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One of the major challenges in medicine is the rapid and accurate measurement of
protein biomarkers, cells, and pathogens in biological samples. A number of new
diagnostic platforms have recently been developed to measure biomolecules and
cells with high sensitivity that could enable early disease detection or provide
valuable insights into biology at the systems level. Most biological samples
exhibit negligible magnetic susceptibility; therefore, magnetic nanoparticles have
been used for diverse applications including biosensing, magnetic separation,
and thermal ablation therapy. This review focuses on the use of magnetic
nanoparticles for detection of biomolecules and cells based on magnetic resonance
effects using a general detection platform termed diagnostic magnetic resonance
(DMR). DMR technology encompasses numerous assay configurations and sensing
principles, and to date magnetic nanoparticle biosensors have been designed
to detect a wide range of targets including DNA/mRNA, proteins, enzymes,
drugs, pathogens, and tumor cells. The core principle behind DMR is the
use of magnetic nanoparticles as proximity sensors that modulate the spin-
spin relaxation time of neighboring water molecules, which can be quantified
using clinical MRI scanners or benchtop nuclear magnetic resonance (NMR)
relaxometers. Recently, the capabilities of DMR technology were advanced
considerably with the development of miniaturized, chip-based NMR (µNMR)
detector systems that are capable of performing highly sensitive measurements
on microliter sample volumes and in multiplexed format. With these and
future advances in mind, DMR biosensor technology holds considerable
promise to provide a high-throughput, low-cost, and portable platform for
large scale molecular and cellular screening in clinical and point-of-care
settings.  2010 John Wiley & Sons, Inc. WIREs Nanomed Nanobiotechnol 2010 2 291–304

The development of robust, versatile, and high-
throughput biosensing platforms is expected to

have far-reaching implications in medicine, point-
of-care clinical diagnostics, pharmaceutical drug
development, and genomic and proteomic research.
Enabled by rapidly emerging nanotechnologies
(nanoparticles, nanotubes, and nanowires) and micro-
fabrication techniques (MEMS, microfluidics, and
CMOS), several new sensing platforms have been
proposed and tested for biomedical applications.1–9

Despite these inroads, there remains a need to develop
practical assay methodologies that (1) have higher
sensitivity and specificity, (2) can minimize sample
preparation, (3) can measure widely different types
of molecules using the same format and instrument
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and (4) can be run in single tube point-of-care or
high-throughput screening formats. These stringent
prerequisites are necessary for translation to clinical
settings, because molecular measurements will have
to be performed on smaller and smaller samples to
enable multiplexing and longitudinal monitoring so
that treatment strategies can be tailored to individual
patients in real time.

Biosensing strategies based on magnetic
nanoparticles have received considerable attention
because they offer unique advantages over other
techniques. For example, magnetic nanoparticles are
inexpensive to produce, physically and chemically
stable, biocompatible, and environmentally safe.
In addition, biological samples exhibit virtually
no magnetic background, and thus highly sen-
sitive measurements can be performed in turbid
or otherwise visually obscured samples without
further processing. Optical techniques on the other
hand are often affected by scattering, absorption,
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and/or autofluorescence within the sample. To
date, numerous methods have been developed to
sense biomolecules using magnetic labels.10 These
include techniques that use magnetometers, such
as SQUID,11,12 magnetoresistive sensors,13–20 and
Hall sensors21 to directly detect magnetic particles.
Another method that has achieved considerable
success is based on magnetic resonance (MRI/NMR),
which involves using magnetic nanoparticles as
proximity sensors to accelerate the relaxation rate
of neighboring water molecules. This technique is
analogous to magnetic resonance imaging, which is
used to look inside the human body, and as such has
been dubbed diagnostic magnetic resonance (DMR).
DMR assays employ affinity molecule-conjugated
magnetic nanoparticles to bind molecular targets
and induce a change in proton relaxation rate using
one of two different procedural ‘modes’. The first
involves tagging large structures such as whole cells,
and requires a subsequent wash step to remove
unbound nanoparticle sensors. The second mode
makes use of the phenomenon of magnetic relaxation
switching (MRSw), in which molecular targets are
used to assemble magnetic nanoparticles into clusters
and thereby affect a corresponding change in the
bulk relaxation rate.22,23 In both cases, the binding
interactions are performed homogeneously in solution
and make use of a built-in amplification strategy
invoked by the magnetic resonance effect on billions
of neighboring water molecules. Therefore, DMR
is faster than other magnetic detection techniques
that require solid-phase immobilization, diffusion
of nanoparticles to sensing elements, or discrete
amplification steps. To date, DMR has successfully
been used to detect a wide variety of molecular targets
with high sensitivity and specificity, including DNA,
mRNA, proteins, enzyme activity, metabolites, drugs,
pathogens, and tumor cells (Table 1). Initially, DMR
measurements were performed using clinical MRI
scanners or benchtop NMR systems.22,24 Recently,
a miniaturized, chip-based NMR (µNMR) detector
system was developed that houses all components for
DMR detection in a handheld, portable device.25–27

