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1. Introduction

Rapid point-of-care (POC) diagnostics that enable specific cellular and molecular detection
are currently being developed while some have already become clinical reality. These
diagnostics are often based on portable, handheld instruments and reagent-containing test
kits. Overall, the development has largely been driven by technological advances, medical
needs and cost-saving initiatives. For example, POC systems allow care providers to obtain
test results quicker?, which in turn enables immediate clinical management decisions,
elimination of costly delays to result in better care. The introduction of POC systems into
primary and home care will ultimately preempt unnecessary hospitalization, improve
inefficiencies associated with expensive hospital-based medical care and reduce dependence
on large, centralized clinics for routine diagnosis.2 3 POC technologies are also expected to
have major impacts in resource-limited settings and low/middle income countries where
access to healthcare is often limited.*

POC technologies were first developed to address basic medical needs. Currently available
devices include those for blood glucose testing,> blood gas and electrolyte analysis,®
coagulation testing,? cardiac marker diagnostics,’: 8 drug-abuse screening,? pregnancy
testing, 10 fecal occult blood analysis,}1 hemoglobin diagnostics,2 cholesterol screening,13
and limited infectious disease testing.14 15 With increasing demands to address more clinical
needs, the last few years have seen an explosive growth of different POC sensing
approaches!®-19 based on electrical impedance,2° colorimetric,?! optical,22 and
magnetic23-25 sensing strategies. Particularly for cellular, molecular and genetic testings,
there remain challenges with many of these techniques. These challenges include further
improving sensitivity and specificity, increasing complexity of tests, needs for complicated
upfront purification (and possibility of precious sample loss), unique issues associated with
low volume testing, higher training needs, higher quality control costs, regulatory burden,
and expense.
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Irrespective of the specific approach, a major limitation to most techniques remains sample
purification and enrichment for scarce targets (molecular, genetic, and pathogens). Magnetic
sensing offers many advantages as human samples are naturally devoid of ferromagnetic
materials (unlike electrical and optical technologies where interferents abound). Magnetic
nanoparticles (MNPs) are also extensively used in biomedical separation technologies?6-30
and for imaging31-34, and are generally innocuous to human cells and other samples. Finally,
new generations of miniaturized magnetic detectors have recently become available to utilize
advanced magnetic nanomaterials for molecular testing. This article reviews recent advances
in such magnetic POC devices, requirements for magnetic materials and advanced
conjugation chemistries.

2. POC assay systems using magnetic nanoparticles

Magnetic POC systems exploit the following advantages of MNPs to achieve highly
selective and sensitive detection (Fig. 1).

By conjugating affinity ligands onto their surface, MNPs can be used to selectively label
biological targets. The binding efficiency is higher than that of single ligand alone, because
MNPs offers multiple binding sites.3°

MNPs can enhance or amplify the analytical signal. By tagging targets with MNPs, one can
achieve high contrast against the background, which leads to higher detection sensitivities.3
In nuclear magnetic resonance (NMR) detection where the relaxation of 1H protons is
measured, each MNP influences millions of surrounding water molecules, a most effective
amplification strategy.23

MNPs facilitate selective manipulation and sorting of targets, as only MNP-labeled targets
will respond to the external magnetic field and experience mechanical force. This principle
is extensively used in MNP-based cell sorting and enrichment.

This section reviews various MNP-based bioassay systems. We broadly categorized them as
magnetic sensors and actuators, according to their primary use of MNPs, and discuss
representative examples in each category.

2.1. Magnetic detection

Signals from MNP-labeled biological objects are often measured by magnetometers.3”
Based on the detection mechanism, magnetometers can be categorized into volumetric or
surface-based sensors.38 The volumetric sensors measure analytical signals coming from the
entire detection volume, which makes assays simple and fast. The sensors' resolving power,
however, can be restricted, because the acquired signal is an ensemble average of the whole
volume. Representative examples of volumetric sensors include NMR devices, magnetic
susceptometors, and conventional superconducting-quantum-interference-devices (SQUIDs).
Surface-based sensors directly detect individual magnetic objects near the sensing elements.
These sensors generally achieve higher sensitivity and finer resolution than volumetric ones,
but target samples should be placed in close proximity of the sensor surface. Such an
arrangement limits the assay configuration, and typically causes the assays to be more time-
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consuming. To date, many different types of magnetometers (e.g., magnetoresistance
sensors, Hall effect sensors) have been developed as surface-based biosensors.

2.1.1. MicroNMR (UNMR) system—NMR detects MNP-labeled targets by measuring 1H
proton signal. The local dipole fields generated by MNPs perturb the precession of nuclear
spins in water protons. Samples containing MNP-labeled targets thus display faster signal
decay (higher transverse relaxation rate) than non-targeted samples (Fig. 2a).3? Because
each MNP can affect large number of its surrounding water molecules, NMR-based

detection benefits from an intrinsic signal amplification to achieve high detection sensitivity.
23

Significant progresses have been made towards miniaturizing NMR detection systems for
POC diagnostics. These advancements include designing new NMR grade magnets,*°
miniaturizing NMR electronics into integrated circuit (IC) chips,*%, and implementing
smaller NMR coils.*2-44 These miniaturized microNMR (UNMR) systems are not only
portable, but also display higher sensitivity than conventional systems. Figure 2b shows a
recently developed PNMR system (Fig. 2b) optimized for clinical operations.*> The system
used disposable tubes (diameter, 1.2 mm) as a sample container to prevent system
contamination and to facilitate the sample-loading (Fig. 2¢). The NMR electronics could be
programmed to execute many different pulse sequences (Fig. 2d). In particular, the system
can automatically compensate for drifts in the NMR frequency caused by temperature
fluctuations, which enabled robust NMR detection. This system has been used in many
clinical trials, detecting various biological entities, including tumor cells,16: 46. 47 pathogens,
48-52 and extracellular vesicles.*3: 93

2.1.2. Magnetic susceptometers—Magnetic susceptometers measures the responses of
MNPs exposed to alternating-current (AC) magnetic field. The most-widely used sensing
scheme is to detect Brownian relaxation of MNPs.># 55 MNPs in solution undergo thermal
rotation with a timescale (zg) that scales with the particle's hydrodynamic volume (see
Section 3.4 for details). This thermal motion affects the AC magnetic susceptibility (y) of
the MNPs. Specifically, the quadrature component of y, which has 90° phase difference with
respect to the AC field, has its maximum value when the excitation frequency is equal to 1/
5. Changes in the hydrodynamic diameter, due to target binding to MNPS, would shift the
peak position. Compared to the UNMR that requires a highly uniform magnetic field, the
magnetic susceptometry could be performed with a simpler setup. For example, Park et al.
implemented a compact magnetic susceptometer to measure Brownian relaxation of MNPs
(Fig. 3a).56 The magnetic susceptometry, however, has lower sensitivity than the UNMR, as
the sensing lacks the inherent signal amplification mechanism.

Magnetic susceptometry has been used to detect various biological targets, such as soluble
proteins,>’ DNA,%° and bacteria®® with signals measured either by induction coils or SQUID
under AC magnetic field excitation. By using AC magnetic susceptibility as a unique
signature, the device could differentiate multiple types of MNPs based on their different
hydrodynamic size (Fig. 3b).
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2.1.3. Magnetoresistance sensors—Magnetoresistance sensors detect their changes in
electrical resistance when exposed to external magnetic fields. The most widely used
magnetoresistance sensor type is the giant magnetoresistance (GMR) magnetometer. The
GMR effect is caused by the electron spin-dependent scattering of conduction electrons in
magnetic layers.5 The phenomenon occurs in an artificial magnetic structure comprising
multiple layers of ferromagnetic and non-magnetic materials (Fig. 4a). External magnetic
fields change the relative angle between layers' magnetizations. Accordingly, electrons
passing through the layers experience a different level of scattering (Fig. 4b). For biosensor
applications, GMR sensors are typically used in association with a sandwich assay format,
wherein molecular targets are immobilized on the sensor surface and labeled with magnetic
probes.

The initial GMR biosensor used micrometer-sized magnetic beads as a probe.0 However,
the considerable size disparity between the probes and the molecular targets was a limiting
factor in the assay speed and sensitivity.5 The use of MNPs helped overcome such
limitations and enabled sensitive detection of low amounts of proteins.2% 61. 62 Fyrthermore,
GMR sensor arrays, with each sensor functionalized with different antibodies, were
developed for parallel detection. These sensors achieved the detection limit of ~50 aM), and
displayed high dynamic ranges.2® To provide massively parallel sensing, a hybrid GMR
sensor was recently constructed by juxtaposing two different chips: a 256 GMR array and a
complementary metal-oxide-semiconductor (CMOS) chip for signal processing (Fig. 4c).>°
Compared to other magnetic detectors, GMR sensors are usually more difficult to
implement, as they require specialized magnetic wafers.

2.1.4. MicroHall (uHall) sensors—When a current-carrying electrical conductor is
placed in a magnetic field, a voltage difference is developed across the conductor, transverse
to the current direction. This phenomenon, called the classical Hall effect, is caused by the
accumulation of the moving charges to the sides of the conductor. Compared to MR-bases
sensors, the Hall-effect sensors have a lower magnetic-field sensitivity. However, they
display an excellent signal linearity at high magnetic fields (>2 T) that can fully magnetize
MNPs. Furthermore, the sensor fabrication is compatible with CMOS processing, which
enables on-chip integration of a large array of Hall sensors and other auxiliary electronics.
Various types of micrometer-scale Hall (microHall; uHall) sensors have been developed and
applied for molecular detection.83-66 Gambini et a/. advanced this technology by developing
a large (64 x 160) sensor array via CMOS technology (Fig. 5a).6” The chip also contained a
signal processing circuit and micro-electromagnets to temporarily magnetize magnetic beads
(Fig. 5b). The system measured the remnant magnetic field (Bpez9) cOming from the beads
immediately after the polarizing magnetization field (Bp) was switchedoff (Fig. 5¢).68 In this
way, the weak By from the magnetic beads could be distinguished from much stronger B
(102 to 10° times larger). In a titration experiment with magnetic beads (Dynabead M280,
Invitrogen), the sensor showed the resolution of 25 particles per array, which was equivalent
to a 0.1% coverage of the sensing area (0.64 mm?).67

More recently, Issadore et al. introduced a new pHall system that can profile cells in a flow
condition (magnetocytometry).24 69 The sensor detected magnetic fields from MNP-labeled
cells. The measured Hall voltage (/1) was proportional to the MNP numbers per cell, which
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in turn enabled quantitative molecular profiling (Fig. 5d). For a given number of MNP, the
detection sensitivity improved by using MNPs with high magnetic moments (e.g., doped
ferrite, Fe-based particles). Because the sensor measured time-varying signals from flowing
cells, it could operate in the AC-coupling mode to block interference from the static external
magnetic field (B). In addition, eight 8 x 8 pm? Hall elements were laid out as an
overlapping 2 x 4 array (Fig. 5e). This arrangement ensured that cells inside the fluidic
channel would be detected by at least two Hall sensors to improve the accuracy.? When
cancer cells were profiled for surface markers, the pHall results agreed well with those from
flow cytometry (Fig. 5f). The pHall detection, however, did not require washing or
purification steps, and could be performed in complex biological media. With such a
capacity, the uHall was ideally suited to detect rare cells in native biological samples. For
example, the uHall was able to detect circulating tumor cells in cancer patient blood
samples, even in those tested negative with clinical standards (CellSearch).2*

2.1.5. Diamond magnetometer—Magnetometry based on nitrogen-vacancy (N- V)
center diamonds is an emerging new technology for ultrasensitive magnetic detection.”0-73
The N- Vcenter is an association of a nitrogen atom and a vacancy inside a diamond crystal
lattice (Fig. 6a). The center has a ground-state energy with spin-triplet (/ms= 0 and +1). The
mg = 0 state spontaneously split from mgs= +1 (zero-field splitting) state, with an energy
difference of 2.87 GHz. In the presence of external magnetic fields, the energy levels of mg
= +1 would further split according to Zeeman effects (Fig. 6b). The energy differences
between ms= %1 and mg= 0 can be measured spectroscopically to determine the strength of
external magnetic fields.

One readout method is based on continuous optical and microwave excitation.”* In this
approach, a N- V/system is optically polarized, through 532 nm excitation, into the excited
state of /mgs = 0; the spontaneous decay of ms= 0 level from the excited to the ground states
generates red fluorescence. A concurrent microwave excitation can induce transition from
ms= 010 mg= %1 at the ground state, and the fluorescence intensity decreases as fewer g
= 0 spins are available. By measuring the florescent intensity at sweeping microwave
frequency, the relative change of /5= 0 population can be measured. Without external
magnetic fields, only a single dip in the fluorescence intensity is observed due to mg=+1
degeneracy. With external magnetic fields on, the Zeeman effect removes the degeneracy,
and splits the single dip into two; the inter-dip distance is linearly proportional to the field
strength (Fig. 6¢).

N- Vdiamonds could be an excellent biosensing platform. They assume ultrahigh detection
sensitivity (3 nT/VHz)’1, and yet operate at ambient conditions. In addition, standard
microscopy is used for signal acquisition, offering a possibility for wide-field imaging. For
example, Sage ef al. used a N- V/sensor to magnetically image magnetotactic bacteria (Fig.
6d).”> Magnetic fields, coming from chains of magnetosomes inside the bacteria, were
measured, and their vector maps were generated at a sub-cellular resolution (400 nm). More
recently, N- V/diamond sensors have also been adopted as a NMR reader.”8: 77 The sensor
demonstrated exquisite sensitivity, detecting NMR signal from 10* nuclear spins from
nanometer scale samples.’’
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2.2. Magnetic actuation

Magnetic actuation uses MNPs as a remote handle to exert mechanical forces on target
objects. As in magnetic detection, the operation is highly selective even in complex, turbid
samples??, due to the inherently negligible magnetic susceptibility of biological objects, and
can be performed in a parallel and high-throughput fashion.28: 78 Furthermore, by employing
microfabrication, magnetic actuators can be integrated with sensing elements into an easy-
to-use, microfluidic cartridge.”®: 80

Biological objects labeled with MNPs assume induced the magnetic moment (m) when
subjected to external magnetic fields. The magnetic force F,, due to the external magnetic
field induction By is given as®!

1
Fiu=5V(m - By). O

For an ensemble of MNPs, the induced magnetic moment can be expressed as m =
nVxoBolto, where nis the particle number, Vis the particle volume, yq is the volume
magnetic susceptibility, and 1 is the vacuum permeability (see Section 3.3 for details). Eq. 1
can be rewritten as

nV
:m(BO-V)BO.

Fm
Ho 2

The force magnitude (F,; = |Fm|) therefore can be increased by using MNPs with strong
magnetization (hence large yo) and optimizing their labeling methods (large 7); this topic is
further discussed in Sections 4. On the device level, £, is enhanced by designing magnetic
structures that can generate strong (large Bp) as well as highly localized magnetic fields

(large V By).

