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Abstract

Magnetic nanoparticles uniquely combine superparamagnetic behavior with
dimensions that are smaller than or the same size as molecular analytes. The
integration of magnetic nanoparticles with analytical methods has opened
new avenues for sensing, purification, and quantitative analysis. Applied mag-
netic fields can be used to control the motion and properties of magnetic
nanoparticles; in analytical chemistry, use of magnetic fields provides meth-
ods for manipulating and analyzing species at the molecular level. In this
review, we describe applications of magnetic nanoparticles to analyte han-
dling, chemical sensors, and imaging techniques.
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1. INTRODUCTION

Nanomaterials have begun to revolutionize the world around us. Magnetic nanomaterials are
unique because of their interactions with magnetic fields and field gradients, which enable the
development of both fundamental experiments and applied products that exploit these magnetic
behaviors. Emerging analytical techniques and new uses of conventional methods have begun to
integrate magnetic nanoparticles to take advantage of the ability to magnetically induce motion,
enhance signals, and switch behaviors. This review describes novel and broad uses of magnetic
nanoparticles for analytical methodologies including (#) preconcentration, separation, and capture
of analytes; () sensors and detection; and (c) imaging. Analysis of magnetic nanoparticle structure
and properties, although related to our discussion, is a separate and equally broad topic that we
do not address here.

The electrical, optical, and magnetic properties of materials can dramatically change as they are
reduced from macro- to nanoscale dimensions. Integration of materials with biological species is
particularly appealing because of these objects’ relative dimensions (Figure 1). Taking advantage
of the novel properties and favorable dimensions of nanomaterials is particularly meaningful in
analytical techniques in which multiplexing, decreased analysis time, a large surface-to-volume
ratio, and small environmental perturbation are desired.

Interest in magnetic nanoparticles has increased enormously over the past two decades. Funda-
mental research elucidating nanoparticle structure, physical and magnetic properties, and toxicity
(among other characteristics) has led to the development of magnetic nanoparticles for industrial
and biomedical applications. The magnetic properties of nanostructures allow one to control lo-
cation and motion with externally applied magnetic fields; enable tracking and visualization of
the local environment by use of magnetic resonance imaging (MRI); and yield, through magnetic
tagging of molecules, a detection probe. Such advantages allow for control of the particle, and
anything attached to it, that cannot be achieved otherwise. Most biological media have no naturally
occurring magnetic component, which is advantageous when using magnetic nanoparticles in that
they can be selectively controlled and/or detected with great specificity and low background noise.
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Figure 1

Size scale of some common biological and nano-objects. Reproduced from Reference 1 with permission
from the Royal Society of Chemistry.

Beveridge o Stephens o Williams



We briefly discuss the synthesis and magnetic properties of nanoparticles, including methods
for functionalization, to provide a basic understanding of the types of materials that are available
for analytical methods. The remainder of this review describes state-of-the-art uses of magnetic
particles in analytical chemistry. Because this is a broad and quickly growing area, the reports we
describe represent only a fraction of the available publications in this exciting and vigorous field.

2. NANOPARTICLE SYNTHESES AND PROPERTIES

Many types of magnetic nanoparticles can be synthesized; these include iron oxides (Fe,O; and
Fe;O,); ferrites of cobalt, manganese, nickel, and magnesium; and FePt, y-Fe,; O3, cobalt, iron,
nickel, a-Fe, CoPt, and FeCo particles. FePt and CoPt nanoparticles are especially interesting
because they are both magnetic and catalytic. The most commonly employed magnetic nanopar-
ticles for analytical techniques tend to be Fe;O4, MnFe,O4, and CoFe,O4 because they are easy
to synthesize with size-monodisperse products with high magnetic moments. Iron oxide is gener-
ally considered biocompatible and, thus, is the only nanoparticle material to have been approved
by the U.S. Food and Drug Administration. Iron oxide nanoparticles also have the advantage
of multiple synthetic routes for chemical functionalization. As a result, much of the following
discussion focuses on iron oxide. The type of oxide, generally Fe;O, or y-Fe, 03, is often not
identified in the literature and can be difficult to distinguish in particles that are not single crystals.
Figure 2a-b shows examples of transmission electron microscopy images of Fe; O4 nanoparticles
ranging from 6 to 13 nm in average diameter. These particles are spherical in shape and are notable
for their narrow size distributions (i.e., they are size monodisperse).

When their diameter is less than ~30 nm, magnetic nanoparticles are generally superpara-
magnetic, which means that they have no “magnetic memory.” In the absence of a magnetic
field, superparamagnetic nanoparticles have no net magnetic dipole because thermal fluctuations
cause the spins to randomly orient. However, when a magnetic field is applied to the nanopar-
ticles, a magnetic dipole is induced. After the external magnetic field is removed, the magnetic
nanoparticles randomly orient, and the nanoparticles return to their native nonmagnetic state.
Superparamagnetism is measured with a superconducting quantum interference device (SQUID)
magnetometer and is characterized by recording the magnetization—versus—applied magnetic field
curve (Figure 2i-k). If the nanoparticles are superparamagnetic at room temperature, the curve
reveals a saturation of the magnetization and no hysteresis around the origin, indicating that there
is no magnetic memory (Figure 2k). Superparamagnetic properties are advantageous because
the magnetic nanoparticles can be easily dispersed in solvent without attractive magnetic forces
inducing aggregation. There is also no remnant magnetic field due to the magnetic nanoparticles,
which is important for magnetic sensors. Superparamagnetism in nanoparticles is determined by
the type of material, the crystallinity of the structures, and the particle’s size (i.e., number of spins).
Therefore, there is no general rule that predicts the magnetic properties of a nanoparticle.