The µNMR-chip device is capable of performing
measurements on microliter sample volumes and
contains multiple detection coils to enable parallel
sensing of numerous biomarkers, and thus repre-
sents a critical advance in DMR technology that
could enable interrogation of clinical samples in
point-of-care settings.

This review will cover the various aspects
of DMR biosensing, including descriptions of the
magnetic nanoparticles and MRI/NMR detectors

employed. We will then discuss applications of DMR
to molecular and cellular biosensing.

MAGNETIC RELAXATION PROPERTIES

Magnetic Relaxation Mechanism
Magnetic resonance relaxation has recently been
reviewed in detail, including relaxation mechanisms
and theoretical models.43 Briefly, the nanoparticles
used are superparamagnetic, becoming magnetized
when placed in an external magnetic field and losing
their magnetic moment when the field is removed.
This phenomenon arises because the nanoparticles
consist of a single crystal domain, and thus
exhibit a net magnetic moment directed along an
anisotropy axis. With the help of thermal energy,
however, the magnetic moment can overcome the
anisotropy barrier and spontaneously flip from one
direction of anisotropy to another. An ensemble
of magnetic nanoparticles consequently displays
negligible magnetic remanence. When placed inside
an external magnetic field, the magnetic moments
align in the direction of the field lines and enhance
the magnetic flux. This behavior is similar to
paramagnetism, but since it is associated with a large
particle with fixed magnetic moment it is referred
to as superparamagnetism. Although subjected to
an external magnetic field, each superparamagnetic
nanoparticle produces a large magnetic dipole. The
resulting local magnetic field gradient creates an
inhomogeneity in the external magnetic field, which
destroys the coherent precession of nuclear spins of
neighboring water protons. The net effect is a change
in magnetic resonance signal that can be quantified
by magnetic resonance (MRI/NMR) techniques as a
shortening of the longitudinal (or spin-lattice, T1)
and transverse (or spin–spin, T2) relaxation times.
Typically, T2 is used for DMR biosensing applications
because the transverse relaxivity (r2) is significantly
greater than r1 for most magnetic nanoparticles. This
is important because the higher the relaxivity, the
fewer the number of nanoparticles that are required
to produce a detectable signal.

The magnetic relaxation properties of a popula-
tion of magnetic nanoparticles are not only dependent
on the particle relaxivity. Instead, the organizational
state of the population is also relevant, as aggregation
of particles into clusters has been shown to enhance
the net transverse relaxation rate (R2 = 1/T2).22,23

This phenomenon, known as MRSw, is a cooperative
process in which the direct interaction of nanopar-
ticles causes them to more efficiently dephase the
spins of neighboring protons in comparison to when
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TABLE 1 DMR Biosensing Assays Developed to Date