Various types of micro-magnetic structures have been developed and integrated with
microfluidic systems to improve the efficiency of magnetic actuation.26: 82. 83 For example,
lithographically-patterned magnets that consist of either ferromagnetic elements84-%0 (e.g.,
Ni or Permalloy) or electromagnets’®: 81. 91-93 haye been implemented. These micrometer-
scale structures are ideal in producing highly localized magnetic fields (VBy ~ 100 T m™1),
and the resulting magnetic forces can be large enough (100 pN to 10 nN on 1 um magnetic
beads) to enable high-throughput sorting.88

We discuss two major modes of magnetic actuation in the following section: magnetic
separation and magnetic manipulation. Magnetic separation refers to the sorting operation
that identifies and collects target objects, whereas magnetic manipulation actuates the
precise spatial and temporal control of target objects.
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2.2.1. Magnetic separation system—Magnetic separation can be an efficient
preparatory tool to enrich biological targets from heterogeneous mixtures.* According to
their operation modes, the separation systems can be further grouped as a retention device or
an in-flow filter device.2® In the retention device, magnetically-labeled targets are captured
and kept in designated areas, while the rest of samples are separated and removed; the
captured targets can be subsequently retrieved by removing the external magnetic field. In
the in-flow device, spatial trajectories of magnetically-labeled targets are deflected through
the application of external magnetic fields, and targets are eventually collected in separate
fluidic ports. The retention-based separation is generally fast and easy to operate, although
care should be taken not to overwhelm the separation capacity of the device. In contrast, the
in-flow filtration can process a large volume of samples without being saturated. The device
implementation and operation, however, often require a more sophisticated and balanced
coordination between the fluidic flow and the magnetic force.

2.2.1.1. Retention device: Retention devices can generate large magnetic forces to securely
capture targets against the flow. As such, magnets are designed to create short-ranged, large-
gradient fields. For example, Tibbe ef a/. used a combination of macro and microscopic
magnets to capture individual cells.®° The device had a two-stage magnet system consisting
of a pair of external magnets and a lithographically-patterned array of Ni lines (Fig. 7a). The
external magnets had a wedge-shape to produce a field gradient in the vertical direction. The
Ni lines were magnetized by the uniform horizontal field from the external magnets, and
produced highly localized magnetic field on the device surface. MNP-labeled cells in the
sample chamber would migrate upwards due to the global field gradient by the external
magnets. When close to the device surface, these cells were trapped between the Ni-lines
where the magnetic field flux is highly concentrated. As the captured cells aligned along the
interstitial space of Ni-lines, they could be easily observed by optical systems (Fig. 7b).
Indeed, the device was further integrated with a translation stage and a compact-disk optics
to enable multiplexed single-cell analyses in whole blood.%0: 9

High magnetic field gradient can also be achieved through the alternating arrangement of
magnetic dipoles (Fig. 7¢).96: 97 This configuration creates near fields with their maxima
tightly confined on top of each dipole. Analytical modeling® showed that the field is indeed
short-ranged, decaying exponentially away from the dipoles. The leading term in the field
magnitude is written as

22 2 2
B~ Bge o Hllcos™z - cos™y|,
a a

©)

where ais the pitch between adjacent dipoles and Byis the field from a single dipole. Eq. 3
also shows that the effective distance [~a/(21--rt)] that the field extends from a dipole can be
engineered for specific applications simply by controlling a. Issadore et a/. used a magnetic
self-assembly to create the desired dipole arrangement (Fig. 7d): permanently magnetized
materials tend to form antiparallel configuration of moments to minimize magnetic energy.
Specifically, NdFeB grains were suspended polydimethylsiloxane (PDMS) polymer, and the
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mixture was slowly cured (~1 hour) to allow for the self-assembly of the NdFeB grains. A
microfluidic channel (height: 50 um) was then directly built on top of the cured magnets
(Fig. 7e).97 The device had two magnetic sections for efficient magnetic capture. At the
entry port, the magnetic layer was made of bigger NdFeB particles (a~ 125 um). This layer
thus created a magnetic field that extended throughout the microfluidic channel height.
Further along the channel, the grain size was reduced (a ~ 8 pum) to firmly trap magnetic
objects. The device was used to enrich circulating tumor cells in blood by
immunomagnetically depleting leukocytes (Fig. 7f). The operation enriched the population
of tumor cells to leukocytes by a factor of >103. The recovery ratio, the fraction of tumor
cells that pass through the system, was ~90 %.

2.2.1.2. In-flow separation device: In-flow separation is achieved by applying magnetic
fields, typically perpendicular to the direction of the fluidic flow.82: 99 The magnetic force
changes the trajectories of magnetically-labelled targets along the stream lines, continuously
separating target objects from others whose trajectories remain unaffected. This scheme has
a less stringent requirement for high field gradients, a necessity in the retention systems, and
potentially affords higher throughput operation. The device by Inglis et a/. used
microfabricated Ni-lines for cell separation.8® Unlike the trapping system (Fig. 7a), the Ni-
lines were aligned at an angle 6 to the flow direction. The net force on a magnetic object is
the vector sum of the magnetic force (Fp,) and the drag force (Fg; Fig. 8a). If the Fq
component perpendicular to the Ni lines is smaller than |F|, the object will flow along the
Ni lines, altering its direction in flow.8? The criterion for such events is |Fg|-sin6< |Fp|;
balanced control on the fluidic flow is thus important. This device was used to separate
MNP-labeled leukocytes from whole blood (Fig. 8b). The concept has been further extended
for differential sorting®. With a set of magnetic wires, each inclined at a different angle 6,
multiple targets could be sorted according to their magnetic moments.

By using Y-shaped fluidic devices, samples can be separated without touching the magnetic
structures. These devices have separate fluidic ports for introducing the sample and buffer
solution; flow injection generates two laminar streams inside the fluidic channel. The
magnets are located on the buffer side to pull MNP-labeled targets and collect them on the
buffer outlet. As the magnets are detached from the fluidics, the system is easy to
manufacture and cost-effective. The magnetic force can also be controlled /n situ by
changing the magnet position. Extending from this simple design, Kang et a/. developed a
blood-cleansing system that removed MNP-labeled pathogens from blood (Fig. 8¢).1% This
fluidic system mimicked the architecture of a spleen, consisting of two fluidic channels
interconnected with a series of open slits: one channel functioned as an arterial vessel for
blood flow, and the other contained slow-flow saline buffer, acting like venous sinusoids.
Bacteria targets were labeled by MNPs conjugated with an engineered human opsonin
(mannose-binding lectin) that captures a broad range of pathogens (Fig. 8c, inset). Under a
continuous flow, MNP-labeled bacteria were removed into the venous channel through the
magnetic pulling. The device achieved a high separation efficiency (>90%) with the flow
rate reaching up to 1.25 liter per hour.
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2.2.2. Magnetic manipulation system—Magnetic manipulation is an elegant micro-
manipulation strategy to transport single cells or other small objects to desired locations
through dynamic control of the magnetic fields. Lithographically patterned electromagnets
are widely used as a field source, and can provide fine spatiotemporal resolution in field
control. A planar coil is the most efficient geometry, as it can concentrate the magnetic flux.
The field strength produced by electromagnets, however, is much weaker than that by
permanent magnets. Most magnetic manipulation is thus performed under static conditions,
1.e., without flow.

Several different types of devices have been reported for magnetic manipulation.

79,81, 85,91, 101 |n particular, advanced IC chips have been developed by applying the CMOS
technology in device fabrication. For example, Dupont et a/. implemented a linear array of
microcoils integrated with optical detectors (single photon avalanche diodes) at the center of
each coil, which allowed for on-chip manipulation and detection of individual magnetic
particles (Fig. 9a).80 Lee et a/. implemented an IC chip containing a matrix of microcoils,
current sources and control electronics (Fig. 9b); the device was used to control the motion
of individual biological cells with microscopic resolution.102

Fluidic droplets represent another technology used for magnetic manipulation. In this
strategy, droplets are formed by encapsulating aqueous solution of MNPs in mineral oil.
Magnetic particles serve a dual function, both as a force mediator and a solid substrate for
biochemical reaction. By using a two-dimensional microcoil array, implemented in a printed
circuit board, Lehmann et a/. moved a droplet through a sequence of buffer solutions to
purify DNA from cell lysates.193 Pipper et a/. introduced a POC device for avian flu
detection (Fig. 9c), by combining magnetic actuation with on-chip polymerase chain
reaction (PCR).104 In this system, the magnetic droplets were manipulated by moving the
permanent magnet. Sequential processes were performed on-chip, including viral RNA
isolation, purification, pro-concentration, and further amplification through real-time reverse
transcription PCR (RT-PCR). Because of the small sample volume (<50 uL), the assay
benefited from fast diffusion and low thermal mass, enabling the entire procedure to be
completed in less than 30 min.

Magnetic manipulation was also employed to perform key steps in diagnostic assays.105-107
For example, the Magnetotech sensor (Philips) used magnetic actuation to speed up
immunomagnetic detection (Fig. 9d).108 In this system, a pair of electromagnets sandwiched
a microfluidic cartridge whose surface was functionalized with antibodies. Samples and
immunomagnetic particles were mixed and injected to the cartridge. Activating the bottom
electromagnet concentrated magnetic particles to the sensor surface, accelerating their
binding kinetics to the surface. Subsequently, the top electromagnet was turned on to remove
free and non-specifically bound particles (magnetic wash). The final particle-binding to
surface was optically readout through reflection measurements.

3. Key Magnetic properties of magnetic nanoparticles

Table 1 compares key magnetic properties required for different detection modalities. The
most important MNP property is the magnetic moment (/77,). The utilities of MNPs are
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generally commensurate with their magnetic moment (/77,), because higher /7, can result in
larger force and more pronounced detection signals. /7, is a product of the magnetization
(M) and the particle volume (V). Significant efforts thus have been made to synthesize large
MNPs using magnetically stronger materials.

3.1. Saturation magnetization

When a magnetic material has n,yatomic magnetic dipoles per unit volume and each dipole
has the magnetic moment m,; the saturation magnetization My is defined as My = ngy my.
This value is an unique material property, and sets a maximum M achievable for a given
magnetic material. Table 1 lists the bulk M values of representative magnetic crystals.109
Element iron, cobalt or doped-ferrite are the most widely-used MNP constituents, as the
material assumes high My and can be synthesized into MNPs. Magnetization of MNPs
increases with particle size, because the surface effect (e.g., spin-canting) is reduced in
larger particles (Fig. 10a). The saturation magnetization of MNPs, however, is generally
smaller than that of bulk material, since the high surface energy of MNPs can hinder the
perfect alignment of atomic magnetic dipoles.110- 111 For a spherical MNP, its saturation
magnetization (M) can be estimated as M, = My [(r— N)/A3, where My is the saturation
magnetization of the bulk material, ris the particle radius, and A is the thickness of
magnetically frustrated (spin-canting) surface layer.112 The surface effect can be reduced by
modifying the particle shape. For example, cube-shaped MNPs were shown to have larger
M), than spherical ones with the same magnetic volume, because more magnetic dipoles can
align parallel in the cubic geometry (Fig. 10b).113. 114

3.2. Superparamagnetism

A unique feature of MNPs is the paramagnetic behavior of an ensemble of MNPs, termed
superparamagnetism.11% Individual MNPs have a single magnetic domain with the
magnetization aligned in a particular direction defined by magnetic anisotropy. However,
thermal energy can activate the random reversal of magnetization over the anisotropy barrier.
116 Wwithout external magnetic fields, an ensemble of MNPs consequently display negligible
remnant magnetic moments, but the magnetic moments grow with increasing external
magnetic fields. This property is critical both in magnetic sensing and actuation, as (i) MNPs
can be stably suspended in solution without aggregation to enhance their labeling efficiency,
and (ii) MNP-labeled biological targets, once collected by external magnets, can be released
by removing the external fields.

The superparamagnetism is highly dependent on the particle size. When the external
magnetic field is removed, the average magnetic moment of a MNP relaxes to zero through
thermal fluctuation. The corresponding relaxation time (zy) is estimated by the Néel-Brown
model, 117

K-V
kT (4

Ty =T0eXpP

Chem Rev. Author manuscript; available in PMC 2018 January 31.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 11

where 7 is a time factor in the order of 1079 sec, Kis the anisotropy energy constant of the
material, kg is the Boltzmann constant, and 7 is the temperature. MNPs are considered
superparamagnetic when zp< 102 sec at room temperature, and this condition sets the
maximum particle size (V= 25 kg 71K) for superparamagnetism (Table 1).118 These values,
however, represent a general guideline, as many factors can affect the relaxation behavior of
MNPs. For examples, the anisotropy energy constant is affected by the particle size and
shapell4 119: magnetic interaction among particles could lock their magnetic moments; and
electrical charges on the particle surface can exert repulsive force to effectively increase the
inter-particle distance. Importantly, MNPs in suspension can lose their effective moment
through another route, the Brownian relaxation. For a particle with a hydrodynamic volume
W, the Brownian relaxation time is given by

_3nVh

T

where ) is the fluid viscosity.>* Since the magnetic moments can relax through either of
these independent mechanisms, the effective relaxation rate is given as 1/zy + 1/zg The
effective relaxation time (z) of MNPs is therefore120

_Tn " Tg

STt (6)

Note that for =~ zgfor larger MNPs, as zy,is increasing more rapidly than zgwith the
particle size (Fig. 11a).

3.3. Average magnetic moment

At a given temperature and under an external magnetic induction field (5p), the
magnetization of superparamagnetic MNPs can be expressed using the Langevin function11®

/] . . _1
Mag=M, {Coth (M) _ (M) } ,
ke, T k, T @)

For a MNP population with a size distribution f{/), the magnetic moment of MNPs is
obtained through a size-weighted ensemble averaging:12

Mavs=[J5 MasgV - F(r)dr] [ ([ S ()] (g)
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At low external magnetic fields (< 0.1 T), the magnetization of MNPs is linearly
proportional to the external fields. The direct-current (DC) volume magnetic susceptibility
o for a monodisperse MNPs is given as

poMavg } _/LOJWaQ\/gV

Xo="g, Tk, T

Bp—0

©)

where /4 is the magnetic permeability of vacuum. For a MNP population, y g, is obtained
by ensemble-averaging yo.

3.4. AC magnetic susceptibility

When subjected to alternating current (AC) magnetic fields, MNPs may show delayed
response due to the finite rate of magnetization changes. This property can be modeled by a
complex magnetic susceptibility, y = y "+ 7 y ”, where y “and y “respectively denote the
in-phase and the out-of-phase components with respect to the AC field. For MNPs with the
DC susceptibility of yo and the effective relaxation time z,5*

(=X
1+ (wr)? (10)

and

n_ X0 WT

1) 1

where w is the frequency of the applied field (Fig. 11b). Note that y “has its maximum
when w = £71; the shift in the peak frequency thus can be exploited to measure specific
binding of target molecules to MNPs (Section 2.1.2).