Magnetic nanoparticles are most commonly synthesized by one of three wet chemical routes:
(@) high-temperature thermal decomposition and/or reduction, () coprecipitation, or (c) templated
synthesis in the interior of micelles. Although they result in hydrophobic magnetic nanoparticles
that require further chemical functionalization for biomedical applications, the high-temperature
methods produce magnetic nanoparticles with better monodispersity and higher crystallinity.
The Fe;O4 particles (Figure 2a-b) were produced by high-temperature synthesis. This syn-
thetic approach can easily be scaled up to produce large quantities of nanoparticles. Typical high-
temperature syntheses begin with a metal precursor [such as Co(acetylacetonate) or Fe(CO)s], a
reducing agent (such as 1,2-hexadecanediol or 1,2-tetradecanediol), stabilizing agent(s) (such as
hexadecylamine or oleic acid/oleyamine), and a high-temperature boiling-point solvent (such as
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Figure 2

(a—h) Transmission electron microscopy images of size-controlled thermal decomposition synthesis of
Fe3O4. The diameters of the particles in panels # through 4 range from 6 to 13 nm, respectively.
Reproduced from Reference 5 with permission. Copyright 2004, Wiley. (i—k) Magnetization (M) versus
applied magnetic field (H) curves of (i) a hard magnetic material, () a weak ferromagnetic material, and (k) a
superparamagnetic material. Reproduced with permission from Reference 10. Copyright 2007, Wiley.

benzyl ether or octyl ether). Achieving a specific ratio of metal precursor to stabilizing agent is
critical to obtain size-monodisperse nanoparticles. Similarly, the applied temperature affects the
particles’ resulting diameter and monodispersity.

Sun et al. (2) developed a synthetic route to produce metal (e.g., cobalt, iron, manganese) ferrite
nanoparticles using metal acetylacetonate precursors and showed that larger particles could be pre-
pared using small magnetic nanoparticles as seeds. Hyeon et al. (3) synthesized size-monodisperse
iron oxide using Fe(CO)s or iron oleate (4) precursors; through an optimized method, the thermal
decomposition of iron pentacarbonyl [Fe(CO)s] produced the iron oxide nanoparticles shown in
Figure 24-b. In this study, the authors achieved an unprecedented control over the diameter of
Fe; Oy particles (5). It was determined that the Fe(CO)s was responsible for nucleation and that the
iron oleate was responsible for the growth of the iron oxide nanoparticles. Cobalt ferrite nanopar-
ticles have also been synthesized using cobalt oleate and iron oleate reactants (6). In subsequent
work, the mechanism for the oleate method of CoFe,O4 synthesis was reported (7). Sun and col-
leagues (8) reported a robust synthesis of FePt in which Pt(acetylacetonate) and Fe(CO)s5 were used
as metal precursors. Synthesis of FePt nanoparticles and FePt-Fe; O, heterodimer nanoparticles
was also reported by Manna and coworkers (9).

The coprecipitation and microemulsion syntheses of magnetic nanoparticles use metal
salts, rather than organometallic reagents, as precursors. Coprecipitation synthesis of magnetic
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nanoparticles requires low temperatures and produces water-soluble magnetic nanoparticles.
These advantages contrast sharply with the poor monodispersity (i.e., broad size distribution)
and crystallinity of the product nanoparticles. Reaction parameters that affect the properties of
the magnetic nanoparticles are the solution pH and temperature, the stirring or mixing rate, the
anion of the salt, and the concentration of metal ions. Microemulsion or micelle synthesis, which
is also performed in aqueous solutions, offers better monodispersity control compared with co-
precipitation, but the range of nanoparticle diameters is limited by the size of the inverse micelle
interior. As with coprecipitation, magnetic nanoparticles synthesized via microemulsion often suf-
fer from poor crystallinity. A detailed discussion of magnetic nanoparticle syntheses, beyond the
scope of this review, can be found elsewhere (10-14).

Magnetic nanoparticles must be stabilized by molecules attached to (i.e., ligands) or associated
with (i.e., ions) their surfaces to prevent irreversible agglomeration and to enable dissolution.
Magnetic nanoparticles synthesized through high-temperature routes are typically hydropho-
bic and can be functionalized by exchanging the surface ligands with others present in solution
(15-17). Alternatively, association and encapsulation with a phospholipid, which forms a bilayer on
the surface of the particle, have been used to make these particles water soluble and amenable for
biological applications (18, 19). For many applications, the surface of the magnetic nanoparticles
must be further derivatized to perform a function such as binding with a target, carrying a drug, and
detecting an environment. Magnetic nanoparticles can be coated with a shell of another material,
typically a thin layer of gold (20, 21), SiO, (22, 23), or carbon (24), so as to perform these chemical
modifications and extend the range of methods available for functionalization. Encapsulation in
a shell leads to the creation of particle heterostructures that (#) retain the magnetic properties of

the magnetic nanoparticle core and (b) have surfaces that are amenable to modification through
well-established methods.

3. PRECONCENTRATION, CAPTURE, AND SEPARATIONS

Magnetic nanoparticles are useful tools for the capture, concentration, and separation of many
types of analytes from complex matrices. A plethora of work on superparamagnetic beads with
microscale dimensions has been performed (25-28). Magnetic nanoparticles are advantageous for
such analytical methods because they have a large surface-to-volume ratio, are comparable in size
to many analytes of interest, are readily dispersible in solution, and have physical properties thatare
useful for enhancing signal detection. However, two challenges for the use of magnetic nanopar-
ticles in analysis exist. First, large magnetic field gradients are needed to manipulate the magnetic
nanoparticles because sufficient magnetic force must be exerted on the particles. Although the
amount of magnetic force needed depends on the magnetic properties of the particle, the fields
needed to move particles are typically ~100 T m~!, but they can be much larger. Second, although
the use of magnetic nanoparticle surfaces for capturing analytes enables the concentration, sepa-
ration, quantification, and further analysis of the analytes, the magnetic nanoparticles must first be
functionalized with the appropriate chemistries. Below, we discuss research that addresses these
challenges and demonstrates the use of magnetic nanoparticles in analytical methodologies.