Type Target Magnetic Nanoparticle Sensor Reference

DNA Telomeres (CCCTAA)3-CLIO 28

RNA GFP CLIO-ATTTGCCGGTGT and CLIO-TCAAGTCGCACA 22

Protein GFP Anti-GFP-CLIO 22

Avidin (Av) Biotin-CLIO 25, 29

β-HCG Anti-HCG-CLIO 30

Telomerase Anti-telomerase-CLIO 31

CA-125 Anti-CA-125-CLIO 25

VEGF Anti-VEGF-CLIO 25

α-fetoprotein Anti-α-fetoprotein-CLIO 25

Enzyme activity Caspase-3 CLIO-Av-Biotin-GDEVDG-CLIO 22

BamH1 CLIO-TTA-CGC-CTAGG-ATC-CTC and CLIO-AAT-GCG-GGATCC-TAC-GAG 32

Methylase, Mbol, DpnI Methylated BamH1 sensor 32

Renin Biotin-IHPFHLVIHTK-Biotin; Av-CLIO 33

Trypsin Biotin-(G)4RRRR(G)3K-Biotin or Biotin-GPARLAIK-Biotin; Av-CLIO 33

MMP-2 Biotin-GGPLGVRGK-Biotin; Av-CLIO 33

Caspase-3 Biotin-GDEVDG-CLIO; Av-CLIO 22

Telomerase CLIO-AATCCCAATCCC and CLIO-AATCCCAATCCC 28, 31

Peroxidases Phenol-CLIO, tyrosines-CLIO 34

Small molecules Drugs, enantiomers D-Phenylalanine-CLIO 35

Folate Folate-CLIO; anti-folate 36

Glucose Glucose-CLIO; concavalin 36

HA peptide HA-CLIO; anti-HA 36

Calcium Calmodulin-CLIO; M13-CLIO or chelaters 37, 38

Influenza Tag peptide Anti-Tag-CLIO 39, 40

Organism Herpes simplex virus Anti-gpD(HSV-1)-CLIO; Anti-HSV1-CLIO 41

Adenovirus-5 Anti-Adenovirus-5-CLIO 41

MAP Anti-MAP-CLIO 42

S. aureus Vancomycin-CLIO 25

BCG/MTB Anti-BCG-CLIO, Anti-BCG-CB 27

Cells Tumor cell lines Anti-Her2-CLIO; Anti-EGFR-CLIO; Anti-EpCAM-CLIO 25

FNA (mouse xenografts) Anti-Her2-MnMNP; Anti-EGFR-MnMNP; Anti-CD326-MnMNP 26

they are evenly dispersed (Figure 1(a)). The current
hypothesis posed to explain the mechanism of relax-
ation switching is based on outer-sphere theory, which
predicts that the relaxivity of a particle is directly
proportional to the cross-sectional area.44,45 Conse-
quently, when nanoparticles assemble into clusters,
the effective cross-sectional area increase exceeds the
additive contribution from of each particle, yielding a
larger and relatively more powerful magnetic dipole.
The longitudinal relaxivity is not affected by cluster-
ing, and therefore r1 can be used as a measure of total
nanoparticle concentration regardless of aggregation
state.23

DMR Assay Configurations
As indicated in Figure 1(a), MRSw assays can
be designed to cause self-assembly of magnetic
nanoparticles upon addition of molecular targets
(forward switching, decreasing T2) or disassembly
of preformed clusters by enzymatic cleavage or
competitive binding (reverse switching, increasing
T2). Forward MRSw assays are based on cross-
linking magnetic nanoparticles into clusters using
molecular target bridges. Thus, they are ideally
suited for detecting small molecule analytes such
as drugs, metabolites, oligonucleotides, and proteins
because the short cross-links ensure that the magnetic
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FIGURE 1 | Principles of DMR sensing assays using magnetic
nanoparticles. (a) Magnetic relaxation switching assays involve
assembly of magnetic nanoparticle clusters using a target biomarker as
a cross-linking bridge, or disassembly of preformed clusters using an
enzyme or competitive binding. Clustering magnetic nanoparticles
causes them to more efficiently dephase the nuclear spins of
neighboring water molecules, shortening the transverse relaxation time
(T2). Likewise, disassembly of clusters increases T2 relaxation time.
(b) Tagging cells with magnetic nanoparticles imparts a magnetic
moment that is proportional to the number of nanoparticles bound.
Following washing procedures to remove unbound nanoparticles, the
magnetic moment can be measured as a decrease in T2 relaxation time.
(Reprinted with permission from Ref 25. Copyright 2008 Nature
Publishing Group).

nanoparticles are placed in close enough proximity
to promote relaxation switching. In addition, there
is no need for time-consuming separation or capture
strategies because MRSw assays can be performed
in turbid solutions such as blood and do not
require removal of unbound magnetic nanoparticles.
Interestingly, increasing the valency of a target by
coupling to a protein or microparticle carrier has
been shown to improve detection sensitivity by a
factor greater than the increase in valency.39 This
result is due to the fact that higher valency targets
can more effectively promote nanoparticle clustering,
liberating the MRSw technique from the equivalence
principle (maximum sensitivity at equal-molar ratios

of magnetic nanoparticle and target) that normally
dominates. Therefore, it may be beneficial to first
capture targets with a particle prior to performing the
switching assay to make use of this valency effect. For
reverse MRSw assays, nanoparticle clusters are first
formed analogously to a forward assay before addition
of an enzyme that cleaves the molecular bridges at
specific sites or a competitive binding molecule that
destabilize the cross-links.