The out-of-phase component y “also has significant implications in magnetic fluid
hypothermia, as it represents the energy loss through magnetic relaxation. With the external
field strength Hp, the specific loss power (P) for monodisperse MNPs is given by122

1
P=—poHa X" w.
gHOHOXE 19y

To achieve maximum heating, MNPs should be monodisperse at the optimum particle size,
satisfying w = L.

Chem Rev. Author manuscript; available in PMC 2018 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 13

3.5. Relaxivity

In NMR-based sensing, ideal properties of MNPs are better represented by relaxivity. When
placed in an external field, each MNP creates a local magnetic field, which efficiently
destroys the coherence in the spin-spin relaxation of water protons. The net effect is a
shortening of the longitudinal (77, spin-lattice) and transverse (75, spin-spin) relaxation of
NMR signal.123. 124 The capacities of MNPs to decrease 7, and 77 are respectively defined
as the transverse (7,) and the longitudinal (1) relaxivities. MNPs are mainly used as a 75,-
modulating agent, because /271125 MNPs with higher r, are desirable to improve the
detection sensitivity.

The r, values increase with the particle size (/) and the magnetization (M,). The
relationship, however, follows a different scaling law, depending on the particle size. When
particles are small (e.g., < 13 nm for MnFe,O4 MNPs at the NMR frequency 20 MHz), the
diffusional motion of water molecules is fast enough to average out the magnetic fields
produced by MNPs. In this regime, called motional averaging, the 7> value (per metal) is
proportional to M2 74128 With z,~ 2/ D, where Dis the diffusion coefficient, z,signifies
the duration when water protons are under the influence of a MNP. As zincreases further
with growing particle size, the averaging effect diminishes and MNPs appear to water
protons as randomly-distributed, stationary objects.12” The corresponding relaxation
mechanism, known as static dephasing, predicts that 7, relaxivity is only proportional to M,

Figure 11c shows the measured 7, values of MnFe,0, MNPs.128 With increasing particle
size, the observed 7, increased as predicted by the motional averaging relaxation. Further
improving 7, in a single-core particle format, however, turned out challenging, as the
particles became non-superparamagnetic and no longer stable in suspension. Yoon et a/. took
an alternative approach by assembling small MNPs into a single multicore particle.128 Such
a configuration, akin to that of magnetic beads, allowed particles to remain
superparamagnetic, while further increasing > through the static dephasing relaxation
mechanism. Indeed, the 7, values of multicore particles were higher than those of single-core
MNPs, and could be fitted to the static dephasing model.

4. Synthesis of Core magnetic nanoparticles

Typically consisting of a surface coating and versatile targeting molecules at the surface, the
magnetic properties of MNPs are dictated by their core magnetic materials (Fig. 12a). Cores
can be produced from different materials and have a controlled size, shape, and crystallinity.
37,129-133 Generally, core MNPs are either made of pure metals (e.g., Co, Fe, and Ni)134-139
or their oxides.134 140-142 Transition metal-doped oxides and metal alloys, including CoPts,
FePt, and FeCo, are also good candidates.143-148 Among this variety of core MNP libraries,
iron-based MNPs are considered to be one of the most attractive candidates for biological
application, owing to their biocompatibility.133: 149 |n particular, iron oxide MNPs are
degraded into non-toxic iron and oxygen components, and their utilization as magnetic
resonance imaging (MRI) contrast agents had been approved by the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) at different time points.
150-155 | this section, representative core MNPs, including ferrite-based MNPs, elemental
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iron-based MNPs, and iron-based bimetallic alloy MNPs and their synthetic methods, will
be discussed.

4.1. Ferrite-based MNPs

Ferrites are complex magnetic oxides derived from iron oxides, such as magnetite (Fe30g)
and maghemite (y-Fe,O3), that are chemically combined with one or more metallic
elements.156 The ferrites have a general composition of MFe,O4, where M is a divalent
transition metal cation, such as Co, Mn, Fe, Ni, and Zn. Ferrite MNPs can be produced by
either physical top-down approaches or chemical bottom-up strategies.1>7. 158 However, the
latter are more adequate for producing high-quality MNPs with a controlled size distribution
and uniform composition.132: 158, 159 A variety of colloidal chemical methods, including co-
precipitation, thermal decomposition, micelle synthesis, hydrothermal synthesis, and
electrochemical synthesis, are directed at the fabrication of MNPs.159 This section will focus
on the co-precipitation and thermal decomposition synthesis because they are the most
relevant method for preparing MNPs for POC devices. The former results in biocompatible
MNPs for /n vivo use, and the latter results in highly monodisperse MNPs with high
magnetic properties, which are generally used for /n vitro applications. Other synthetic
methods have been thoroughly reviewed by Laurent et a/.159

4.1.1. Co-precipitation method—Ferrite MNPs are commonly synthesized by the co-
precipitation of stoichiometric amounts of ferrous (Fe2*) and ferric (Fe3*) salts in an
alkaline solution. This technique is usually performed in the presence of water-soluble
surface coating materials, such as dextran,160 starch,161 polyethylene glycol (PEG),162
polyacrylic acid (PAA),163 or polyvinyl alcohol (PVA),164 to provide colloidal stability and
biocompatibility /n situ. During this reaction, MNPs are formed by sequential reaction steps,
including monomer generation, nucleation, and growth (Fig. 12b). According to the LaMer
mechanism, a short burst of nucleation followed by a slow growth of particles without any
significant additional nucleation is required to produce monodisperse ferrite MNPs.165
Therefore, optimizing the reaction conditions to achieve a complete separation of the
nucleation and growth process is critical for generating high-quality MNPs.166 In co-
precipitation synthesis, the reaction can be controlled by adjusting parameters, such as the
pH, ionic strength, temperature, types of the iron salts, and [Fe2*]/[Fe3*] ratio. The
influences of these parameters on the size and magnetic properties of MNPs have been
extensively explored in a number of studies.167-171 However, MNPs synthesized by co-
precipitation usually have a large size distribution because the growth of crystal is only
governed by kinetic factors (Fig. 12c).159

One unique ferrite MNP, synthesized by co-precipitation method, is monocrystalline iron
oxide nanoparticle (MION), which consists of a 3-5 nm magnetite and/or maghemite core
surrounded by a biocompatible surface coating material (7.e., dextran).1’2 MIONs are
synthesized following the addition of concentrated base to an aqueous mixture of di- and
trivalent iron chloride salts and dextran. The overall average hydrodynamic size of the
MIONSs usually falls within the 20-45 nm range. Owing to the biocompatible nature of
ferrite and dextran surface coating and adequate hydrodynamic size, MIONs are widely
utilized as a platform material for POC diagnostics.160: 172173 Several variations of mono-
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or polycrystalline iron oxides have been used as MRI contrast agents (e.g., Feridex 1.V.®,
Combidex®, and Resovist®; though FDA-approved, some of these products have been
withdrawn from the market for commercial reasons).150-154. 174,175 | the case of one
specific MION-46, the core size is ~4.6 nm, saturation magnetization value is ~68 emu g1;
r, and r, are 16.5 mM1s1 and 34.8 mM-1s1 ([Fe], 0.47 T, 37 °C), respectively.172
Therefore, MIONS generate negative ( 7,) contrast by decreasing the MRI signal of the target
lesion, and they can be effectively used to image reticuloendothelial system organs, such as
the liver and spleen.

However, these ferrite MNPs suffer from dissociation of the surface coating materials under
certain biological conditions because of the weaker non-covalent binding interaction
between the core ferrite and dextran coating. To prevent such coating dissociation, MIONs
are further treated with chemical compounds that promote covalent cross-linkages between
surface dextrans.160. 176-181 Epjichlorohydrin is often used as a cross-linker. Upon treatment
with base, the hydroxyl groups of dextran are deprotonated into their anions, which act as
nucleophiles in an SN2 reaction with epichlorohydrin. Each epichlorohydrin molecule can
react with two molecules of dextran, first by Sy2 displacement of the chloride ion and then
by a base-catalyzed epoxide ring opening reaction. These reactions finally result in cross-
linked iron oxide nanoparticles (CLI1Os). Followed by treatment with ammonia, primary
amine functional groups are easily introduced viaopening of the unreacted oxirane ring of
epichlorohydrin. The primary amines on the surface of the nanoparticle endow CLIOs with
an increased capacity for the conjugation of multiple targeting molecules, additional imaging
agents, and therapeutics.182 Amine-terminated CLIOs (CLIO-NH,) have an average
hydrodynamic size of 25-40 nm, approximately 40-80 amines per nanoparticle, and a r, of
50 mM-1s1 [Fe].160. 176 Their unique coating makes CLIOs biocompatible and exceedingly
robust for use in many bio-medical applications.182 More recently, alternative
carboxymethyl dextran has been used for MION coating because its multiple carboxyl
groups exhibit enhanced binding to the surfaces of the MNPs, which results in much higher
coating stability. An example of an FDA-approved clinical preparation to treat iron
deficiency is ferumoxyol (Feraheme®), and which can also be used for MR imaging.34: 153

4.1.2. Non-hydrolytic thermal decomposition method—Although ferrite MNPs
fabricated by the co-precipitation method are primarily used for /n vivo imaging, the larger
size distribution and poor crystallinity are a limitation for their use in POC devices.183 As a
result, non-hydrolytic thermal decompositions methods have been developed. In general,
ferrite MNPs synthesized by different non-hydrolytic routes have excellent crystallinity and
homogenous size distribution and shape (Fig. 12¢).119. 141, 143, 184-186

Two different types of organometallic precursor systems can be used, (i) single source
precursors that possess organic ligands and metal-oxygen bonds (e.g., iron cupferronate, iron
acetylacetonate, and iron oleate complexes), or (ii) dual source systems where metallic
precursors and additional oxidizers (e.g., (CH3)3NO)) are introduced for controlled
oxidation. The precursors are mixed with non-hydrolytic organic solvents containing
stabilizing surfactants and are then heated for thermal decomposition. As a result, monomers
are generated and, when their concentration is above a supersaturation level, the nucleation
and subsequent growth of crystalline nanoparticles are induced (Fig. 12b).187 The size of
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MNPs can be finely controlled by varying the reaction condition, such as the types of
solvent, heating rate, surfactant, and reaction time, or by seed-mediated growth process.

In one typical study by Sun et al., the preparation of monodisperse Fe304 MNPs with an
average size of 4 nm (less than 10% standard deviation) is reported. In their study, iron (I11)
acetylacetonate (Fe(acac)s) precursors in phenyl ether are decomposed at a high temperature
(260 °C) in the presence of a mixture of surfactants (oleic acid and oleylamine) and reducing
agent (1,2-hexadecanediol).188 When the reaction solvent is changed from phenyl ether
(boiling point, B.P. = 259 °C) into benzyl ether (B.P. = 298 °C), larger MNPs with a
diameter of 6 nm are obtained. The size of the MNPs can be further increased up to 20 nm
through a seed-mediated growth using 3—-4 nm Fe304 MNPs as seeds. Regardless of the size
of the MNPs, the heating rate is an important parameter for determining the size distribution
of the MINPs. Typically, for highly monodisperse MNPs, the mixture is first heated up to
200 °C and it remains at that temperature for some time (ageing) and is then finally heated
up to 260-300 °C. When the mixture is directly heated up to a reflux temperature, the
resultant MNPs have a wide size distribution from 4 to 15 nm.

Cheon and colleagues demonstrated size-controlled syntheses of single-crystalline
maghemite MNPs by modulating the amount and type of surfactants as well as the reaction
times.18 The size of the synthesized MNPs was increased from 12 to 50 nm by increasing
the surfactant-to-metal precursor ratio and reaction time. When sufficiently large amounts of
surfactant are introduced, surfactants are reversibly coordinated to the MNP surface,
allowing for further growth. The long reaction time provides sufficient opportunity for the
Ostwald ripening process during which large MNPs grow larger at the expense of smaller
MNPs.189 The same researchers also showed the surfactant effects on the shape of MNPs.
The morphological structure of maghemite is mostly governed by three surfaces, (100),
(110), and (111). Therefore, the shape can be controlled by modulating the degrees of
truncation along those surfaces. For example, at a low surfactant concentration, surfactants
mostly bind to the highest-energy (111) surfaces and growth along the [111] direction is
restricted. The resulting (111) truncated MNPs can have diverse shapes, including sphere,
diamond, and prism. When the surfactant concentration increases significantly, (111) and the
next highest-energy (110) surfaces are covered by surfactants providing hexagon-shaped
MNPs.

To produce highly monodisperse MNPs, Hyeon et a/. took advantage of an iron-oleate
complex.119: 184 First, they prepared an iron-oleate complex (Fe(oleate)s) by reacting iron
chloride with sodium oleate; then, they slowly heat the complex up to 310 °C in the presence
of organic solvent and surfactants. According to the study, nucleation occurs at 200-240 °C
when one oleate ligand is dissociated from Fe(oleate)3 and growth occurs at about 300 °C by
the dissociation of remaining two oleate ligands from the iron-oleate complex. Owing to this
nature of the iron-oleate complex, the nucleation and growth process can be effectively
separated, which is a key requirement for preparing uniformly sized MNPs. By modulating
the decomposition temperature and ageing time, the MNP size is controlled from 5 to 22 nm.
Additionally, all of the MNPs are monodisperse with a size distribution of less than 4 %.
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These non-hydrolytic thermal decomposition approaches can be further extended to the
syntheses of transition metal-doped ferrite MNPs (MFe,04, M = Co, Fe, Ni, Mn, and Zn)
simply by using additional divalent transition metal precursors, such as M(acac), or MCl,
(M = Mn, Fe, Co, Ni, and Zn).147. 148, 185 g;ch substitution of Fe2* into transition metals
offers an opportunity to precisely control the magnetic properties of ferrite MNPs to enhance
the saturation magnetization. Ferrite MNPs have an inverse spinel crystal structure with the
oxygen anions arranged in a face-centered cubic close-packed lattice.130 The tetrahedral (Tg)
sites are occupied by Fe3* ions and octahedral (Oy,) sites are filled with Fe3* and Fe2* ions.
Under an external magnetic field, the magnetic spins of the metal ions at the Oy, sites align
parallel to the external magnetic field, while those at the T sites align antiparallel to the
field. Therefore, each magnetic spin of one octahedral Fe3* and the other tetrahedral Fe3* is
canceled out, and only the magnetic spins of octahedral FeZ* with a high spin d6é
configuration induce a total magnetic moment per unit of 4 pg (Bohr magneton; 9.27 x
10724 J/T).147. 190 |n this sense, it is possible to control the net magnetic moment by
replacing octahedral Fe2* with divalent transition metal ions.