Lin and colleagues (29) developed a technique known as nanoprobe-based affinity mass spec-
trometry (NBAMS) (Figure 3). In this technique, nanoparticles functionalized with capture probes
are () used to bind a target analyte, (/) isolated, and (c) analyzed by mass spectrometry. Magnetic
nanoparticles are ideal for use as the nanoprobes in NBAMS because they are easily separated and
can be concentrated through application of a magnetic field.

The iron oxide magnetic nanoparticles used by Lin and colleagues were bifunctional: They
served both as a solid laser desorption/ionization element and as a probe for the enrichment
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Figure 3

Role of the magnetic nanoparticle in a multiplexed immunoassay. The antibody-tagged magnetic
nanoparticles (MINPs) capture the target; separate, purify, and concentrate the target; and act as a platform
for the analysis of the target by matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass
spectrometry (MS). Abbreviations: CRP, C-reactive protein; SAA, serum amyloid A; SAP, serum amyloid P.
Reproduced with permission from Reference 32. Copyright 2005, Wiley.

and extraction of the small-molecule targets from a complex solution (e.g., blood serum) (30).
The target, bound to the magnetic nanoparticle, was subsequently identified with matrix-assisted
laser desorption/ionization mass spectrometry. This technique was cost-effective and could be
automated to screen the small molecules salicylamide, mefenamic acid, ketoprofen, flufenamic
acid, sulindac, prednisolone, and mannose from blood serum. Chen et al. (31) used NBAMS
to perform an immunoassay to identify proteins (Figure 3). These authors utilized antibody-
conjugated iron oxide nanoparticles to capture target proteins and separate them from their matrix
for analysis by mass spectrometry (31, 32). The capture efficiency and the detection specificity of
the proteins on magnetic nanoparticles and on superparamagnetic microbeads were compared.
The performance of the magnetic nanoparticles was superior in both cases.

In another study (33), mass spectrometry was used to identify viruses captured by alumina-
coated Fe;O4 nanoparticles. To develop a more general method to bind protein to magnetic
nanoparticles, Chen et al. (34) placed a nitrilotriacetic acid (NTA) derivative on the surface of
~50-nm-diameter iron oxide nanoparticles. NTA chelated the transition-metal ions Ni(II),
Zr(IV), and Gd(III), and each magnetic nanoparticle-NTA-metal ion complex targeted the cap-
ture of a specific protein. Following capture of the target protein, the magnetic particle structure
was separated and analyzed by mass spectrometry. In more recent work, Xie et al. (35) used
Fe;04-gold core-shell nanoparticles functionalized with NTA to complex Ni(Il) for use as a
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selective histidine adsorbent. These magnetic nanoparticle structures were used to extract, purify,
and concentrate histidine-tagged proteins.

Magnetic nanoparticles have also been used to concentrate samples in microfluidic chips. Chen
et al. (36) created a microfluidic magnetic separator chip, which they used to concentrate human
immunodeficiency virus (HIV) from plasma. The authors used superparamagnetic nanoparticles
conjugated to anti-CD44 (developed by Miltenyi Biotec) to capture the virus, then passed the
particles through a packed bed of 25-75-pum-diameter iron oxide particles. An external magnet
was used to magnetize the packed bed, which caused the HIV-magnetic nanoparticle conjugates
to be trapped, thereby separating and concentrating them from the plasma matrix. Off-chip
enzyme-linked immunosorbent assay confirmed that the HIV virions were concentrated by a
factor of approximately 80-fold over the original solution.

Immunoassays using magnetic nanoparticles have also been performed. For example, Furlong
and colleagues (37) used magnetic nanoparticles to detect staphylococcal enterotoxin B: Antibody-
functionalized magnetic nanoparticles (Miltenyi Biotec tMACS®) captured the enterotoxin anti-
gen from solution, isolated it via magnetic separation, and amplified the surface plasmon resonance
(SPR) signal for the antigen. Through the use of this approach, a limit of detection of less than
100 pg ml~! was reached. The multiple uses of magnetic nanoparticles in this assay highlights
their utility for analyses.

Carbon nanotubes (CNTs) decorated with magnetic nanoparticles have also been used for
the capture of small molecules. Schmitt-Kopplin and colleagues (38) found that the percent re-
covery during capture of (fluoro)quinolones was more efficient for CN'T-magnetic nanoparticle
heterostructures than for either of the unlinked individual species. In these assemblies, the CN'T
enhanced adsorption, and the magnetic nanoparticle enabled magnetic separation and concentra-
tion of these drugs from human plasma samples.

Magnetic nanoparticles have been applied to environmental cleanup and the analysis of natural
water. Ballesteros-Goémez & Rubio (39) performed a solid-phase extraction of carcinogenic poly-
cyclic aromatic hydrocarbons from water samples. Hemimicelles of tetradecanoate surrounding
20-30-nm-diameter iron oxide nanoparticles were used to capture and concentrate the hydrocar-
bons. Because of the highly efficient capture by the magnetic nanoparticles, the extractant required
no additional purification; this observation was verified through liquid chromatography with
fluorescent detection. This method’s limit of quantification was 0.2-0.5 ng liter~'—well below the
allowable concentration in water. Additional research with magnetic solid-phase extraction has em-
ployed magnetic nanoparticles coated with silica or charcoal (40), polymers (41), and hemimicelles
(42). These solid phases adsorbed organic dyes and phenolic compounds from aqueous samples.

To demonstrate the use of magnetic nanoparticles in biodefense applications, Bromberg
et al. (43) functionalized iron oxide nanoparticles with polyethyleneimine surfactant with
poly(hexamethylene biguanide), a broad-range antiseptic. These nanoparticles killed bacteria,
viruses, and fungi. Following exposure to the sample, the 6-nm-diameter iron oxides formed
~60-nm-diameter clusters, which were then separated and concentrated using a high-gradient
magnetic field separator. DNA from the captured species was identified via quantitative
polymerase chain reaction.