Magnetic nanoparticles can also be used to tag
cell surface markers and thereby impart a magnetic
moment to the cell that is proportional to the number
of nanoparticles bound (Figure 1(b)). This method
does require removal of excess magnetic nanoparticles
prior to measuring T2 relaxation time, however, but
this can readily be accomplished by centrifugation
or filtration. The magnetic tagging concept has been
widely employed for high-contrast MR imaging.

MAGNETIC NANOPARTICLES

Magnetic nanoparticles used for DMR sensing should
ideally have a strong magnetic moment to induce
pronounced T2 changes while also exhibiting super-
paramagnetic behavior to avoid spontaneous mag-
netic aggregation. In addition, the nanoparticles must
be passivated with a hydrophilic and biocompatible
coating to prevent aggregation in aqueous solution
and provide a means to attach affinity molecules
such as antibodies, DNA, or peptides. Finally, smaller
nanoparticles are advantageous because they typically
exhibit higher solution stability (no sedimentation)
and, for cell labeling applications, can pack more
closely to maximize surface coverage.

Cross-linked Iron Oxide Nanoparticles
Cross-linked iron oxide (CLIO) nanoparticles have
predominantly been used for DMR biosensing
applications because they have excellent biological
properties.46 CLIO nanoparticles contain a superpara-
magnetic iron oxide core [3–5 nm sized monocrys-
talline iron oxide nanoparticles (MION)] composed
of ferrimagnetic magnetite (Fe3O4) and/or maghemite
(γ Fe2O3). Maghemite is structurally and functionally
similar to magnetite but differs in that it contains
cation vacancies in the sublattice. The iron oxide core
is coated with dextran that is successively treated with
epichlorohydrin to form stabilizing cross-links and
ammonia to provide primary amine group function-
ality. Aminated CLIO (amino-CLIO) nanoparticles
have an average hydrodynamic diameter of 25–40 nm
and approximately 40–80 amines available per par-
ticle for conjugation of biomolecules.47 The amine
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groups can then be reacted with various reagents to
attach biomolecules via anhydride, amine, hydroxyl,
carboxyl, thiol, or epoxide groups.48 Bioconjugation
of CLIO using copper catalyzed azide-alkyne reactions
(‘click chemistry’) has also been reported.49–51

Manganese-Doped Iron Oxide Magnetic
Nanoparticles
The magnetic moment of iron oxide nanoparticles
can be enhanced by doping the magnetite crystal
with metal ions such as manganese, cobalt, and
nickel.52 Additionally, r2 increases proportionally
with the diameter of the magnetic core.53 These
factors were recently utilized to create magnetic
nanoparticles with substantially greater relaxivity
for DMR applications.26 Ferrite-based nanoparticles
doped with manganese [manganese-doped iron oxide
magnetic nanoparticles (Mn-MNP)] were synthesized
by reacting iron (III) acetylacetonate [Fe(acac)3],
manganese (II) acetylacetonate [Mn(acac)3] and
1,2-hexadecanediol at high temperature (300◦C).
A seed-growth approach was then employed to
incrementally increase the size of the core crystal from
10 nm to 12, 16, and 22 nm. Mn-MNP with diameter
≤16nm were highly monodispersed, exhibited crys-
talline ferrite structure, and were superparamagnetic
at 300 K (Figure 2(a)). In addition, magnetization was
proportional to the Mn-MNP core diameter size, with
r2 values as high as 6 × 10−11 s−1·(particle/ml)−1