Following the report on the syntheses of monodisperse metal-doped ferrite MNPs by Sun et
al. 18 Lee et al. demonstrated the dopant effects on magnetism and MRI contrast effects.147
A series of 12 nm metal-doped ferrite MNPs, including MnFe,0,, FeFe,04, CoFe;Qy4, and
NiFe,0y, are fabricated. The reaction is performed by heating an octyl ether solution
containing divalent metal chloride (MCly, M = Mn2*, Fe2*, Co?*, and Ni2*), iron (111)
acetylacetonate, oleic acid, and oleylamine. As a result of the electron spin configurations of
the metal-doped ferrite MNPs, their net magnetic moment per unit MnFe;O4, FeFe)Oy,
CoFey0y, and NiFeo0y is estimated as 5 g, 4 Ug, 3 U, and 2 up, respectively. Reflecting
those estimations, the M values of those MNPs are measured as 110 emu g1 ([Mn + Fe]),
101 emu g1 ([Fe]), 99 emu g1 ([Co + Fe]), and 85 emu g1 ([Ni + Fe]). Recently, Jang et a/.
synthesized Zn-doped ferrite MNPs ((Zng 4Feg g)Fe204) and Zn-/Mn-doped ferrite MNPs
((Zng 4Mng g)Fe204) with high A of 161 emu g1 ([Zn + Fe]) and 175 emu g1 ([Zn + Mn +
Fe]).18 The ZnZ* doping level, a key-parameter for a high M value, is precisely controlled
by varying the molar ratio between metal precursors. Another example of metal-doped
ferrite MNPs utilizes not only the doping but also the sizing strategies to achieve a high
magnetization. Lee ef al. synthesized metal-doped ferrite MNPs by reacting the mixture of
Fe(acac)s, Mn(acac),, and 1,2-hexadecanediol at a high temperature of 300 °C.44 The size of
the resultant MnFe,O4 MNPs (10 nm) is further increased to 12 nm, 16 nm, or 22 nm
through a seed-mediated growth strategy. In particular, the MNPs with a size of 16 nm show
excellent MRI 7; contrast effects with an 7, of 420 mM-1s'1, which is about 7-fold higher
than that of MIONS.

4.2. Elemental Iron-based MNPs

Monometallic MNPs, such as cobalt, iron, and nickel, have been extensively studied due to
their prominent magnetic properties.132 137. 191 Monometallic MNPs exhibit superior
magnetization than their corresponding oxides, making them an ideal choice for bio-
applications including highly sensitive detection of biomolecules and molecular MR1.134-139
The elemental iron-based MNPs are especially attractive, owing to their high saturation
magnetization value (218 emu g1) as well as biocompatibility originating from the non-
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toxic nature of iron.192 Therefore, the controlled synthesis of elemental iron-based MNPs
has been an important goal in magnetic nanomaterial science. The non-hydrolytic thermal
decomposition is the most common method for preparing elemental iron MNPs,139. 193, 194
However, there still remain challenges to obtaining pure monometallic iron MNPs because
iron nanoparticles are extremely reactive and readily oxidized, resulting in undesired
changes in the magnetic properties. Therefore, elemental iron-based MNPs require
passivation by an oxidatively inert protection layer, such as carbon,19% metal oxide,

44,128, 196, 197 nople metal, 198 199 polymers,2%0 and silica202.

The most representative strategy for producing such stable MNPs is non-hydrolytic thermal
decomposition synthesis of elemental iron MNPs followed by a controlled oxidation process
to form a protective iron oxide layer.44 128,196,197 According to a method provided by
Cabot et al., an iron pentacarbonyl precursor is thermally decomposed in air-free octadecene
solvent containing oleylamine as a surfactant.19 The as-synthesized iron nanoparticles are
then heated in the presence of oxygen, resulting in a core-shell structured Fe@Fe304 MNPs.
The size of the nanoparticles can vary from 5 to 18 nm by adjusting reaction parameters,
such as the surfactant level, temperature, and time. The thickness of a surface iron oxide
layer can also be precisely tuned by controlling the reaction temperature because the shell
growth is dependent on iron diffusivities which are exponentially affected by the
temperature. Under air exposure at room temperature, an oxide shell that is only a few
nanometers thick is formed on the surface MNPs. When the reaction temperature increases
up to 350 °C, the thickness of the shell reaches up to 10 nm, while simultaneously leaving
vacancy behind the Fe core. This vacancy formation can be explained by the Kirkendall
effect. As the reaction proceeds, iron atoms are continuously diffused outward from the core,
resulting in a growth of oxide shell on the surface of nanoparticle and inducing a void at the
core. Therefore, to generate stable core-shell structured MNPs without void, it is crucial to
optimize the reaction conditions with an adequate temperature and air exposure time.

Regardless of the thickness, the iron oxide shell in the as-synthesized nanoparticles has poor
crystallinity.196: 197 This is problematic because the amorphous iron oxide shell cannot
effectively protect the metallic Fe core from deep oxidation. For example, as-synthesized
MNPs with a 2.5 nm Fe304 shell and 4 nm Fe core are naturally oxidized at room
temperature within 4 h of their exposure to air, leading to a thicker shell of 3.5 nm and a
smaller core of 3 nm.197 This oxidation process reduces the My value of MNPs from 123.5
emu g1 to 99.4 emu g1 ([Fe]). To make Fe@Fe30, nanoparticles more stable, Peng e a/.
coated a crystalline Fe3O4 shell via controlled oxidation process, which is mediated by an
oxidizing agent (CH3)3NO.197 This controlled oxidation results in an Fe30, shell with an
inverse spinel crystal structure. In this technique, the thickness of the shell is modulated by
adjusting the amount of (CH3)3NO. The M, value of resulting MNPs is stably maintained
upon air exposure.

Based on the synthetic methods mentioned above, 16 nm elemental iron-based MNPs,
known as “cannonballs”, were developed by Lee et a/** The cannonballs (CBs) had an 11
nm elemental Fe core coated with a 2.5 nm thick Fe30,4 shell. The CBs showed a superior
magnetization of 139 emu g1, which was 1.6-fold higher than that of 16 nm Fe304
nanoparticles. To further enhance the magnetic properties, Yoon and co-workers utilized a
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synthetic approach that enables tuning of the shell composition.128 Instead of oxidizing the
surface of the Fe core, Fe MNPs are annealed in the presence of an iron-oleate complex. In
this method, transition metals (Mn%* or Co%*) can easily be doped into a ferrite shell by co-
injecting a stoichiometric amount of Mn-oleate or Co-oleate with Fe-oleate. This facile
control of the shell composition allows for tailoring the magnetic properties of MNPs. For
example, the high magnetic moment of MnFe,O,4 allows Fe@MnFe,0O4 MNPs to exhibit the
highest My value of 145 emu g1 of MNPs with other shell compositions. Consequently, the
Fe@MnFe,O4 MNPs are successfully used in magnetic resonance-based sensing
applications.128

In addition to those iron nanoparticles covered with oxides, there are few other types of
elemental iron-based MNPs such as iron silicide (Fe3Si) and iron carbides (Fe3zC). In their
bulk state, FesSi and Fe3C possess a relatively high saturation magnetization value of 84
emu g1 and 130 emu g1.202. 203 These materials are known to be more resistant to oxidation
than iron nanoparticles. They can therefore maintain their original magnetic properties for
long-term biomedical applications. Fe3Si and Fe3C can be prepared via various synthetic
means including a gas-phase method (e.g., chemical vapor deposition),294 laser pyrolysis,
205,206 and other high-temperature methods (e.g., calcination)?%7. Recently, non-hydrolytic
thermal decomposition routes have been reported for Fe3Si and FesC MNPs. Dahal et al.
prepared Fe3Si MNPs by refluxing Fe(CO)s and silicone tetrachloride (SiCly) in a mixture
of solvent and surfactants.22 The size of Fe3Si MNPs was controlled from 4.2 to 7.5 nm by
increasing the concentration of precursors at fixed molar ratios for iron to silicon. The 7.5
nm Fe3Si MNPs showed an A value of 60 emu g1, which is similar with that of ferrite
MNPs. Shultz et al. synthesized 2.7 nm Fe3C MNPs by injecting Fe(CO)s into a refluxing
trioctylphosphine oxide.293 The FesC MNPs are further coated with a thin layer of iron
oxide and gold for more enhanced resistance to oxidation. The resulting FesC@FeO,@Au
MNPs yielded a high M, value of 110 emu g1, which is comparable to that of 12 nm Mn-
doped ferrite MNP.147

4.3. Iron-based bimetallic alloy MNPs

Bimetallic alloy nanoparticles are another important class of MNPs,143. 144, 146, 208, 209
Unlike ferrite-based MNPs, all magnetic spins in the bimetallic alloy MNPs align parallel to
the external magnetic field. Therefore, in general, the magnetic moments of bimetallic alloy
MNPs are higher than that of ferrite MNPs. For example, the magnetic moment of FeCo
nanoparticles is 2.4 pg per magnetic atom, which is about two-fold larger than that of Fe304
nanoparticles.190: 210 This superior magnetic property makes bimetallic alloy MNPs possible
candidates for bio-medical applications.

The bimetallic MNPs are classically fabricated by a physical deposition process, including
vacuum-deposition technique and gas-phase evaporation.144. 211, 212 However, MNPs
produced by these physical methods often suffer from several limitations, such as particle
aggregation, wide size distribution, and poor colloidal stability.2%8 In contrast, solution phase
chemical synthesis offers an effective means of synthesizing monodisperse bimetallic
MNPs. The most established chemical synthesis route is reduction decomposition of metal
precursors.143: 145,208 | this method, iron pentacarbonyl is thermally decomposed to Fe and
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carbon monoxides and metal acetylacetonate (M(acac),, M = Pt or Co) is reduced by 1,2-
alkanediol to pure metal. These two metal atoms are combined, forming bimetallic clusters
(Fe-M), which act as nuclei. As more Fe-M species are deposited around the nuclei, the
growth continues, leading to the formation of bimetallic alloy MNPs. Surfactants, such as
oleic acid and oleylamine, are commonly introduced for particle stabilization. The
composition of MNPs is controlled by the ratio between Fe(CO)s5 and M(acac),.213 Due to
the difference in the rate of decomposition and reduction, the stoichiometric level of metal
sources will lead to an unequal atomic percentage of Fe and M. To have bimetallic MNPs
with near-equal levels of Fe and M, the compositional relation between Fe(CO)s/M(acac),
ratio and x in FexM(100-x) Should be experimentally investigated. For better control of
composition, NayFe(CO),4, which acts as not only an Fe source but also a reducing agent,
can be used instead of Fe(CO)s.214 The Fe?” from NayFe(CO), is oxidized to Fe, and M2* is
reduced to M by two electrons transferred from Fe2-. In this sense, bimetallic alloy
nanoparticles with 1:1 stoichiometry can be obtained.

The size of bimetallic alloy MNPs is tuned by modulating the molar ratio between metal
sources and surfactants, level of reducing agents, and reaction temperatures. Satoru ef a/.
achieved fine-tuning of the FePt MNP size through simply changing the amount of
surfactants.?15 As the amount of surfactants increases, the nanoparticle size proportionally
increases from 2 to 5 nm, which is due to a decrease in the nucleation rate caused by
surfactants. Chen et a/. excluded reducing agent from the reaction mixture to modulate the
size of the nanoparticles.2® Because the reduction of M(acac); is essential to form nuclei,
the exclusion of reducing agent slows down the nucleation rate, allowing more metals to
deposit around the nuclei, leading to a larger particle. The authors demonstrated that the
reaction temperature also critically affects to the nucleation rate and the size of MNPs. The
higher reaction temperature induces the faster nucleation and smaller nanoparticles. For
example, the size of MNPs synthesized at 240 °C is 6 nm, while the nanoparticles produced
at 225 °C are 9 nm.

5. Physical Characterization

The physical properties of MNPs can be measured using conventional material
characterization tools. When measurements are performed on large number of MNPs, the
acquired data should be interpreted as size-weighted ensemble average.

5.1. Particle size

The most widely used methods to measure MNP size include transmission electron
microscopy (TEM) and dynamic light scattering (DLS). These two modalities are
complementary: TEM images the MNP cores in a dried powder form, whereas DLS
measures the hydrodynamic diameter of particles in a suspension.

TEM is a versatile method that can provide morphological, compositional, and crystalline
information of MNPs. The technique images electrical interactions between MNP crystals
and a beam of electrons. The imaging resolution can be down to atomic scale (a few
angstroms), due to the small wavelength of the electron beam (Fig. 13a).4* TEM can
visualize many individual MNPs cores, and thereby facilitates the assessment of particle size
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distribution (Fig. 13b). In the electron diffraction mode, TEM can project reciprocal crystal
lattice into concentric ring patterns (Fig. 13c), which is useful to quickly identify crystal
structures. When combined with spectroscopic instruments (e.g., energy-dispersive X-ray/
EDX spectrometer, electron energy-loss/ EEL spectrometer), TEM can generate atomic-
scale elemental maps for compositional analysis (Fig. 13d).27

DLS measures the scattered light from MNPs upon their illumination with a monochromatic
light source. The intensity of the scattered light fluctuates over time, as particles undergo
Brownian motion. The fluctuation rate can be converted into the diffusivity of particles, and
eventually into hydrodynamic diameter (d),) through the Stokes-Einstein relationship.
Consequently, DLS estimates the effective particle size in fluid, which encompasses the
magnetic core and its surface molecules. The data, however, should be carefully inspected.
The original size distribution measured by DLS is intensity-weighted (~a}6), and therefore
can be dominated by the presence of MNP aggregates or oversized particles. To spot such
distortion, the volume and the number distributions, mathematically derived from the
intensity distribution, should be objectively compared as well for consistency.

5.2. Crystal structure

Similar to the electron diffraction in TEM, the crystal structure of MNPs can be analyzed
through X-ray diffraction (XRD). The method measures X-ray waves reflected from solid
crystals. When the X-ray incident on a crystal satisfies the Bragg's condition, the reflected
waves from the lattice planes undergo constructive interferences, producing strong intensity
peaks. By using powdered MNPs and scanning the incidence angle of the X-ray, diffraction
peaks from all possible lattice orientations can be obtained. The measured diffractogram is
then compared with standard patterns, to identify the crystal structure. The average crystal
size (dxrp) can be further estimated from the Scherrer formula, dxrp ~ A-(B cos6), where
A is the x-ray wavelength, g is the peak width at half the maximum intensity, and @is the
Bragg angle.?18 Figure 14 shows an XRD diffractogram of Fe304 MNPs (16 nm in diameter
under TEM), with each peak assigned to a distinct lattice plane of a spinel group. The
estimated crystal size (dkrp) from the (311) peak was 15.4 nm (Fig. 14, inset), close to that
by TEM (16 nm). This indicates that the prepared MNPs are mostly composed of single
domain crystals.*4

5.3. Composition

Particle composition can be measured in several ways. To quickly obtain stoichiometric
ratios of different elements within the particle, electron spectroscopies (e.g., EDX, EEL) can
be applied during electron microscopy. For the quantification of absolute amounts, however,
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) is often used. In this
method, MNPs are chemically dissolved into constituent atoms, and the atomic electrons are
thermally excited by Ar-plasma. When the excited electrons return to ground state, they emit
light at specific wavelengths that are characteristic of a given atom. ICP-AES has exquisite
sensitivity, down to part-per-million level, and can identify multiple elements in a single
measurement.