Separations that use magnetic nanoparticles are important for the efficient analysis of molecules
attached to nanoparticle surfaces. The most basic magnetic nanoparticle separations utilize a per-
manent magnet held against the wall of the container until the magnetic nanoparticles aggregate
from the solution. Although this method is easy and inexpensive, the low—magnetic field gradi-
ents of handheld magnets can make the separation time-consuming and inefficient, particularly
when the magnetic nanoparticles are well dispersed and stable in solution. For these reasons,
researchers have focused on developing separation techniques for magnetic nanoparticles; two of
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Table 1 Comparison between some properties of magnetic nanoparticle separations via

column-flow mechanisms or in microfluidic chips

Comparison between magnetic nanoparticle separation techniques
Column flow Microfluidic devices

Low-magnetic field gradients High-magnetic field gradients
High throughput Low throughput
Soft magnetic packing often used Open-channel or regularly patterned capture elements

Irregular flow paths Predictable flow patterns

Analyte losses Generally higher capture and elution efficiency
Forcible elutions occasionally needed

the predominant separation techniques are compared in Table 1. Nishijima and colleagues (44)
captured 6-nm-diameter FePt particles and 15-nm-diameter Fe; Oy particles in a magnetic filter
column. This column magnetically trapped magnetic nanoparticles on a packed bed of 0.3-mm
ferromagnetic beads, which were magnetized by an external superconducting magnet. The mag-
netic nanoparticles were subsequently released into the eluent when the magnet was turned off.
The authors achieved separation efficiencies of ~94% and 40% for Fe; O4 and FePt, respectively.

Our group (45) separated different types (6-nm-diameter y-Fe;O; and 13-nm-diameter
CoFe;04) of magnetic nanoparticles in open tubular capillary columns by use of magnetic
field flow fractionation. More recently, we developed a differential magnetic catch-and-release
(DMCR) method to separate different-sized magnetic nanoparticles (46). A polydisperse mixture of
<20-nm-diameter CoFe, O, nanoparticles was magnetically trapped in an open tubular capil-
lary column; changing the applied magnetic field gradient allowed monodisperse fractions to
be selectively released into the flow stream. In the future, such separations may be applied to
the simultaneous magnetic capture and separation of tethered biomolecules. In addition to the
separation of the magnetic nanoparticles, magnetic and fluid drag equations were used to ap-
proximate the magnetic moments of the magnetic nanoparticles (46). Figure 4 illustrates the
capability of DMCR to separate magnetic nanoparticles. The CoFe;O4 nanoparticles shown in
Figure 4d have polydisperse diameters; these particles were separated into monodisperse fractions
(Figure 4a—c) through the use of DMCR. The resolution between the magnetic nanoparticle
peaks can be controlled by varying the strength of the magnetic field over time (Figure 4e)
(J.S. Beveridge & M.E. Williams, unpublished observations).

Williams and colleagues (47) designed a variation of magnetic field flow fractionation by placing
the separation channel in a quadrupole magnet geometry. Use of the quadrupole magnet revealed
that the distributions of commercially supplied iron oxide nanoparticles were between 75 nm and
390 nm in diameter. This technique was sufficiently sensitive to discriminate between different
manufactured lots of the same magnetic nanoparticles (48). In another study, Earhart et al. (49)
fabricated a magnetic nanoparticle-trapping sifter, which was a membrane with slot-shaped pores
on a Si3Ny support. The pores were lined with a soft magnetic material (namely CoTaZr), which
was magnetized in the presence of a magnetic field, trapping magnetic nanoparticles moving
through the membrane. Capture efficiencies for the magnetic sifter ranged from 28% to 37% for
50-nm-diameter iron oxide nanoparticles.

High-gradient magnetic separations (HGMS), which are used predominantly for industrial
processes, have begun to be applied as an analytical method used in conjunction with magnetic
nanoparticles. In HGMS, a packed bed of soft magnetic steel wool or wire mesh within a column
is placed into a uniform magnetic field. The packing in the column distorts the magnetic field
lines, causing high local magnetic field gradients and allowing the capture or retention of the
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Figure 4

(a—c) Transmission electron microscopy images of monodisperse fractions of CoFe;O4 nanoparticles that were separated from a

polydisperse nanoparticle mixture (4). (Insets) The diameter distribution of the nanoparticles shown in each panel: (#) 7 nm, (5) 11 nm,
and (¢) 17 nm. (¢) Three chromatograms (o, 3, v) of the separation in panel 4, showing the control in resolution between nanoparticle

peaks (gray).

magnetic nanoparticles that pass over the bed. Although much of the HGMS literature focuses
on micrometer-sized particles, multiple theoretical simulations predict the separation of magnetic
nanoparticles in an HGMS apparatus (50-52). Hatton and colleagues (53) experimentally studied
the feasibility of capturing magnetic nanoparticles from water via HGMS. The authors’ samples
of 7.5-nm-diameter iron oxide nanoparticles were individually functionalized with either a phos-
pholipid or a polyacrylic acid—polyethylene oxide and polypropylene oxide copolymer. Although
HGMS did not capture individual particles, aggregates of the iron oxide—copolymer and the iron
oxide—phospholipid nanoparticles were trapped. Subsequent research focused on the HGMS of
magnetic nanoclusters; clusters with diameters greater than 50 nm were trapped efficiently, even
at high flow rates (54).

4. SENSORS AND DETECTION

The use of magnetic sensors for bioanalysis is advantageous because most biological species are
not magnetic, which means that there is inherently low background noise. Magnetic sensors are
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therefore very sensitive to magnetically labeled species. Magnetic sensors can be integrated into
microfluidic chips, often provide an electronic signal readout, are inexpensive to fabricate, and can
employ magnetic labels that are commonly used in bioassays. A particular advantage of magnetic
nanoparticles is that their size is comparable to that of the biomolecule, whereas microbeads are
orders of magnitude larger. Conjugating a nanoparticle to a biomolecule therefore causes less
steric hindrance and enables the biomolecule to interact with the environment in a less obstructed
Way.

