buffer at 37 °C for 1 h. The magnetic
response was measured again after applying a weak centrifugal
force (2 pN). Additional details of the sample preparations are
described in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis of Strongly Magnetic Fe;0, Nanoparticles.
By adjusting the parameters in the liquid reduction method
initially reported by Li and co-workers, we were able to
synthesize Fe;O, MPs with desired sizes, even those with
unusually large dimensions (i.e., 700 nm diameter). The SEM
images in Figure la—c show spherical MPs with average
diameters of 700 nm (CV ~ 23%), 440 nm (CV ~ 20%), and
120 nm (CV ~ 8%), respectively, where CV is the coefficient of
variation. These sample sizes are herein denoted as MP700,
MP400, and MP100, respectively, for simplicity in description.
Figure 1d—f provides the size distribution diagrams obtained
from the corresponding SEM images. In addition, measure-
ments by DLS yielded the mean sizes of the particles in
solution to be 709, 480, and 160 nm, respectively. Crystalline
structures of the material in the particles were determined
utilizing powder X-ray diffraction (XRD), which are shown in
Figure Sla. The presence of iron oxide on the particle surfaces
was confirmed by XPS (see Figure S1b).

To achieve tunable sizes with well-controlled size distribu-
tions, many factors need precise control, including coordinating
ligand, solvent system, concentration of iron source, and
reaction time.”’”"* The growth of magnetic particles starts
from the formation of primary nanocrystals and then the
agglomeration of secondary structures.””~** Larger primary
nanocrystals give rise to materials with stronger magnetic
properties.”” Ethylene glycol and diethylene glycol play the
roles of reducing agent and solvent, which offers control of the
size range below or above 200 nm. However, the concentration
of the iron source and the reaction time are the two main
factors that influence the growth of large magnetic particles. A
high concentration of the iron source gives large MPs; also,
long reaction times lead to relatively large particles."®*' Short
reaction times terminate the growth of the secondary structure,
leading to the production of smaller MPs. Therefore, a precisely
controlled reaction time is needed to obtain particles with
narrow size distributions.

Magnetic Properties of the MPs. The magnetic proper-
ties of the MPs were first investigated with a vibrating sample
magnetometer (VSM) at 300 K. Figure 2a shows the hysteresis
loop of the bare MP700, MP400, and MP100 particles.
Extracted from the hysteresis, the saturation magnetization
(M,) values are 87, 84, and 78 emu/g; and coercivity (H.)
values are 72, 73, and 62 Oe, for MP700, MP400, and MP100,
respectively. The M values of the three different sizes slightly
increase with increasing size, which can be attributed to the
stronger interaction within the crystal size and the diameter of
the sphere.”” Moreover, large Fe,O, particles (i.e., larger than
the critical size of approximately 25 nm) show large coercivity
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Figure 2. Bulk magnetic properties of the synthesized MPs. (a)
Magnetic curves obtained by VSM. Inset provides details of the
hysteresis loops and remanent magnetization. (b) Remanent magnetic
signal as a function of relaxation time, obtained by an atomic
magnetometer.

values due to multidomains of magnetic moments in one large
particle.

The remanent magnetization (M,), which is a key parameter
for MP-based biosensing,lz’so’31 can be measured using an
atomic magnetometer. Each sample was magnetized for 2 min
by a 0.5-T permanent magnet. The M, for all particles remained
constant after 1 h for at least 3 h (Figure 2). It also scaled
linearly with the mass of the MPs, as shown in Figure S2a. The
stability and linearity of the magnetic signal indicate our MPs
are suitable for magnetic detection of proteins using an atomic
magnetometer.

To quantify the number of particles in the samples, we used
the NanoSight instrument to measure the actual number of
MPs in the solution. The principle behind the NanoSight is
based on the tracking and counting of individual particles via a
video recording of the particles moving under Brownian
motion.”” The measuring range of the NanoSight is 10’—10°
particles per mL for iron oxide materials.”* Figure S2b shows
the relationship between the mass concentration and the
number concentration of the MPs, which allows us to calculate
the number of MPs in a known mass concentration based on
the slope obtained from the NanoSight data. The numbers of
MPs determined from the NanoSight analysis have a linear
relationship with the magnetic response in the atomic
magnetometer, as shown in Figure 3a. Consequently, based
on those measurements, the magnetization can be quantified
for per particle, as shown in Figure 3b.

Notably, the MP700 particle showed a much higher
magnetization compared to the smaller MPs (by a factor of 3
compared to MP400 and 46 compared to MP100). In
comparison with commercially available M280, the magnet-
ization of a single 2.8 ym M280 is almost half that of MP700.
The value is based on the calculation from remanent
magnetization and the mass concentration provided by the
manufacturer. Therefore, MP700 has the greatest potential to
improve the detection sensitivity in biological sensing.
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Figure 3. Quantification of single-particle magnetization: (a)
quantification of vs number of particles and (b) comparison of the
remanent magnetization of synthesized single particles and commer-
cially available M280. M represents the magnetization measured by the
magnetometer.