Chem Rev. Author manuscript; available in PMC 2018 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 22

5.4. Magnetic properties

For comprehensive magnetic characterization of MNPs, both the temperature (7) and the
field (H) dependent magnetizations are measured. Superconducting quantum interference
device (SQUID) or vibrating sample magnetometers are typically used.

5.4.1. Temperature-dependent magnetization—To measure temperature-dependent
magnetization M(7), samples are first cooled down from high (* 300 K) to low temperature
(<4 K) in the absence of external magnetic fields. The process, called zero-field cooling
(ZFC), locks the magnetic moments of MNPs, that are randomized by thermal fluctuation at
high temperature. Samples are then heated back to high temperature in the presence of a
small measuring field (~100 G), and the magnetization is measured at different temperature.

A salient feature of M(7) is the existence of a characteristic temperature at which M has the
maximum value (Fig. 15a). This temperature, defined as the blocking temperature (7g),
indicates the onset of the superparamagnetic state.?1® When 7< 75, the M values
monotonically increase with temperature, because thermal energy helps the magnetic
moments of individual particles to align with the external magnetic fields. Beyond 7,
thermal energy becomes large enough to randomly flip the magnetic moments, leading to a
decrease of M. For a given MNP type, the blocking temperature is proportional to the
particle volume (V), since MNPs become superparamagnetic when the thermal and the
anisotropy energies are comparable to each other (kg 7g~ K- V). As an example, Fig. 15a
shows the M(7) curves of Fe304 MNPs with different core sizes.11 All particles are
superparamagnetic at room temperature ( 7g< 300 K), and 7 increases linearly with the
particle volume (Fig. 15b).

5.4.2. Field-dependent magnetization—In this measurement, samples are subjected to
sweeping external magnetic fields (#), and their induced magnetization M(+) is monitored.
The resulting M(H) curve provides many important information:116: 220. 221 (j) the saturation
magnetization (Mp), the maximum magnetization value; (ii) the remanence (Mg), the
residual Mat H=0; and (iii) the coercivity (+,), the external field required to reduce M= 0.
When particles assume permeant magnetic moments, Mg and H,are non-zero, and the
resulting M(H) displays a hysteresis loop. MNPs below the blocking temperature shows
such behavior, consistent with the ferromagnetic state of particles (Fig. 15c). For
superparamagnetic particles, however, M(H) collapses into a single curve (Fig. 15d) as both
Mpand H,vanish. MNPs thus assume magnetic moments only in the presence of external
fields.

6. Surface Coating Strategies of magnetic nanoparticles

Most biomedical applications require long-term stability of MNPs without aggregation or
precipitation (i) in physiological media (high salt concentrations and/or proteins), (ii) at
different pH, and (iii) at room/body temperature. Because the interactions of MNPs with the
surrounding media are governed by the chemical properties of the nanoparticle surface, it is
necessary to develop efficient surface coating methods. The stability of nanoparticles
depends on the equilibrium between inter-particle attractive and repulsive forces (Fig. 16a).
222-224 The MINPs tend to aggregate due to the attractive interaction originating from van der
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Waals force and a magnetic dipolar force under an external magnetic field. Therefore,
endowing MNPs with repulsive forces that exceed an attractive forces is crucial in
stabilizing MNPs. The MNPs can have adequate repulsive forces of electrostatic and steric
repulsion by modifying their surface with adequate coating materials,133: 158, 159, 225

The surface coating not only provides colloidal stability but also allows for the generation of
biocompatible MNPs. Several ferrite MNPs such as maghemite and magnetite are generally
regarded as non-toxic and biologically tolerated because they can be incorporated into the
natural metabolic pathways of the body.226 Indeed, there currently exists an MNP which is
approved for clinical trials (/.e., ferumoxytol; dextran-coated magnetite nanoparticle).1%°
However, when those MNPs are naked, they can induce various toxic effects including
reactive-oxygen species generation and radical formation via Fenton reaction.2?’ Fe-based
MNPs containing transition metals (e.g., Co, Ni, Mn, etc.) can induce toxicity as a result of
biodegradation followed by leaching of transition metals.228 Rapid oxidation of elemental
iron MNPs also cause toxicity by resulting in oxidative stress.229 In this sense, MNPs can be
protected from rapid degradation and/or oxidation in physiological environments by
employing adequate surface coating strategies reducing the risk of toxicity. The surface
coatings also provide chemical functionalities for (i) conjugation of affinity ligands and (ii)
serve to reduce non-specific serum protein adsorption in the form of a nanoparticle corona
(opsonization).230. 231

Depending on the synthetic routes, the as-synthesized MNPs are initially stabilized by either
hydrophilic or hydrophobic surface ligands. For example, the ferrite MNPs fabricated by the
co-precipitation method in the presence of water-soluble ligands (e.g., dextran, starch,
albumin, alginate or chitosan) are readily dispersible in aqueous solution due to the /n situ
hydrophilic surface coatings.160: 161, 232-234 On the contrary, the non-hydrolytically
synthesized MNPs are usually surrounded by a layer of hydrophobic surfactants and are only
soluble in non-polar organic solvents. Therefore, additional hydrophilic surface coatings are
required.

This section focuses on surface coating strategies for stabilizing, protecting, and
functionalizing non-hydrolytically produced MNPs. The coating methods depend on the
type of MNPs, nature of coating materials, and intended applications. The MNP surface
modification is achieved via ligand exchange or encapsulation. A diverse group of materials,
such as small molecule organic ligands, polymeric ligands, amphiphilic micellar ligands,
dense polymer matrix, and inorganic materials, are utilized in such coating processes.

6.1. Ligand exchange

Metallic atoms on the MNP surface are electron deficient as they are coordinatively
unsaturated; thus, they have an affinity for electron rich functional groups, such as amino,
carboxyl, hydroxyl, phosphate, and sulfhydryl. In this sense, hydrophobic surfactants on the
MNP surface can be replaced with hydrophilic ligands by reacting MNPs with excess
hydrophilic molecules (Fig. 16b). Such hydrophilic ligands consist of (i) an electron rich
functional group that binds to the MNPs and (ii) a secondary functional group or hydrophilic
region, which is exposed to the aqueous solution. The ligand exchange has several
advantages, including the simple reaction procedure, thin coating layer, and small overall
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MNP size. There has been extensive research on the development of ligand systems that can
effectively bind to MNPs.

6.1.1. Small molecule ligand—Among a variety of small molecules, dopamine and its
derivatives are unique because of their robust binding to ferrite-based MNPs. The catechol
unit of dopamine can be effectively coordinated with iron atoms on the nanoparticle surface
by forming a stable five-membered ring.23° The first case study of MNP ligand exchange
using dopamine is reported by Xu er /23> They transferred the Co@Fe,03 MNPs from
hydrophaobic to hydrophilic by using dopamine, which is pre-modified with nitrilotriacetic
acid. Wei et al. synthesized a dopamine sulfonate ligand to improve the stability.236 The
combination of the amine and sulfonate groups gives dopamine sulfonate a zwitterionic
character, which enhances the pH stability and prevents non-specific interaction with
proteins. Recently, Liu and colleagues converted hydrophobic Fe30,4 to an aqueous phase
using a dopamine derivative (3,4-dihydroxyhydrocinnamic acid) without any complicated
organic synthesis. The resultant hydrophilic MNPs show high colloidal stability over a wide
pH range (pH= 3-12).2%7

Another example of small molecule ligands are carboxylates, one example being citric acid.
Citric acid binds to the surface metal atoms by coordinating one or two carboxylic acid
groups. As a result, at least one carboxylic acid group is exposed to the aqueous solvent,
making the nanoparticle surface negatively charged and water-soluble. Taupitz and co-
workers utilized citric acid to coated very small iron oxide nanoparticles (VSOP).238 The
MNPs had a compact hydrodynamic size of 8.6 nm and are robustly utilized as blood-pool
MRI contrast agents. 2,3-dimercaptosuccinic acid (DMSA), which contains two carboxyl
groups and two sulfhydryl groups, is another representative small molecule ligand.
147,239,240 The carboxylic acid groups at one end coordinatively bind to the nanoparticle
surface, while the thiol groups at the other end stabilize nanoparticles by disulfide cross-
linkage between other DMSA molecules. Jun et al. reported DMSA-coated Fe304 MNPs
with high colloidal stability and their in vivo MRI applications.23% Yoon et a/. also utilized
DMSA to stabilize Fe@MnFe;04 MNPs.128 The DMSA-coated MNPs are further
conjugated with affinity ligands, such as antibody and biotin, and utilized in UNMR sensing
applications.

6.1.2. Polymeric ligand—Organic polymers are widely used as stabilizing ligands due to
their distinctive characteristics, including multi-dentate binding capability and steric
repulsion effects. Compared to small molecules, organic polymers attach to nanoparticles via
multiple functional groups resulting in a stronger steric repulsive force.

Polyethylene glycol (PEG) is one of the most common polymeric ligands in MNP surface
coating. PEG is an FDA-approved, biocompatible synthetic polymer that can be prepared
with a wide range of sizes and functional groups.24! PEGylated MNPs not only show high
colloidal stability, they are protein resistant. With these characteristics, PEGylated MNPs are
not easily recognized by the immune system and, therefore, they are often regarded as
“stealth” nanoparticles.242: 243 PEGylated MNPs are especially effective for selective
detection of biological targets, which is highly desirable for biomedical applications, such as
in vivo targeted imaging, drug delivery, or magnetic-based biosensing. For the PEGylation
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of MNPs, one or both ends of PEG are usually modified with functional groups that have
affinity to the nanoparticle surface. Xie et al. reported surface modification of Fe304 MNPs
using dopamine (DOPA) terminated PEG.244 Hydrophobic surfactants, such as oleate and
oleylamine are replaced with DOPA-PEG molecules via a ligand exchange reaction. To
obtain better colloidal stability, Amstad and co-workers introduced a nitro group to DOPA-
PEG molecules.24> Although the exact mechanism has not yet be determined, nitro-
dopamines bind more tightly to MNPs with a significantly lower desorption rate compared
to other dopamine derivatives. PEGs functionalized with a multi-dentate functional group
have an enhanced ability to bind to nanoparticles. For example, polymeric phosphine oxide-
modified PEG can effectively bind to maghemite nanoparticles via a number of coordinative
oxygen atoms.246: 247 Kohler et al. utilized a silane-terminated PEG ligand for PEGylation.
248 The use of a silane binding group increases the PEG packing density by hydrogen
bonding between the carbonyl and amine groups present within the ligand. Na et a/. devised
an oligo PEG-DOPA, which consists of a short poly(acrylic acid) backbone laterally
appended with several catechol binding groups and PEGs.24? The resulting nanoparticles are
stably dispersed in phosphate buffered saline (PBS) solution with a pH at 7.4.

Another widely utilized polymer is dextran. Dextran possesses excellent biocompatibility
and has been used in other biomedical applications.2%0 Dextran and its derivatives (e.g.,
carboxy dextran and carboxymethyl dextran) can be naturally degraded into biocompatible
glucose by endogenous dextranse enzyme.251 Most clinical type MNPs have used dextrans
as a surface coating (Combidex®, dextran; Feraheme®, carboxymethy! dextran; Feridex®,
dextran; and Resovist®, carboxydextran).150-153, 174 Ag described in the previous section,
dextran is usually coated /n situ during the co-precipitation synthesis process. However,
some studies describe post-synthesis dextran coating methods. Creixell and co-workers
coated carboxymethyl dextran on the surface of peptized iron oxide nanoparticles.2>2

In addition to PEG and dextran, numerous other polymeric systems are available for ligand
exchange. Here we briefly introduce some of the widely used polymers, including
poly(vinylpyrrolidone) (PVP), poly(vinylalcohol) (PVA), and poly(ethyleneimine) (PEI).
PVP is an FDA-approved, water-soluble polymer that has been used as a plasma volume
expander.253 Dong and colleagues coated Fe30, MNPs with PVP after removing previously
bound surfactants with nitrosonium tetrafluoroborate (NOBF,), which facilitates the removal
through protonating the metal binding functional groups.2>* The PVP-coated MNPs in an
aqueous media are stably dispersed without aggregation or precipitation for several months.
Another FDA-approved synthetic polymer, PVA, has been widely used in medical
applications (e.g., surgical sutures) due to its biodegradability and high water-solubility. One
typical example of PVA coated MNP is AminoSpark® which is a commercial probe for in
vitro or in vivoimaging.3® To increase PVP coating stability, Liong et a/. reported the use of
carboxymethyl modified PVA (CMPVA).2%5 Hydrophobic ligands on MnFe,04 MNPs are
first replaced with tetramethylammonium hydroxide (TMAOH) and then further coated with
CMPVA. The resulting CMPVA-coated MNPs are highly stable in aqueous condition. PEI is
a multi-dentate, water-soluble cationic polymer containing abundant primary amine and
secondary amine groups that show strong affinity to surface metal atoms.2%6 PE| has been
widely used as transfection agent because PEI can electrostatically bind to the negatively
charged phosphate backbone of DNA.257 Therefore, MNPs coated with PEI can be
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effectively utilized for therapeutic gene delivery.258 Duan et a/. functionalized magnetite
nanoparticles using PEI and PEG-modified PEI (PEI-co-PEG). Both surface coated MNPs
are well dispersed in aqueous solution for more than three months.2>9

6.2. Encapsulation

Encapsulating MNPs in a biocompatible, hydrophilic shell is another method of phase
transfer of non-hydrolytically produced MNPs. There are several nanoparticle encapsulation
methods that can be classified according to the shell materials and encapsulation processes
(Fig. 16¢). Amphiphilic ligands, water-soluble polymer matrix, and hydrophilic inorganic
material (/.e., silica) are commonly used as shell materials.