Three common magnetic sensors used to detect magnetic nanoparticles are (#) giant magne-
toresistive (GMR) sensors, (b)) magnetic tunnel junction (M'TJ) sensors, and (¢) SQUID sensors.
Compared with SQUID sensors, GMR sensors are simpler and more portable, and they operate at
room temperature. Although MT] sensors have higher magnetoresistive sensitivity and can detect
as few as 15 14-nm-diameter cobalt nanoparticles (55), they are still in an early phase of develop-
ment compared with GMR sensors, and relatively few articles describe the use of M'T] sensors in
conjunction with magnetic nanoparticles for analytical purposes (56, 57). For these reasons, we
focus on GMR sensors and their applications to magnetic nanoparticles in analytical chemistry.

4.1. Giant Magnetoresistive Sensors

Magnetoresistance is a property of some magnetic materials in which the electrical resistance
changes in the presence of an applied magnetic field. Giant magnetoresistance occurs when such
magnetoresistive ferromagnetic materials are reduced to nanometer-thick films and stacked with
nonmagnetic layers. The 2007 Nobel Prize in Physics was awarded to Fert and Griinberg for the
discovery and explanation of the underlying physics of giant magnetoresistance (see References
58 and 59).

GMR spin-valve sensors are highly sensitive to magnetic fields and can detect the stray field of
a magnetically excited superparamagnetic particle. Although most of the literature focuses on the
detection of biomolecules tagged with micrometer- or submicrometer-sized superparamagnetic
beads, Wang and colleagues (60) posit that magnetic nanoparticles are preferable for analytical
detection. An array of submicrometer-sized GMR spin-valve-based sensors detected fewer than
50 16-nm-diameter Fe; O, nanoparticles. As illustrated in Figure 5, the small size of spin-valve
sensors allows them to be easily integrated into microfluidic chips (61). Wang etal. (62) integrated
a GMR sensor into a microfluidic chip to rapidly perform a DNA assay in less than 1 h and with
detection limits near 10 pM. The Wang group’s research suggests that if this technique were
optimized, the detection limit could be improved to 1 pM or lower (62).

Using a GMR sensor, investigators have demonstrated human papillomavirus genotyping in
a microfluidic chip (63). We direct interested readers to an excellent and comprehensive review
of both GMR sensors and the use of spin-valve sensors to detect magnetic nanoparticle-tagged
biomolecules (64).

4.2. Electrochemical Sensors

Because of their ability to enhance electrochemical signals, magnetic nanoparticles have been
integrated into electrochemical sensors. Such integration can be accomplished in three ways:
(@) through contact between the metallic magnetic nanoparticle and the electrode surface,
(b) through transport of a redox-active species to the electrode surface, or (¢) through forma-
tion of a thin film on the electrode surface, which increases the surface area and modifies its
performance. Amperometry, potentiometry, stripping analysis, cyclic voltammetry, and
impedance spectroscopy, together with magnetic nanoparticles, have been used for electrochem-
ical detection.
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Cross section of a giant magnetoresistive (GMR) sensor with a magnetic nanoparticle label on the sensor
surface. An excitation current flowing through the integrated conductors produces the excitation field. The
stray field from the magnetic nanoparticle that is magnetized by the excitation field leads to a resistance
variation in the GMR sensor. Reproduced with permission from Reference 61. Copyright 2007, the
American Chemical Society.

Hirsch et al. (65) reported the first magnetically switchable electrode in which the electro-
chemical reaction could be turned on or off, depending on the magnetic particles’ response to
the magnetic field orientation. Although this initial study used micrometer-sized magnetic parti-
cles, subsequent studies employed iron oxide nanoparticles to perform similar “on/off” electro-
chemistry. For example, hydrophobicity and hydrophilicity can be magnetically controlled at the
electrode surface by the movement of the nanoparticles (Figure 6) (66). In this experiment, the
electrochemical cell was composed of () a gold electrode with an aqueous buffer and (4) an or-
ganic solvent bilayer electrolyte located above the electrode. When a magnetic field was applied,
hydrophobic magnetic Fe;O4 nanoparticles were pulled from the upper organic layer into the
aqueous layer, forming a membrane-like film on the electrode surface and inhibiting the electro-
chemistry at the electrode to create the “off” state. Blocking of electron transfer at the electrode
was examined via Faradaic impedance spectroscopy. The redox current was restored to the “on”
state by placing the magnet above the organic phase, which pulled the magnetic nanoparticles into
the upper organic layer and allowed oxidation of the redox probe (e.g., ferrocyanide or ferrocene
dicarboxylic acid) at the unblocked electrode. Larger (>200-nm-diameter) magnetic particles did
not effectively block the electrode surface; this finding was attributed to pinhole defects between
the particles that allowed the redox probe to diffuse to the electrode surface. Further experiments
using quinones immobilized on the electrode demonstrated switchable aqueous and organic redox
mechanisms at the electrode surface (67). Blockage of a bioelectrocatalytic reaction was demon-
strated by immobilizing ferrocene on an electrode surface: The oxidation of glucose by glucose
oxidase was controlled with magnetic fields applied to manipulated nanoparticles and the electrode
function (67). The same investigators used magnetic nanoparticles to deliver a redox-active species
to the electrode surface by adsorbing cumene hydroperoxide to the magnetic nanoparticles and
using the particles’ magnetic motion to transport the redox-active cumene to the electrode (67).

Photoelectrochemical currents can be magnetically controlled with electrode-bound quan-
tum dots (68). Also, DNA hybridization, biocatalytic replication, and digestion can be controlled
when magnetic nanoparticles are directed to and from the electrode surface (69). Similarly, oleic
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Magnetocontrolled switchable electrode via translocation of functionalized magnetic nanoparticles. () A
magnet placed below the electrode pulls the magnetic nanoparticles into the aqueous phase, and the
magnetic nanoparticles form a layer on the electrode surface. (b)) A magnet placed above the electrode
returns the magnetic nanoparticles to the organic phase, revealing the electroactive species to the electrode
surface. Reproduced with permission from Reference 66. Copyright 2004, the American Chemical Society.

acid—coated magnetic iron oxide nanoparticles can be used to either block or allow the hybridiza-
tion of DNA on an electrode surface (70).