Functionalization of the MPs. For their biological
applications, the functionalization of the particles is critical
for the stability and their targeted application.'® To prevent
oxidation of the iron oxide surface and to provide biological
compatibility, coating the MPs with a silica shell is a commonly
used strategy.'”**** In this study, we coated our iron oxide
magnetic particles using a modified Stober method, which
offers controlled thicknesses.”**>*° The SEM images in Figure
4a—c show silica-coated versions of MP700, MP400, and
MP100 with average diameters of 760, 520, and 180 nm,

respectively. Using DLS, the mean particle sizes in solution
were measured to be 780, 550, and 220 nm, respectively, which
are largely consistent with the SEM data. The average
thicknesses of the silica shells were therefore approximately
30—40 nm. Analysis by XPS (Figure 4d and Figure S3b) shows
a strong peak for Si 2p and no iron Fe 2p peak after coating
with silica, which demonstrates that the silica shells completely
covered the particles. Additionally, the strong broad band at
1077—1213 cm™" in the IR spectra in Figure 4e, which can be
attributed to Si—O—Si stretching, supports the presence of a
silica layer.”*”

To utilize MPs in biomedical applications, it is often
necessary to functionalize their surfaces via conjugation with
biological molecules.”® Carboxyl-functionalized MPs use a well-
known carbodiimide coupling method to react with pendant
amino groups (e.g., in a protein) to form covalent bonds. After
coating the surface with silica, the MPs (Fe;0,@Si0,) were
functionalized with a silanizing agent terminated with a
polymerizable tailgroup, which was then used to grow a
carboxylic acid-terminated 9polymer layer on the surface of the
MPs (see Scheme 1).°** Specifically, before the polymer-
ization process, the MPs were modified with y-methacrylox-
ypropyltrimethoxysilane to expose reactive vinyl groups; the
resultant reactive double bonds on the surface of the particles
were used to grow the polymer shell on the surface through
distillation precipitation polymerization.”**’

The growth of the polymer shell was confirmed and analyzed
using TEM (see Figures S4—S6) and also by TGA (see Figure
S7). The TEM images of the polymer-coated particles show an
increase of the diameter to an average of 820, 560, and 210 nm
for samples for MP700, MP400, and MP100, respectively. The
average diameter determined by TEM was obtained from at
least 20 measurements. From these measurements, we
determined that the thickness of the polymer shell is ~30
nm, ~20 nm, and ~15 nm for MP700, MP400, and MP100,
respectively. The TGA curves for MP@SiO, and MP@SiO,@
PAA are shown in Figure S7. The weight loss observed in the
curves of the polymer-coated MPs compared to the SiO,-
coated MPs can be attributed to the decomposition of the
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Figure 4. Characterization of the functionalized MPs. (a, b, c¢) SEM images of the silica-coated MP700, MP400, and MP100, respectively. Scale bar:
1 um. (d) Elemental characterization of MP700 (both before and after silica coating) by XPS. (e) IR spectra of MP700 throughout the silica-coating

process and subsequent functionalization with poly(acrylic) acid (PAA).
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organic components of the polymer shell. Based on this
assumption, the weight residue of the polymer-coated MPs at
800 °C is about 86, 71, and 67 wt %; therefore, we estimate the
polymer content to be 7, 20, and 19 wt % in the polymer-
functionalized MP700, MP400, and MP100, respectively.
Taken together, the TEM and TGA results indicate the
successful growth of a thin polymer coating on the MPs.

The presence of carboxylic acid functional groups on the
surface of the MPs was confirmed by IR spectroscopy; using
MP700 as a representative example, Figure 4e illustrates
characteristic peaks of C=0 stretching at 1722 and 1652 cm™"
for asymmetric and 1435 cm™" for symmetric COO—, and the
more obvious C—H stretching vibrations at 2917 cm™'***7*!
As part of the bioconjugation procedure, we modified our
carboxylic acid-terminated MPs with streptavidin, which is a
common marker to recognize biotinylated biomolecules.”” The
TEM images in Figures S4—S6 illustrate the functionalization
of the MPs in each step: MP, MP@SiO,, MP@SiO,@PAA, and
MP@SiO,@PAA@streptavidin. Figure S8 provides the mag-
netic characterization (VSM and AM) of the streptavidin-
modified MPs.