6.2.1. Amphiphilic micellar ligand—The encapsulation of nanoparticles with
amphiphilic ligands can be achieved by simply mixing the nanoparticles with amphiphilic
ligands in an adequate solvent. This can result in highly stable, micellar-coated
nanoparticles. In this process, the hydrophobic region of amphiphilic ligand is intercalated
with hydrophobic surfactants on nanoparticles by hydrophobic interactions, while the
remaining hydrophilic region solubilizes the nanoparticles in aqueous solvent. A number of
amphiphilic molecules have been used for the phase transfer of MNPs. One typical example
is PEG-phospholipid block-copolymer. Lee et al. prepared MNPs with a high colloidal
stability, good cell biocompatibility, and strong 7, MRI contrast effects by encapsulating
magnetite nanoparticles with PEG-phospholipid.289 Seo and colleagues encapsulated FeCo
MNPs in PEG-phospholipid micelles and demonstrated their colloidal stability which is
sufficient for in vivo MRI application.144 In addition to PEG-phospholipid, many of other
block-copolymers, such as PEG-2-tetradecylether,261 polylactide-PEG,252 poly(maleic
anhydride-a/t-1-octadecene)-PEG, 263 polystyrene-poly(acrylic acid) (PS-PAA),264 and
tetradecylphosphonate261 can be used as amphiphilic ligands. However, MNPs encapsulated
in block-copolymers have a relatively large hydrodynamic size compared to those MNPs
prepared by the ligand exchange method. This is due to large micelle coating thickness
originating from the high molecular weight of block-copolymers. Considering the
hydrodynamic size is highly related to the physical properties (e.g., Brownian relaxation) of
MNPs, it is crucial to develop a method for controlling the thickness of micelle coating
while maintaining the colloidal stability of MNPs.26%: 266 Qligomeric or dendritic molecules
can be a good candidate for providing a thin, micellar shell. In a study by Wang et a/,
micellar-coated MNPs with a thin coating is prepared using a-cyclodextrin (a-CD), which is
a naturally occurring, cyclic oligosaccharide containing hydrophobic cavities and
hydrophilic rims.267

6.2.2. Polymeric matrix—The incorporation of MNPs in a hydrophilic, dense polymeric
matrix is an additional way of generating water-soluble MNPs. Various block-copolymers,
such as polystyrene-co-PEG (PS-co-PEG),268 poly(lactic-co-glycolic acid)-co-PEG (PLGA-
co-PEG),289. 270 polystyrene-co-poly(acrylic acid) (PS-co-PAA),271: 272 and poly(lactic
acid)-co-PEG (PLA-co-PEG),273 have been used as a matrix. Because single polymer matrix
particles can contain a large number of MNPs, the nanoparticles-polymer hybrids can have a
significantly high magnetic moment.274-276 Typically, such hybrids can be fabricated by
polymerization of monomers in the presence of MNPs. Xu and colleagues prepared PS/silica
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matrix particles containing hydrophobic Fe304 MNPs via oil-in-water emulsion
polymerization.2”” The MNPs-PS/silica hybrid has an average size of 134 nm with a
polydispersity of 7.5%. Kaewsaneha et al. embedded magnetite MNPs in a water-soluble
PS-co-PAA matrix through polymerization of styrene and acrylic acid monomers in the
presence of MNPs and azobisisobutyronitrile (AIBN) initiator.2’8 The resulting end product
with a hydrodynamic size of 250 nm shows adequate colloidal stability. The application of
such MNP-polymer hybrids in POC diagnostics has been demonstrated by Neely and co-
workers.27® They developed a highly sensitive 7 magnetic resonance sensor system using
carboxylated polymer matrix (800 nm) embedded with numerous iron oxide MNPs. They
successfully detected bloodstream infections of Candida spp. with sensitivity ~100-fold
higher than that of conventional techniques.

6.2.3. Hydrophilic inorganic material—Inorganic materials, such as silica and precious
metal, have been used to prepare water-soluble MNPs. In particular, silica has been
extensively studied as an efficient coating material due to its advantages of hydrophilicity,
high density of surface functional groups, and easily controllable shell thickness.280-283 The
surface of silica is negatively charged as a result of proton dissociation of terminal silanol
groups. Therefore, electrostatic repulsive forces stabilize MNPs encapsulated in silica. Silica
can also protect MNPs from an undesirable chemical transformation, such as oxidation of
elemental metallic nanoparticles.201

A common approach for encapsulating MNPs in silica is sol-gel reaction (stéber process),
where silica is synthesized via the hydrolysis and condensation of silicon orthoester
(Si(OR)4) (e.g., tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS)).
281-284 |n this process, silicon orthoesters are first hydrolyzed, yielding silicic acids
(Si(OH)y); then, they undergo poly-condensation into a three-dimensional network of Si-O-
Si. The reaction between uncondensed silanol and hydroxyl groups on the MNPs surface
forms a Si-O-M bond, which facilitates silica coating on the MNP surface. This process can
be catalyzed by either acid or base, and the shell thickness is controlled by varying the
concentration of silicon precursors.285 The surface silanol groups can further be modified
with amine and sulfhydryl functional groups by employing respective aminoethoxy silane
and mercaptoethoxy silane. Carboxylic acid groups can also be obtained by a reaction with
aminoethoxy silane followed by succinic anhydride.

However, non-hydrolytically synthesized MNPs lack surface hydroxyl groups, which are
essential to the formation of the Si-O-M bond. To overcome this limitation, Yi et a/. utilized
a base-catalyzed sol-gel reaction in an inverse micelle.286 The use of base not only catalyzes
the sol-gel process, it also peels off hydrophobic surfactants and provides MNPs with
hydroxyl groups. Based on a modification of Yi's method, Cheon's research group
synthesized metal-doped ferrite@SiO, MNPs with uniform and precisely controlled SiO,
thickness.287-289 Yoon and colleagues developed silica-coated multi-core MNPs with high
magnetic properties.128 The so-called pomegranate-shaped MNP@SiO, is prepared through
clustering the MnFe,04 MNPs with PVP followed by silica coating using the Stéber
method. The resulting MNPs show high colloidal stability in aqueous media and exhibit high
75 MRI relaxivity.
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7. Conjugation Chemistries for magnetic nanoparticles

MNPs can easily be functionalized with targeting molecules, such as antibodies, proteins,
peptides, nucleic acids and small molecules, and they can take advantage of the enhanced
binding affinity conferred by multi-valency. Currently, various efficient conjugation
strategies, which can be categorized into covalent conjugation and non-covalent conjugation,
are utilized. The choice of conjugation strategy is determined by the nature of the MNP
surface ligands and their available functional groups, the characteristics of targeting
molecules, and the desired POC application. For example, understanding the functional
groups available on an antibody is crucial to choosing the best method for modification. In
particular, primary amines (lysines) are prominently found within the antigen-binding site of
the antibody.2%0 Therefore, labeling antibody through the primary amine can occasionally
cause a significant decrease in the antigen-binding activity of the antibody. This drawback
can be overcome by utilizing the hydroxyl group of the antibody.291 The following
paragraphs will highlight several conjugation strategies that are commonly used for MNP
surface functionalization. In more recent years, bioorthogonal methods have become favored
given the small footprint, rapid conjugation, site specific attachment capabilities and high
efficiency.292

7.1. Covalent conjugation

The use of covalent linkages has been the primary methods of choice for introducing
targeting molecules to MNPs. Covalent bonds can be formed between functional groups
such as amine (-NH,), carboxylic acid (-COOH), and sulfhydryl (-SH), at the MNP surface
and targeting molecules. Bioorthogonal click chemistry that facilitates cross-linking between
alkynes and azides (-N3) is another widely utilized covalent conjugation method.
Alternatively, a coordination bond, also called as a dative covalent bond, between metals and
metal binding amino acids can be utilized. A number of straightforward protocols are
available for linking those functional groups.

7.1.1. Conventional covalent linkage chemistry—The most common and versatile
techniques for covalent conjugation involve the use of chemical groups that readily react
with functional groups on MNPs (Fig. 17a). There are numerous synthetic reactive groups
that form covalent bonds with functional groups.293 Chemicals, including aldehydes,
anhydrides, epoxides, isothiocyanates, and NHS ester (N-hydroxysuccinimide), are popular
amine-specific reactive groups that are usually incorporated in MNP functionalization. In the
case of carboxylic acid, few chemicals are known to conjugate to them. Carbodiimide
compounds (/.e., 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)) are
useful for labeling carboxylic acids. They can activate carboxylic acids for direct
conjugation to primary amines via amide bonds. The sulfhydryl reactive groups include
maleimides, haloacetyls, and pyridy! disulfides. These chemicals form stable thioether
linkages or disulfide bonds upon reaction with sulfhydryl groups.

However, because targeting molecules usually lack reactive groups, they are modified prior
to conjugation. In this sense, the most common strategies are the use of bifunctional cross-
linkers, which possess two reactive groups at both ends.293 They can be categorized into
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homobifunctional or heterobifunctional molecules depending on the reactive groups. For
example, bis(sulfosuccinimidyl)suberate, which has two NHS esters at each end of a carbon
spacer arm, is a homobifunctional cross-linker that allows for amine-to-amine cross-linking.
Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC)
containing a maleimide group and NHS ester is a heterobifunctional cross-linker for amine-
to-sulfhydryl cross-linking. For carboxylic acid-to-amine coupling, zero-length cross-linker
EDC can be utilized. EDC functions by converting carboxyls into amine-reactive isourea
intermediates that bind to the primary amine. Unlike other heterobifunctional cross-linkers,
EDC only serves as a catalyst for covalent bond formation.

The use of cross-linker molecules not only facilitates covalent bond formation, it also
provides better conjugation efficiency. Steric hindrance around the MNPs can interfere with
the cross-linking reactions, making it more difficult to label targeting molecules.2% Highly
flexible bifunctional cross-linkers with long carbon chain allow for bio-conjugation without
steric hindrance, increasing the number and activity of targeting molecules attached on
MNPs.295-297 One typical drawback of cross-linkers is MNP clusterization, which is induced
by inter-particle cross-linking.223: 298 To prevent such undesirable cross-linking, several
reaction steps, including functional group protection, stepwise modification, or a number of
purification processes, are required. Nevertheless, those additional steps often result in a low
product yield.

7.1.2. Bioorthogonal chemistry—An emerging concept in conjugation chemistry is
bioorthogonality, which is defined by a chemical reaction that occurs inside living systems
without interfering with native biochemical processes.2%: 299 Reactions are considered
bioorthogonal when the two reactive groups are highly selective for each other and inert for
the other functional groups present in biological systems.3%0 The reaction should proceed in
mild conditions, such as water at or near neutral pH, and temperature between 25 and 37 °C,
and it does not involve cytotoxic reagents or by-products. Bioorthogonal conjugation has
become one of the preferred methods of attaching targeting molecules to MNPs.

As a subclass of bioorthogonal chemistry, click chemistry is the most common approach for
meeting the afore-mentioned requirements (Fig. 17b).391 One of the classic click reactions is
the Huisgen 1,3-dipolar cycloaddition of azides and alkynes to form 1,2,3-triazoles.302-304
When Cu(l) is used as a catalyst, this process can be accelerated ~108-fold. Therefore, the
reaction is commonly referred to as a Cu(l)-mediated [3 + 2] azide-alkyne cycloaddition
(CuAAC). Compared to other conjugation strategies, CUAAC has distinctive advantages.
Azide and alkyne have very high specificity for each other and they are unreactive to other
functional groups, allowing for target-specific conjugation. Additionally, the resulting
covalent bond is highly stable and not susceptible to harsh biological environments.
However, the use of Cu(l) species as a catalyst requires an organic solvent or anaerobic
conditions, which are not desirable in bioconjugation reactions.3%* One approach for
tackling this issue is the utilization of water-soluble Cu(ll) species (e.g., CuSO,) and
ascorbic acids that reduce Cu(l1) into Cu(1).39%: 39 Thyjs allows for CUAAC to proceed under
mild aerobic aqueous conditions. The other approach is Cu-free click chemistry, which takes
advantage of strained alkynes (e.g., difluorinated cyclooctyne).397. 308 The cyclooctyne is
self-activated by its ring strain and electron-withdrawing fluorine, enabling the reaction to
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take place with kinetics that are comparable to CUAAC. The elimination of cytotoxic copper
catalyst makes Cu-free click chemistry biocompatible and suitable for application within
various MNP bioconjugation processes. Nevertheless, the reaction is still limited by the poor
aqueous solubility of substrates and tedious syntheses.308

Another example of a click reaction is Staudinger ligation.30° This reaction utilizes an azide
and ester containing aryl phosphine to induce an iminophosphorane (aza-ylide) intermediate.
The aza-ylide undergoes spontaneous intra-molecular cyclization, resulting in a stable amide
bond. This reaction is biocompatible because it can proceed in a mild aqueous environment
and does not require any catalysts or organic solvents. One limitation of this chemistry is the
oxidation of phosphine in ambient conditions, which will cause a decreased reactivity and
low production yield. Excess amounts of reagents are required to overcome this issue.310

The other click reaction is the Diels-Alder reaction, which is [4 + 2]-cycloaddition between
a dienophile and diene.311 This reaction works in aqueous buffers, at or near room
temperature, and in a highly selective and efficient manner without the formation of by-
products. Recently, a reaction between a 1,2,4,5-tetrazine (Tz) and a trans-cyclooctene
(TCO), which is a derivative of Dieal-Alder reaction, was introduced as an effective
chemistry for MNP bioconjugation.312-314 This Tz-TCO chemistry, pioneered by the
Weissleder's research group, benefits from the high aqueous stability of Tz molecules, high
reactivity of strained TCO, sufficiently rapid kinetics, and lack of a need for a catalyst.
Termed bioorthogonal nanoparticle detection (BOND), this technique provides a novel
targeting platform in which Tz and TCO act as the coupling agents between MNPs and
targeting antibodies (Fig. 17¢). Haun et a/. demonstrated the utility of this reaction for cell-
specific amplification of MNP binding which can be utilized to detect various biomolecules
such as protein biomarkers.292: 315, 316 Tg facilitate this process, amine-functionalized MNPs
are first modified with an NHS ester derivative of Tz to create Tz-MNPs. Targeting
antibodies are modified with NHS containing TCO. In a two-step labeling strategy
(BOND-2), the TCO-modified antibodies are first used for target (e.g., cancer cell) binding
followed by covalent reaction with Tz-MNP.292. 317 The robust conjugation reaction of
BOND-2 allows for higher MNP binding to targets compared to other conjugation
techniques, resulting in a significantly improved detection sensitivity in the NMR-based
sensor system. Moreover, this platform is capable of performing rapid, multiplexed analysis
of human tumors and is broadly applicable for bio-medical use.44 315317

7.1.3. Amino acid-metal dative bonding—A dative covalent bond (coordination bond)
is a covalent bond in which both electrons come from the same atom. Several amino acids
can form dative covalent bond with specific metals. For example, cysteine coordinatively
binds to copper and gold through its sulfydryl side-chains.318 This characteristic
coordination bonding between amino acid and metal can serve as a novel bio-conjugation
method. The most widely used combination is polyhistidine (Hisp) and divalent nickel
(Ni%*)-chelated nitrilotriacetic acid (NTA) (Fig. 18a).319 320 The high affinity of His,, and
Ni-NTA interaction is characterized by a small dissociation constant of 1013 M. To facilitate
His,-Ni-NTA mediated bio-conjugation, NTA is first labeled on the surface of MNPs using
conventional covalent conjugation chemistry, which is followed by Ni2* chelation.