Small-molecule detection on magnetic nanoparticle-modified carbon paste electrodes has been
demonstrated. In these experiments, magnetic nanoparticles are modified with a catalyst and
held against the electrode surface with a magnet. With the magnet in place, particles containing
catalyst react, and the products are electrochemically detected. Liu et al. (71) constructed a phenol
biosensor using tyrosinase-modified magnetic nanoparticles, and Li et al. (72) used Prussian blue
and glucose oxidase to modify magnetic nanoparticles for a sensitive glucose sensor. One of the
main advantages of magnetic nanoparticle catalyst-modified electrodes is the ease of renewing the
biocatalyst on the surface: By releasing the field and replacing it with new magnetic nanoparticles,
a fresh catalytic electrode surface can easily be generated.

Antigens and cysteine have been attached to magnetic nanoparticles for a sandwich immunoas-
say to detect human immunoglobulin G on carbon paste electrode-supported magnetic nanopar-
ticles (73, 74). The advantages of such electrochemical sensors include their simple construc-
tion, magnetic manipulation, and low cost. Carbon paste electrodes with magnetic nanoparticles
have also been used to detect lead in urine and heavy metals in water. Yantasee et al. (75) used
dimercaptosuccinic acid—functionalized 20-nm-diameter Fe; O4 nanoparticles on carbon paste and
glassy carbon electrodes to detect lead in urine and copper, lead, cadmium, and silver in natural
water. This technique has a limit of detection lower than 1 ppb, as well as the potential to be fully
automated via an electromagnet.
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In another experiment, an immunoassay was performed on 100-nm-diameter Fe; O4 nanoparti-
cles that were linked to SiO; beads, via a sandwich-type assay, for electrochemical signal enhance-
ment (76). The immunoassay was performed in a flow cell in which the magnetic nanoparticles
acted as anchors. First, analytes were injected into the cell, where they reacted with the magnetic
nanoparticles, and were magnetically trapped against the electrode for detection by measurement
of the impedance. Then, the electrode was regenerated in the flow cell through removal of the
magnetic field and subsequently trapping of new particles. The linear range of this method was
greater than that of competing techniques, and it had a lower or equivalent limit of detection. In an
analogous study, a flow cell was used to renew the carbon paste electrode in a magnetocontrolled
immunoassay (77).

CNT's can be used on electrodes because of their high electrocatalytic activity and fast electron
transfer. Zhang et al. (78) employed magnetic nanoparticle-decorated CNT's covalently immo-
bilized on a gold electrode. The investigators observed exceptional electrocatalytic activity of the
Fe;O4 nanoparticle-CN'T electrode for the oxidation of catechol, along with enhanced redox peak
currents of catechol on the magnetic nanoparticle-CN'T electrode, which were attributed to the
larger surface area and the promotion of electron transfer. Magnetic nanoparticles combined with
CNTs have also been used for the electrochemical detection of glucose and DNA (79-81).

Detection of gas-phase analytes has been performed by monitoring the changes in resistance of
an iron oxide—polypyrrole nanoparticle composite (82). In this experiment, Fe; O, nanoparticles
and polypyrrole particles were combined in a heterogeneous mixture that was copolymerized. The
resulting dry powder was pressed into a pellet; silver electrodes were attached to the pellet; and
the resistance between the electrodes was measured in the presence of water and N3, O,, and CO;
for the detection of these gases. Gas detection has also been investigated with submicrometer- to
micrometer-sized iron oxide particles (83, 84).

4.3. Colorimetric Sensors

Gao et al. (85) found that magnetite nanoparticles possess intrinsic peroxidase activity—an unex-
pected observation, given that Fe; O4 nanoparticles had been commonly believed to be chemically
inert. The catalytic activity of the Fe;O4 nanoparticles was characterized and compared with that
of horseradish peroxidase. In the immunoassay, the magnetic nanoparticles performed three func-
tions: capture, separation, and detection. Wei & Wang (86) used the peroxidase activity of Fe; Oy
nanoparticles for the colorimetric detection of hydrogen peroxide and glucose. The ability of
Fe;O4 nanoparticles to detect H, O, was exploited for the colorimetric detection of melamine in
milk products (87). This detection system was sensitive and selective, as well as visually verifiable.

4.4. Optical Sensors

Magnetic nanoparticles have been used for the detection of proteins in bead assays monitored by
optical microscopy. Fuh and colleagues (88) magnetically trapped antigen-functionalized Fe;O4
nanoparticlesin a flow cell and used them to capture protein-labeled silica microbeads. The amount
of protein was quantitatively determined, via optical microscopy, by counting the micrometer-
sized silica beads. Magneto-optical relaxation has also been used to perform a liquid immunoassay
in which magnetic nanoparticles were functionalized with antibody via streptavidin-biotin conju-
gation. Introduction of the protein antibody induced aggregation, the extent of which depended
on the protein concentration and was detected magneto-optically (89).
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4.5. Other Sensors

Various types of nanoparticles have been employed to enhance SPR signals, and magnetic nanopar-
ticles have also been used for enhanced SPR detection of biomolecules. Zhou and colleagues (90)
described an indirect competitive inhibition assay to detect adenosine; these authors used mag-
netic nanoparticles to capture, purify, separate, and enrich the analyte, as well as to amplify the
SPR signal.

Surface-enhanced Raman spectroscopy (SERS) has also benefited from the incorporation of
magnetic nanoparticles through the development of M-SERS dots. M-SERS dots integrate a
Fe;O4 magnetic component into SERS dots, which are typically composed of a support particle
(silica), a Raman-active chemical (such as 4-mercaptotoluene or thiophenol), and Ag nanoparticles.
M-SERS dots have been used to isolate (through magnetic separation) cancer cells that were
otherwise challenging to separate (91, 92).

Similar to the immobilization of magnetic nanoparticles onto electrodes, magnetic nanopar-
ticles have been immobilized onto piezoelectric surfaces. Immunoassays performed on magnetic
nanoparticle-modified surfaces use the sensitive mass detection of the piezoelectric device to mon-
itor biomolecule capture during the assay. This approach represents a promising immunosensor
with a renewable analysis surface and very low limits of detection (93).