Applications of the Functionalized Magnetic Nano-
particles. The feasibility of using the streptavidin-conjugated
MPs in bioanalytical applications was demonstrated through
specific binding with biotinylated surfaces. Due to the
substantial nonspecific binding often encountered in particle-
based analysis, a unique method of applying a weak mechanical
force was used to remove nonspecifically bound MPs. Thus, the
remanent magnetization can be attributed to a specific
interaction between streptavidin on the MPs and biotin on
the surface.

Figure 5 shows the magnetic signals of specific streptavidin—
biotin interactions between streptavidin-conjugated MPs and
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Figure 5. Magnetic signal of streptavidin-conjugated MPs specifically
bound to a biotinylated surface.

immobilized biotin. The MP700 particles showed the highest
magnetic signal, followed by MP400, MP100, and last M280.
When the MPs interact with solid-surface receptors, three
factors may affect the overall signal: (1) the magnetization of
the individual MPs, (2) the number of MPs bound to the
sensing area, and (3) the binding efficacy of the specific ligand—
receptor pairs. For a given molecular binding pair, small size
and strong magnetic properties will favor signal enhancement.
For example, MP700 is both magnetically stronger and
physically smaller than M280. Both factors contributed to the
9-fold signal enhancement of MP700 compared to M280.
Therefore, our results showed the potential of the synthesized
MPs in bioanalytical applications with enhanced sensitivities. In
the case of MP100, although the signal is almost two times
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stronger than M280, their much smaller size will allow in vivo
applications, whereas M280 is too large for such utilization.
Protein exchange reactions can be demonstrated by taking
advantage of the EXIRM technique with surface-based
magnetic detection and label-free targets.” Detection of a
targeted protein in solution, which has higher affinity to the
surface-immobilized receptors, can be achieved by replacement
of the magnetically labeled protein on the surface. Figure 6a
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Figure 6. (a) Schematic illustration of the dynamics between the MPs
and the surface during analysis by EXIRM. (b) EXIRM data for
protein A arising from an exchange between IgGl and IgG2a
subclasses. The magnetic signal decreases with an increase in IgG2a
concentration.

illustrates the sample preparation and the principle of the
EXIRM experiment. The reaction is based on the different
binding affinities of protein A with different subclasses of
immunoglobulin IgG; it is well-known that protein A has a
strong affinity to mouse IgG2a but a weak affinity to mouse
IgG1." Protein A was covalently adsorbed on the glass surface,
which was followed by the attachment of biotinylated IgG1.
Subsequently, the bound biotinylated IgG1 was labeled with
streptavidin-coated MPs. The magnetization was measured
after removing nonspecifically bound particles, quantified as M1
in Figure S9. It represents the magnetic response of
streptavidin-functionalized MPs bound on the biotinylated
IgGl-protein A surface. After introducing IgG2a, the magnetic
signal obtained was denoted as M2. AM represented the
magnetic difference between M1 and M2 (see Figure 6).

Figure 6b shows the results of AM when the IgG2a
concentration was increased from 2, 4, 8, 10 nM and different
MPs were used. All MPs showed good linear responses of AM
vs [IgG2a] over this range of concentrations. The MP700
particles yielded the largest slope because of their strongest
magnetic properties. The MP400 particles showed an
intermediate signal change, which was still higher than that of
M280. The MP100 particles gave signals that were not
significantly different from M280. Regardless of the size
difference, the exchange efficiency of 4 nM IgG2a is around
20—23% (calculated by AM/M1 X 100%).

The driving force for the exchange reaction can be attributed
to the binding affinity difference under our conditions.** In
the control experiment with IgG2a at 0 nM, the samples were
incubated with only buffer without IgG2a, and there were no
obvious changes in the signal (i.e, AM = 0). Additionally, in
the control experiment with 100 nM of BSA protein, there were
no obvious changes in the magnetic signal. Therefore, the
magnetic signal change specifically relates to the intermediacy
of IgG2a. Moreover, applying a weak mechanical force can
trigger MP dissociation from the surface after the exchange
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reaction and distinguish specific IgG replacement interactions
from nonspecific adsorption.

Bl CONCLUSIONS

We have synthesized MPs with single Fe;O, cores as large as
700 nm. The MPs were successfully functionalized with
streptavidin to facilitate biological applications, demonstrated
by a wide range of analytical techniques. The combination of
size and strong magnetic properties of the synthesized MPs
showed sensitivity improvements of 9-, 4-, and 2-fold for
MP700, MP400, and MP100, respectively, when compared to
the commercial M280 particles. By using the unique exchange
method of EXIRM, we demonstrated the specific detection of
proteins based on differences in binding affinity; the nonspecific
interactions between the MPs and the surface were removed by
applying a weak mechanical force. Therefore, by combining
strong MPs with the EXIRM method, protein detection can be
achieved with both high sensitivity and high specificity.
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