235,321, 322 Targeting molecules that contain a His,-motif are then conjugated with MNPs.
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Because a variety of biomolecules can be chemically modified to display a Hisy, tag, this
conjugation strategy has applicability beyond proteins or peptides.323

In combination with MINPs, the His,-Ni-NTA interaction can be an efficient and selective
method for magnetic separation and purification of His,-tagged proteins or cells. Xu and co-
workers synthesized Ni-NTA-modified MNPs of FePt and Co@Fe,0O3 and demonstrated
their ability to separate His-tagged proteins.235 321 According to a study by Kim eral, a
high density of Ni-NTA present on the MNP surface enhances the protein purification
capacity.322 Kim and co-workers reported the use of Fe,O3@NiO MNPs for NTA free
capture of His,-tagged proteins.324 In particular, the MNPs themselves have affinity to His
tags, owing to the presence of NiZ* ions on the surface.324 325 Therefore, no additional Ni-
NTA conjugation process is required.

7.2. Non-covalent conjugation

Non-covalent conjugations differ from covalent conjugation in that they do not share
electrons, but they take advantage of a variety of interactions, such as hydrogen bonding, van
der Waals interaction, r-interaction, and hydrophobic interaction.326 In general, non-
covalent bonds are much weaker than covalent bonds. The bond-dissociation energy of
noncovalent bonds is only 1-5 kcal/mol while that of a covalent bond is an order of
magnitude larger.326 However, cooperative, multiple non-covalent interactions can produce
highly stable, specific linkages between different molecules.

Several non-covalent interactions, including affinity, electrostatic, and hydrophilic
interactions, are available for conjugation of targeting molecules to MNPs (Fig. 18b).225: 327
Among them, the avidin-biotin affinity interaction is one of the widely exploited strategies
due to its exceptional bond strength (dissociation constant, Kq = 10715 M), which is
comparable to that of a covalent bond.328 The bond formation is very rapid, and once
formed, the bond is stable under extreme pH, temperature, organic solvent, and other
denaturing agent conditions.293: 328, 329 The high affinity is originated from an extensive
network of hydrogen bonds, and there is high shape complementarity between the avidin
binding pocket and biotin.321 Avidin can interact with up to four biotin molecules, owing to
its homotetrameric subunit structure, and each subunit is capable of binding to one biotin.
Avidin-biotin conjugation is usually conducted via a two-step reaction.240. 292, 328, 330-332
First, targeting molecules and MNPs are functionalized with avidin and biotin (or vice
versd). Because biotin is relatively small (244.3 Daltons), it can be labeled on many
targeting molecules without significantly altering their functionalities.332 Typically, biotin is
cross-linked with amine or sulfhydryl functional groups using reactive biotin reagents, such
as NHS-biotin and maleimide-biotin. Avidin can be labeled to the surface coatings of MNPs
via various covalent conjugation chemistries. Then, avidin-coated MNPs are reacted with
biotinylated molecules, leading to target molecule-conjugated MNPs. Although the avidin-
biotin interaction is robust, it often suffers from the non-specific binding of avidin, which
originates from avidin's high carbohydrate content and isoelectric point (pl, ~10).33 This
issue can be solved by chemical deglycosylation of avidin.33% As an alternative, streptavidin,
which lacks carbohydrates and has a low pl of 5-6 can be used.336
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A number of studies utilizing avidin-biotin interactions have been reported. Most of them
take advantage of the interaction to conjugate targeting molecules to MNPs.240. 292, 330-332
Recently, the interaction was applied as a model system to demonstrate proof-of-concept of
new MNP-based biosensing platforms.23: 128, 337-340 The avidin-biotin system can be a good
model in such sensing platforms due to its high affinity, albeit adding considerable bulk.
Yoon et al. utilized avidin-biotin interactions to demonstrate a magnetic resonance-based
biosensor.128 In this system, biotinylated Fe@MnFe,O4 MNPs are clustered by avidin,
resulting in an avidin dose-dependent change of the 7;. llyas and colleagues biotinylated
Fe304 MNPs to detect streptavidin-functionalized proteins.339 The strong affinity between
biotin and streptavidin allows for sensitive detection of streptavidin-bearing horseradish
peroxidase using a chemiluminescent assay. Ranzoni and co-workers conjugated
biotinylated antibodies to streptavidin-coated MNPs for prostate specific antigen (PSA)
detection.340 In the presence of PSA, antibody-MNPs are clustered and those clusters are
detected by optical scattering at applied magnetic rotation frequencies.

8. Clinical Applications

Magnetic POC technologies continue to evolve with ever increasing sensitivities, proffered
by advances in MNP design, amplification strategies and sensitive detectors. Collectively,
the different technologies have now been used to detect and phenotype whole cells,
exosomes, bacteria, viruses, proteins, drugs and nucleic acids in unprocessed biological
samples.341-343 The main clinical applications to date have been for cancer and infectious
disease detection. Some of these devices and assays are entering the market place (see Table
1). One example is T2Biosystems, a company using NMR to develop applications aimed at
lowering mortality rates, improving patient outcomes and reducing the cost of healthcare.
Their T2Dx Instrument and T2Candida Panel have already received marketing authorization
from the U.S. Food and Drug Administration. Another platform, Magnotech by developed
by Philips,198 has been applied to detect cardiac troponin | (cTnl) for diagnosis of acute
myocardial infarction. For the ex-vivo POC applications, the stringent requirement for MNP
biodegradation and biocompatibility could be relaxed; more critical particle requirements are
high magnetic moments, colloidal stability, and the ease of bioconjugation. As such, many
commercially-available or custom-designed MNPs have been used in combination with
these detection systems.

8.1. Infection

Several different approaches to bacterial detection have been explored, including antibody or
protein-based diagnostics3#4, magnetic Gram-staining,*?, antibiotic-based diagnostics,*® and
fast magnetogenetic profiling technologies.5% 52 The latter approach is particularly robust
and enables rapid bacterial analyses of 16S rRNA in minimally processed samples®0 as well
as bacterial DNA.52: 176,345 Figure 19 summarizes the principle of the magnetogenetic
profiling technique.>? Furthermore, fungal detection studies have shown that magnetogenetic
detection is a rapid, automation-amenable opportunity for clinicians to detect and identify
multiple human pathogens within hours of sample collection.2”® In essence, the magnetic
detection technology, particularly the uUNMR, is quite mature and consequently is being
commercialized for molecular testings of other pathogens.279: 346, 347
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There is a need to more effectively detect and phenotype cancers. Such molecular analyses
will rely on measuring multiple (dozens to hundreds of) proteins and nucleic acids (MRNA,
miRNA, DNA) originating from cancer cells. Developments in this direction will be
invaluable for earlier cancer detection, mapping of heterogeneity, analysis of drug response
and resistance or recurrence. For example, the UNMR technology has been used clinically to
detect cancer cells and to perform rapid profiling during fine needle aspirations in 70
patients.31° These studies were expanded to apply the same technology to the detection of
circulating tumor cells in blood of 25 patients#® and to lung cancer phenotyping in 47
patients.#” The technology has also been used successfully for exosome profiling in
glioblastoma.*3 It is likely that related technologies, also relying on nanoparticles,348 will
continue to emerge to further improve the detection sensitivities.

8.3. Coagulation

Rapidly assessing hemostatic parameters is an important task in hospital settings (surgical
and interventional practices) as well as in the battlefield and trauma settings. For example,
approximately 25% of trauma patients have impaired hemostasis, which frequently goes
undetected during the initial hospitalization. According to a study in the Journal of the
American College of Surgeons, for trauma patients with symptoms of impaired hemostasis,
mortality was reduced from 45% to 19% with more rapid delivery of therapy. Existing
approaches, however, require multiple platform, generally consume 1-25 mL of sample and
take hours to provide results. NMR system has been used to provide comprehensive blood
clotting measurements in less than 20 minutes Commercialized by T2Biosystems as T2
HemoStat, the system measures clotting time, fibrinolysis, platelet activity, clot contraction
and clot lysis. The test is based on the unique fact that in normal clots, paramagnetic red
blood cells form closely packed polyhedral structures (polyhedrocytes) with platelets and
fibrin, which leads to concomitant changes in transverse relaxation time.34% The platform
allows for comprehensive assessment of hemostatic parameters on a single instrument and
provides results within 15 min using 0.04 mL of blood with minimal sample handling.

8.4. Other applications

The above clinical applications represent a few examples of what is possible. We expect that
many more applications will be developed, now that highly efficient magnetic nanoparticles,
sensors and imaging systems have become mainstream. These applications include
measurements of circulating protein biomarker,52: 350 exosomes?3, viruses!’9, drugs,198 and
metabolites®>! among others.

9. Conclusion and Perspectives

Magnetic POC technologies have seen a spectacular rise over the last few years for good
reasons. Compared to other approaches, they enable analyses in “dirty” samples, i.e, without
major purification. This is possible because human tissue samples are usually devoid of
superparamagnetism. Because measurements can be directly done in virtually any body
fluids and samples, it eliminates potential sample loss and speeds up the analysis. Combined
with genetic detection technologies,> 176. 345 the analytical possibilities are endless.
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We believe that there are a number of future developments which could make magnetic
detection technologies even more widespread: (i) for early disease detection where lives can
be saved and treatments are affordable, (ii) for the detection of diseases other than cancer
and infection, (iii) for the use in consumer goods, agriculture and food/water safety, (iv) in
applications where magnetic separation and analysis are integrated in a single chip, and (v)
for multi-functional sensors combining magnetism with other modalities. It is these specific
applications that will drive the need for new nanoparticle characteristics, affinity ligands and
magnetic sensing devices.
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Figure 1. Unique advantages of magnetic nanoparticles (MNPs) in diagnostic applications
Affinity functionalized MNPs can efficiently bind to biological targets. The resultant

magnetically-labeled targets (cells, proteins, nucleic acids) can be mechanically manipulated
by applying external magnetic fields (magnetic actuation), or detected by using
magnetometers (magnetic sensing). These operations achieve high contrast against the
biological background, and can be performed in native, /.e., non-purified clinical specimens.
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(a) Sensing mechanism. Samples containing MNP-labeled biological targets have higher
transverse relaxation rate of 1H NMR signal. (b) Prototype portable uNMR system,
developed for clinical applications. This system has a capacity for automatic system tuning
and features a user-friendly interface. (c) Magnet assembly and the NMR probe design. The
microcoil is embedded in a polydimethylsiloxane (PDMS) substrate. The entire coil-bore is
accessible by a sample, which maximizes the sample-filing factor. A thin-walled tube is used
for sample-loading. (d) The NMR electronics is implemented using a field-programmable-
gate-array (FPGA) chip that offers standalone operation and high programability. LNA, low-
noise amplifier; LPF, low-pass filter; ADC, analog-to-digital converter. Reproduced with

permission from Ref. 45. Copyright 2011 RSC Publishing.
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Figure 3. Magnetic susceptometer biosensor
(a) A quadrature detector was developed to sense alternating current (AC) magnetic

susceptibility in solution. PLL, phase-locked loop. (b) The peak in the magnetic
susceptibility shifts with particle size. The magnetic responses of two differently sized
MNPs were measured (red, 25-nm core; blue, 50-nm core). This information was used to
distinguish the composition in the mixture (green). Reprinted with permission from Ref. 56.
Copyright 2011 10P Publishing Ltd.
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Figure 4. Giant magnetoresistance (GMR) magnetometer
(a) GMR sensors have multiple layers of magnetic and non-magnetic materials. The

magnetization of a reference layer is fixed through indirect exchange coupling in the
synthetic antiferromagnet. The magnetization of the free layer, however, can rotate in
response to the external magnetic field strength (Hyy). (b) Due to the spin-dependent
electron scattering, the electrical resistance of a GMR sensor changes as a function of the
relative magnetization angle between the free and the reference layers. (¢) An array of 256
GMR sensors (top) and its interface CMOS chip (bottom) were separately fabricated. The
GMR sensor was mounted on a disposable test stick, and interfaces with the stick reader. A
sandwich assay was used to detect protein markers. CMOS, complementary metal-oxide-
semiconductor. Reproduced with permission from Ref. 59. Copyright 2013 IEEE.
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Figure 5. Hall magnetometer
Two types of Hall sensor operation are illustrated. (a) Detection of stationary magnetic

beads. A pair of metal wires on both sides of the Hall-effect sensor are used to generate the
polarizing field (Bp) that magnetizes the magnetic bead. The magnetic field emanating from
the bead is measured. /4, electrical currents to generate 5y. (b) The beads are detected
via relaxation measurement to eliminate the large offset coming from the polarizing field.
The polarization magnetic field is applied, and then switched off. Subsequently, the remnant
decaying magnetic field (Bpezg) from the bead is detected by the Hall sensor. (c) Die
photograph of a Hall sensor integrate circuit (IC). The chip contains 10240 Hall-effect
sensors, control electronics, and electromagnets for polarizing field generation. (d)
MicroHall (uHall) sensor for single cell detection in flow condition. Each cell, targeted with
MNPs, generates magnetic fields that are detected by the uHall sensor. The Hall voltage
(V) is proportional to the MNP counts. By, external magnetic field. (e) Eight pHall sensors
are arranged into an overlapping 2 x 4 array across the fluidic channel width. The dotted
lines indicate the location of the sample flow. (f) The uHall system measured the expression
levels of epithelial cell adhesion molecule (EpCAM) in different cell lines, which agreed
with measurements by flow cytometry (inset). Reproduced with permission from Refs. 68
and 67. Copyright 2012, 2013 IEEE. Reproduced with permission from Ref. 24. Copyright
2012 American Association for the Advancement of Science AAAS.
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Figure 6. Diamond-based magnetometer
(a) Structure of nitrogen (N) and vacancy (V) inside a diamond lattice. C, carbon. The blue