Diagnostic magnetic resonance biosensors that utilize magnetic nanoparticles offer a promis-
ing point-of-care technique (94, 95). Magnetic resonance assays have been performed on small
molecules as well as on biological species such as DNA, RNA, proteins, enzymes, cells, and organ-
isms. Weissleder and colleagues (96) recently published a comprehensive review of this technique.

5. MAGNETIC RESONANCE IMAGING

Rather than utilizing small molecules such as gadolinium complexes as contrast agents, MRI
can employ superparamagnetic nanoparticles. Magnetic nanoparticles remain in blood circulation
longer, provide higher sensitivity because of their larger number of spins, and may have fewer
adverse side effects (97).

Iron oxide is the most prevalent magnetic nanoparticle used for MRI largely because it is
generally believed to be biocompatible. As of 2010, iron oxide is the only magnetic nanoparti-
cle with U.S. Food and Drug Administration approval. MRI performed with superparamagnetic
iron oxide nanoparticles in vivo has reached nearly microscale resolution (98). As a 75 (i.e., neg-
ative) contrast agent, iron oxide nanoparticles coated with dextran were first used to image the
liver; later, they were used to image structures ranging from organs to cells. The dextran coat-
ing on iron oxide nanoparticles can be functionalized to enable specific targeting of cells or to
contain a general transfection agent that allows nonspecific targeting. Josephson et al. (99) func-
tionalized 41-nm-diameter iron oxide nanoparticles with a rans-activating transcriptional pep-
tide that—in three cell lines—enabled an uptake efficiency of the magnetic nanoparticles that was
100 times greater than previously reported. Functionalization of the magnetic nanoparticle also de-
termines where it accumulates within the cell (e.g., within the vesicles or the nucleus). Weissleder
et al. (100) used dextran-coated magnetic nanoparticles and covalently attached human holo-
transferrin. These functionalities allowed the authors to monitor transgene expression in vivo
using MRI; this research may have important implications for the monitoring of gene therapy via
MRI.

Dextran-coated magnetic nanoparticles functionalized to target the transferrin receptor have
been used to track cells responsible for the remyelination of axons in rats. In this experiment,
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Bulte et al. (101) loaded CG-4 cells, which are myelinating cells, with magnetic nanoparticles.
The remyelination of axons was tracked with MRI.

Conjugation of biomolecules on the surface of magnetic nanoparticles has been used to target
both organs and specific cell lines. Using 6-nm-diameter y-Fe, Os particles coated with maleimide-
functionalized phospholipid, which provides a route for the attachment of antibodies, O’Brien
and colleagues (102) showed that the magnetic nanoparticle contrast agent could be targeted to
cell receptors, specifically major histocompatibility class II receptors, which are prevalent in the
medulla of the kidney.

Targeting and detection of cancerous cells are areas of interest for MRI of magnetic nanopar-
ticles. MRI of iron oxide nanoparticles functionalized with carbohydrates is effective for the de-
tection of cancerous cells. For example, Huang and colleagues (103) used a series of five different
carbohydrates to functionalize magnetic nanoparticles. These authors determined the binding and
selectivity of the magnetic nanoparticles’ interaction with the carbohydrate receptors on the cells
from the extent of MRI contrast and 7> relaxation times. This research showed that cell lines can
be differentiated through the statistical method of linear discriminant analysis, that cancerous cells
can be selectively detected, and that isogenic cell lines can be distinguished from one another.

Apoptosis of cancerous cells due to administration of a chemotherapy agent has also been
monitored through the use of MRI. Brindle and colleagues (104) functionalized dextran-coated
iron oxide nanoparticles with synaptotagmin I, whose C, domain binds to the plasma membrane
of apoptotic cells. These magnetic nanoparticle conjugates were injected into a mouse in which
a cancerous tumor had previously been treated with a chemotherapeutic agent. The magnetic
nanoparticles had a reduced signal at the site of the tumor, which indicated cell death. This type of
detection is an especially promising technique to determine the effectiveness of chemotherapeutic
treatment, as well as to monitor transplanted organs.

Unfunctionalized hydrophobic iron oxide nanoparticles have been utilized in in vivo MRI
studies. The Bruns group (105) encapsulated magnetic nanoparticles in the lipid core of micelles.
Hydrophobic iron oxide nanoparticles trapped in a liposome were subsequently used to quantita-
tively analyze the uptake and metabolism of the lipoproteins via MRI (106).

Although magnetic nanoparticles have been utilized as a contrast agent in MRI, radiolabeled
nanoparticles can be used in positron emission tomography (PET), and plasmonic nanoparticles
can be used in optical imaging. A current trend in biomedical imaging is the integration of these
functional particles to produce a multifunctional nanostructure that enables an array of imaging
techniques. Superparamagnetic iron oxide nanoparticles are 75 (i.e., dark signal)-weighted contrast
agents, whereas paramagnetic small-molecule complexes containing Gd** or Mn?** are 7} (i.e.,
bright signal)-weighted contrast agents. Park and colleagues (107) designed Fe; O,4 nanoparticles
decorated with Gd** ions to create dual 7} and T magnetic resonance contrast agents. By use
of dopamine as an anchor to the Fe; O, surface, the magnetic nanoparticles can be stabilized by a
mixed layer of poly(ethylene glycol) (PEG) for solubility and chelating agents for the capture of
Gd**.

The Park group compared the signals obtained during MRI of a rat with gadolinium-
functionalized magnetic nanoparticles and the commercially available contrast agents Magnevist®
and Feridex® (Figure 7). The authors’ data demonstrate that these nanoparticles act as dual con-
trast agents.