and orange arrows indicate the electron and nitrogen nuclear spins, respectively. (b) Energy
state diagram. The N- V/center has a spin-triplet ground state (3A,) with a 2.87 GHz zero-
field splitting between the m;= 0 and m,= %1 spin states. Optical excitation (532 nm)
produces the excitation state (°E) which decays back to the ground state by emitting a
photon (638-800 nm wavelength). The m,= 0 spin state has a stronger fluorescence than the
ms= %1 states, because the /m,= +1 excited states also decay non-radiatively via metastable
singlet states. When an external field (By) is applied, the m;= %1 states are split by 2 5,
where y is the gyromagnetic ratio of the N- Velectronic spin. (c) Optically detected
magnetic resonance spectra for a single nitrogen-vacancy. The splitting between wq and w;,
is linearly proportional to By. (d) Detection of magnetotactic bacteria with a N- \Vdiamond
sensor. Left top and bottom images are from optical and scanning electron microscopy
(SEM), respectively. Measured magnetic field projections of the bacterium along the x (B,),
y (By) and z axes (B,) are shown in the top row. The bottom row shows simulated magnetic
field projections, assuming that MNP locations match those in the SEM image. Reproduced
with permission from Refs. 73, 70, and 75. Copyright 2008, 2012, 2013 Nature Publishing
Group.
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Figure 7. Magnetic retention devices
(a) Magnetic wire system. The separation chamber is optically transparent, but has

ferromagnetic lines of nickel (Ni) deposited by lithography. The spacing between these lines
is approximately the diameter of one white blood cell. When the chamber is placed between
two angular-shaped magnets, the field gradients from the external magnets force the
magnetically labeled cells upward to the top of the chamber. When the cells are in close
proximity to Ni line, they are subjected to a high local gradient induced by the Ni lines. (b)
The device in (a) was used to capture leukocytes that were labeled with CD45-specific
MNPs. Because cells are aligned on the edge of Ni lines and counterstained with acridine
orange, they can be easily observed by a microscope. (c) Alternating magnetic dipoles. This
configuration creates magnetic fields that are tightly confined on the device surface. (d)
When magnetic materials are allowed to self-assemble, the magnetic moments align into a
similar pattern as in (c). The magnetic structure can easily cover the entire fluidic path to
increase the throughput and the capturing efficiency. (e) A prototype device was
implemented, that consisted of self-assembled layers of 125 um grain (close to inlet) and 8
um grain of NdFeB powder. (f) A suspension of leukocytes (stained green) and tumor cells
were incubated with a mixture of magnetic beads conjugated with anti-CD45 antibodies and
fluorescent antibodies against the tumor (anti-HER2/new). The suspension was then flown
through the magnetic device shown in (e). Fluorescence micrographs show the enrichment
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of tumor cells after the negative selection of leukocytes. The initial concentration of tumor
cells to leukocytes was 1:10. Reproduced with permission from Ref. 90. Copyright 1999
Nature Publishing Group. Reproduced with permission from Ref. 97. Copyright 2011 RSC
Publishing.
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Septic Cleansed
blood in blood out

Figure 8. In-flow magnetic separation devices
(a) An array of magnetic lines are used to divert the trajectory of magnetic objects in flow.

The magnetic lines are magnetized out of plane, and aligned at an angle 8 with respect to the
flow direction. The net force on the object is the vector sum of the in-plane magnetic force
(Frn) and the fluid drag force (Fg). (b) Time lapse image showing a single magnetically-
tagged leukocyte. Red blood cells on the left are from a single image. The leukocyte tracks a
magnetic line oriented at an angle of 9.6° to the fluidic flow (white arrow). (c) A two-
channel microfluidic device to separate MNP-labeled bacteria in blood, mimicking the
spleen structure. The device mimics the structure of the spleen by incorporating a high-flow
vascular arterial channel interconnected by open slits to a parallel low- or intermittent-flow
venous sinusoid channel. Magnetic particles are mixed with blood sample to label pathogens
(inset), and the mixture is introduced to the arterial channel. Reprinted with permission from
Ref. 86. Copyright 2004 American Institute of Physics. Reprinted with permission from Ref.
100. Copyright 2014 Nature Publishing Group.
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Figure 9. Magnetic manipulator
(a) A linear array of microcoils are implemented in a CMQOS chip. Underneath the center of

each coil, a single-photon-avalanche diode (SPAD, inset) is placed to detect magnetic beads.
Using the combined actuation of adjacent coils, a single bead can be positioned over a
SPAD. (b) A two dimensional matrix of microcoils is integrated in a CMOS chip along with
current sources and control electronics. Through dynamic control of electrical current in
each coil, versatile magnetic field patterns can be created to trap and move magnetic objects
at micrometer resolutions. (c) Magnetic droplet system. A droplet (Sa, 100 pl) containing
biological specimen, magnetic particles and reagents, is manipulated by a permanent magnet
(M). The droplet goes though a series of mixing, splitting, merging and washing processes to
extract RNA from virus. Target RNA is then amplified on chip via RT-PCR. PCB, printed
circuit board; G, perfluorinated glass substrate; T, (one of four donut-shaped) miniaturized
thermocycler; W1 and W2, washing solution; R, RT-PCR mixture covered by mineral oil.
(d) Magnetic actuation is exploited to facilitate diagnostic assays. (Left) A fluidic reaction
chamber is placed between a pair of electromagnets. A sandwich-type immunoassay with
magnetic particles are performed, and the analytical signal is optically readout. (Right)
Assay procedure. By sequentially actuating the electromagnets, the immunomagnetic
particles are concentrated to the sensor surface for binding, and excess and weakly-bound
particles are removed. Reprinted with permission from Ref. 80. Copyright 2010 American
Chemical Society. Reprinted with permission from Ref. 102. Copyright 2007 RSC
Publishing. Reprinted with permission from Ref. 104. Copyright 2007 Nature Publishing
Group. Reprinted with permission from Ref. 108. Copyright 2009 RSC Publishing.
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Figure 10. Size and shape dependent magnetization

(a) As the particle size increases, the relative effect of canted spins on the particle surface
decreases, which results in an increase of net magnetization. The thickness of the scanted
spin layer is ~0.9 nm for spherical Fe304 MNPs. (b) Cubic MNPs assume higher saturation
magnetization than spherical particles, because the cubic geometry allows more spins to
align in the same direction of the applied magnetic fields. Reproduced with permission from

Refs. 111 and 114. Copyright 2011 2012 American Chemical Society.
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Figure 11. Different magnetic relaxation modes
(a) An ensemble MNPs in solution can lose net magnetic moments through Neel and

Brownian relaxation mechanisms. The Neel relaxation, namely the spontaneous flipping of
magnetic moments inside a particle, is dominant for small MNPs. The Brown relaxation,
caused by the physical rotation of particles, takes over as the particle size increases. Shown
here are the Neel (zp) and the Brownian (zg) relaxation times calculated for Fe304 MNPs
with 5-nm surface coating. The effective relaxation time (z) can be obtained from 1/zp= 1/
T+ 1z (b) The alternating current (AC) magnetic susceptibility has two components, the
in-phase and the 90° out-of-phase with respect to the AC excitation source. The out-of-phase
component has its maximum when the excitation frequency is close to the relaxation time of
the particle. (c) In the NMR detection, MNPs accelerate the transverse relaxation of 1H
signal. The transverse relaxivity () is the capacity of MNPs to shorten the transverse
relaxation time. The 7, values of single and multicore MnFe;O4 MNPs were measured.
While the r, values of single core MNPs increased steeply with increasing particle size
(~r), the r, values for multicore MNPs showed little dependence on particle size (~/°).
Theoretical modeling, based on motional averaging and static dephasing, accurately
describes the observed r>-behavior (dotted lines): due to their small particle size, single-core
MNPs are in the motional averaging regime (blue line), whereas multicore MNPs fall into
the static dephasing regime (horizontal red line).
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Figure 12. Synthesis of Core MNPs
(a) Representative structure of a MNP. (b) Crystal-growth diagram. When the monomers are

supersaturated and exceed the nucleation concentration, seed nucleation is induced and
monomers are continuously aggregated onto the seeds, leading to crystal growth. Cp,,
nucleation concentration; Csg, Saturation concentration. (c) Comparison of co-precipitation
and non-hydrolytic thermal decomposition methods. The co-precipitation method results in
kinetically favored MNPs which generally have a polydisperse size and relatively low
crystallinity. Conversely, the thermal decomposition method produces thermodynamically
stable MNPs with a monodisperse size and high crystallinity.Examples of transmission
electron microscope (TEM) images of MNPs synthesized by co-precipitation (MION,
Feridex®, Resovist®) or thermal decomposition methods (Doped-ferrite, Cannonball, FePt)
are shown. Reprinted with permission from Ref. 155. Copyright 2014 Nature Publishing
Group. Reprinted with permission from Ref. 175. Copyright 2012 American Institute of
Physics. Reprinted with permission from Ref. 216. Copyright 2004 American Chemical
Society.
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Figure 13. MNP analysis by TEM
(a) TEM imaging allows for fast assessment of particle shape (magnetic core), down to the

atomic length scale. A crystal lattice plane of a ferrite MNP is shown. (b) Size distribution
of particles in (a) were obtained. (c) In the diffraction mode, TEM can be used to display the
reciprocal lattice pattern. Shown here is the electron diffraction pattern of MnFe,O4 MNPs.
Concentric ring patterns corresponding to the spinel structure are identified. (d) By scanning
the electron beam and performing spectroscopic measurements, the composition of particles
can be mapped. The element of CoFe;O4 (core) / MnFe,O4 (shell) MNPs were imaged
using the electron energy loss spectroscopy (EELS) method. Reproduced with permission
from Ref. 44. Copyright 2009 National Academy of Sciences, USA. Reproduced with
permission from Ref. 217. Copyright 2011 Nature Publishing Group.
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Figure 14. Structural analysis by X-ray diffraction (XRD)
By scanning the incident angle (6) of an X-ray beam and using powdered MNPs, the

diffraction peaks of different lattice planes are measured. A diffraction pattern from
powdered MnFe,O4 MNPs is shown, which confirms to that of a typical spinel structure of
ferrite. The crystal size is also estimated by fitting the major peaks (311) to Scherrer's
formula. Reproduced with permission from Ref. 44. Copyright 2009 National Academy of

Sciences, USA.
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Figure 15. Magnetic characterization
(a) Temperature-dependent magnetization curves M (7) of differently sized Fe30, MNPs

are shown. The temperature at which A/ has its maximum is defined as the blocking
temperature (7g). When 7< 7p, the magnetization increases with 7, because thermal energy
helps magnetic domains to rotate and align with the external magnetic fields. When 7> 7,
thermal energy is large enough to cause random fluctuations of magnetic domains, which
leads to a decrease of M. (b) T from (a) is plotted against the core volume. 7z for a given
material is generally proportional to the particle volume, because the anisotropy energy
barrier scales with the particle volume. (c) Field-dependent magnetization M(H). Below the
blocking temperature, MNPs display hysteresis in response to the applied magnetic field
(H). The non-zero magnetization at /= 0 is called remanence (M,), and the field strength to
reduce M= 0 is defined as coercivity (H,). (d) MNPs in a superparamagnetic state displays
negligible M,and H,. The M value monotonically increases with A as in paramagnetic
material. Reproduced with permission from Ref. Copyright 2004 Nature Publishing Group.
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Figure 16. Surface modification methods for thermally grown MNPs
(a) Total interaction energy between two MNPs as a function of the inter-particle distance.

The stability of MNPs results from the equilibrium between attractive (/~;: van der Waals
and magnetic dipolar) and repulsive (£, electrostatic and steric) forces. Surface-coated
MNPs are stabilized with electrostatic and steric repulsion provided by coating materials,
while bare MNPs are aggregated. (b) Schematic illustration of ligand exchange.
Hydrophobic surfactants of MNPs are replaced with hydrophilic ligands, which consist of an
MNP binding group and hydrophilic region. Grey-lined boxes show several examples of
hydrophilic ligands and MNP binding functional groups. DMSA, dimercaptosuccinic acid;
PEG, polyethylene glycol; PEI, polyethyleneimine; and PVP, polyvinylpyrrolidone. (c)
Schematic illustration of MNP encapsulation strategies. Hydrophobic MNPs are made
hydrophilic by encapsulation with an amphiphilic ligand, embedding in polymer matrix, or
coating with an inorganic material. Amphiphilic ligands possess hydrophobic and
hydrophilic regions. The hydrophobic chains are intercalated into the layer of hydrophobic
surfactants through hydrophobic interaction, while the hydrophilic regions interact with
aqueous solution (grey-lined box, top). Several polymers are utilized as a hydrophilic matrix
for MNP embedding. PS-co-PEG, polystyrene-co-PEG; PLGA-co-PEG, poly(lactic-co-
glycolic acid)-co-PEG; PS-co-PAA, polystyrene-co-poly(acrylic acid); and PLA-co-PEG,
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poly(lactic acid)-co-PEG(grey-lined box, middle). Hydrophilic silanol groups (Si-OH) on
the SiO, surface make silica-coated MNPs water-soluble (grey-lined box, bottom).
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Figure 17. MNP surface conjugation chemistries

Page 71

(a) Schematic illustration of covalent conjugation strategies, including amine, carboxylic

acid, and sulfhydryl reactive chemistries. (b) Representative bioorthogonal covalent

conjugation chemistries. CUAAC, Cu(l)-mediated [3 + 2] azide-alkyne cycloaddition; Tz,
teterazine; and TCO, trans-cyclooctene. (c) The schematics of the bioorthogonal
nanoparticle detection (BOND) technique, which utilizes Tz-TCO cycloaddition as the

conjugation mechanism. Antibodies are modified with TCO and used as scaffolds to label

more Tz modified MNPs onto target cells.
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Figure 18. Alternative MNP surface conjugation chemistries
(a) Example of representative dative coordination binding. (b) Schematic illustration of non-

covalent conjugation commonly used for bioconjugation.
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Figure 19. Magnetic barcode assay for bacterial detection
(a) Assay procedure. From unprocessed specimen, bacterial 16sRNA or DNA is extracted

though an off-chip stressing. Extracted DNA samples are then loaded into a fluidic device.
The target DNA sequences are amplified by asymmetric RT-PCR and captured by polymer
beads modified with capture DNA. MNPs are then used to specifically coat the beads via
complementary sequences, and the samples are subjected to NMR measurements. (b) A
fluidic cartridge was developed to streamline the assay. The device integrates PCR
chambers, mixing channels and a microcoil for NMR measurements. (c) Mycobacterium
tuberculosis targets in sputum samples were detected. The sensitivity was 102 — 103
CFU/mL. CFU, colony forming unit. Reproduced with permission from Ref. 52. Copyright
2013 Nature Publishing Group.
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Table 2
Magnetic properties of selected magnetic crystals
Material  Saturation magnetization (kA'm-1)2  Anisotropy constant (kJ-m-3)P dgp (NM)©
Fe 1752 42 17
Co 1446 410 8
Ni 510 -5.8 32
FE304 510 -11 26
CoFe,04 475 180 10
MnFe,04 560 -2.8 41
NiFe,04 300 -5.1 33

Bulk values at 7= 0 K. Adopted from Ref. 109,

bThe first order anisotropy constant at room temperature. Adopted from Ref. 118,

5 . . . .
Calculated maximum diameter for spherical superparamagnetic MNPs.
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