Pichler and colleagues (108) multiplexed PET with MRI, a combination that provides com-
plementary diagnostic information. The Bao group (109) recently developed a dual magnetic and
radiolabel tracer within the same nanostructure to allow simultaneous PET and MRI with the
same agent. In this case, magnetic resonance contrast arose from a 6.2-nm-diameter superpara-
magnetic iron oxide nanoparticle core coated with PEG micelles. Some of the PEG molecules
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Feridex —> Gel only
—>» Magnevist —>» GMNPs

Figure 7

(a) Ty-weighted and () T>-weighted magnetic resonance images of a mouse injected with Feridex® and
Magnevist®. (¢) Ti-weighted and (d) T>-weighted magnetic resonance images of a mouse injected with
gadolinium magnetic nanoparticles (GMNPs) and the hydrogel solution used as a control. Reproduced with
permission from Reference 107. Copyright 2010, American Chemical Society.

were functionalized with tetraacetic acid, which was used to chelate **Cu upon incubation. The
biodistribution of these imaging agents was evaluated by PET and MRI both in vitro and in vivo.
Several other examples of nanoparticles being used as dual imaging agents for PET and MRI have
been reported (110-112).

Nanoparticles designed to multiplex optical imaging and MRI have also been investigated.
Labhasetwar and colleagues (113) designed dual optical and MRI nanoparticle agents in which
hydrophobic, oleic acid—coated Fe;O4 nanoparticles with diameters between 10 and 25 nm were
rendered hydrophilic by association with Pluronic® F127. Incubation of these particles with hy-
drophobic near-infrared fluorescence dyes (e.g., SDB5700, SDA5177, SDA6825, and Sdb5491)
caused the dyes to be trapped in the oleic acid layer on the surface of the magnetic nanoparticles,
yielding only very slow leakage over time in aqueous environments. Incorporation of the dyes
enabled fluorescence imaging of the nanoparticles, and the magnetic component served both as
an MRI contrast agent and as a magnetic field-induced accumulation agent at the tumor site.

Fluorescent dye molecules such as fluorescein isothiocyanate (99, 114), Texas Red (115), and
Cy5.5 (116, 117) have also been conjugated to dextran- and phospholipid/PEG-stabilized Fe;O4
nanoparticles to serve as dual optical/MRI probes. Magnetic nanoparticles are often coated with
silica to reduce the fluorescence quenching of the dye emission by the nanoparticle. For exam-
ple, Liong et al. (118) used silica-coated iron oxide nanoparticles to anchor fluorescein isothio-
cyanate and create a fluorescent magnetic nanoparticle. Similarly, Perez and colleagues (119) used
a poly(acrylic acid) shell on the outside of Fe;O4 nanoparticles to encapsulate near-infrared fluo-
rescent dyes and drug molecules. These multifunctional nanoparticles have MRI and fluorescence
imaging capabilities and are promising candidates for magnetic field—controlled drug delivery.

Nanoparticle heterostructures are also useful for imaging. For example, Sun and colleagues
(120) used gold-Fe;O4 dumbbell-shaped nanoparticles as dual optical/MRI agents. The het-
erostructured particles were synthesized through the use of Fe;O4 nanoparticles as seeds for
the growth of gold nanoparticles. In this approach, a single gold nanoparticle was physisorbed to
the magnetic nanoparticle surface. The resulting heterostructure retained the magnetic properties
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Dynamic optical contrast on gyromagnetic scattering. (#) Schematic of a gold nanostar with a near-infrared-active arm and a
superparamagnetic core in various positions during gyration in response to a rotating magnetic field with frequency w.

(b) Time-intensity plot of polarized scattering from a magnetic nanostar rotating at frequency w (two cycles), with reference to
positions 1-6. (c) Power spectrum of gyromagnetic scattering (15 cycles). Reproduced with permission from Reference 122. Copyright
2009, American Chemical Society.

of Fe;O4 and the plasmonic properties of gold nanoparticles and was used for both magnetic reso-
nance contrast and an optical probe with confocal microscopy during in vitro studies of epithelial
cells. The dumbbell structure does not suffer from fast signal loss and has a low limit of detection,
which is likely to be advantageous compared with single nanoparticle agents.

Gaoetal. (121) synthesized a core-shell nanoparticle made of FePt@Fe, O3 with promising dual
functionality of cytotoxicity and MRI capability. These nanoparticles were synthesized through
the use of 3-nm-diameter FePt nanoparticles as seeds for the growth of a 3-nm-thick porous
Fe,Oj; shell. This porous shell allowed slow diffusion of Pt atoms out of the core and resulted in
the nanoparticles’ cytotoxicity. Gao et al. proposed to use these nanoparticles to target and kill
cancer cells while monitoring treatment via MRL

The Wei group (122, 123) used a gold-coated Fe; O4 core to make a superparamagnetic nanostar
(Figure 8). The resulting particles integrated a polarization-sensitive plasmonic material with a
magnetic material, yielding a nanostructure for use in gyromagnetic imaging. The plasmonic signal
of the nanostars was modulated by a rotating magnetic field (123). Gyromagnetic imaging is useful
because the electromagnetic signal depends on the frequency of the applied magnetic rotation,
and the frequency-modulated signal can be transformed into a Fourier domain to improve the
signal-to-noise ratio. The loss of signal and the high background noise in biological media can
be overcome by the use of gyromagnetic imaging with nanostars; this technique has been used to
image tumor cells (123).
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6. CONCLUSIONS

The integration of magnetic nanoparticles with analytical methods has opened new avenues for
sensing, purification, and quantitative analysis. The use of magnetic fields to control the motion
and properties of magnetic nanoparticles is a tool for manipulating and analyzing species at the
molecular level and has led to applications including analyte manipulation, chemical sensors,
and imaging techniques. Magnetic nanoparticles uniquely combine superparamagnetic behavior
with dimensions that are smaller than or on the same length scale as biomolecular structures;
these characteristics have given rise to opportunities for bioanalysis that would not otherwise be
possible. For example, heterofunctionalized nanoparticles or particle heterostructures can provide
multiple analytical probes within the same nanoscale vehicle. Although there have been several
investigations of such structures, in the future this area will surely witness significant growth and
an increased impact on separation science and analysis.
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