(300 s−1 mM−1) at 0.5 T, which is nearly 100
times greater than CLIO on a per nanopar-
ticle basis [0.07 × 10−11 s−1·(particle/ml)−1, or
50 s−1 mM−1].22 This is due in part to the larger core

size, but the Mn-MNP also have an approximately
sixfold higher r2 value on a per mass basis. Assum-
ing a one-to-one ratio of biomarker-to-magnetic
nanoparticle, then it is the relaxivity per nanoparticle
that is most pertinent to determining performance
in DMR tagging assays. Rather than using a dex-
tran coating like CLIO, Mn-MNP were rendered
water soluble using the small molecule meso-2,3-
dimercaptosuccinic acid (DMSA), which has been
used extensively by other groups.52–54 DMSA has
a terminal carboxylic acid group on one end that
interacts directly with the magnetic core, whereas
the other end contains a sulfhydryl group that can
form di-thiol cross-links with other DMSA molecules
to increase stability. The remaining free sulfhydryl
groups can then be used to attach biomolecules
via di-thiol bonds or maleimide chemistry. Due to
the small size of DMSA, the Mn-MNP nanopar-
ticles were smaller than CLIO despite the larger
magnetic core.

Elemental Iron Core/Ferrite Shell
Nanoparticles (‘Cannonballs’)
Elemental iron (Fe) has a higher magnetization than
metal oxides, and this aspect has led to creation of
Fe-core magnetic nanoparticles with extremely high
relaxivity.55,56 The Fe-core must be protected from
oxidation, which has been accomplished using a ferrite
shell. Recently, a 16-nm Fe-core/ferrite shell magnetic
nanoparticle, named Cannonballs, was developed for
DMR applications (Figure 2(b)).27 The relaxivity of
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FIGURE 2 | Higher relaxivity magnetic nanoparticles developed to improve DMR detection sensitivity. (a) Transmission electron micrograph (TEM)
of manganese-doped ferrite magnetic nanoparticles (Mn-MNP), demonstrating narrow size distribution and high crystallinity. The magnetic core was
synthesized using a seed-growth method to produce 10, 12, 16, and 22 nm crystals. (b) TEM of elemental iron (Fe) core/ferrite shell magnetic
nanoparticles (‘cannonballs’) with 11 nm core diameter and 2.5 nm shell thickness. The Fe-core was synthesized by thermal decomposition followed
by controlled oxidation using oxygen gas to produce the ferrite shell, which protected the core from further oxidation. (c) For their size, the Mn-MNP
and cannonballs exhibit higher relaxivity compared to other commercially available or reported magnetic nanoparticles. (Reprinted with permission
from Ref 26. Copyright 2009 National Academy of Sciences, USA. Reprinted with permission from Ref 27. Copyright 2009 John Wiley and Sons, Inc.).
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Cannonballs was similar to the Mn-MNP nanopar-
ticles [6 × 10−11 s−1·(particle/ml)1], which is consid-
erably higher than other commercially available or
previously reported ferrite nanoparticles when nor-
malized for core size (Figure 2(c)). Cannonballs were
synthesized by thermal decomposition of Fe(CO)5
to form the Fe-core. The protective ferrite shell
was then formed by controlled oxidation with oxy-
gen gas at high temperature, which produced a
thinner shell compared with the chemical oxidiz-
ers used previously.56 Cannonballs were then coated
with DMSA as described for the Mn-MNP
nanoparticles.

Micrometer-Sized Magnetic Particles
Although this review is focused on the use of
magnetic nanoparticles for biosensing, micrometer-
scale magnetic particles have also been shown to
possess certain interesting properties for MRSw
assays.40 For instance, microparticles have a higher
magnetic moment because they contain considerably
more Fe atoms per particle and have higher binding
valency. Furthermore, placing microparticles in a
magnetic field for an extended period of time
induces them to cluster, which reverses when the
field is removed. This magnetic field clustering
has been shown to significantly enhance detection
sensitivity. The large size of micrometer-scale clusters
results in rapid settling out of solution; however,
which complicates assay readout. Therefore, although
interesting, microparticles pose significant hurdles for
use as MRSw and will not be discussed further in
this review. Due to their small size, Brownian motion
precludes similar detection sensitivity enhancements
from magnetic-field assistance for nanoparticles.

MAGNETIC RELAXATION
DETECTION DEVICES

Initial Magnetic Resonance Detectors
Magnetic resonance can be detected using MRI scan-
ners, which are used to obtain stunningly detailed
images of the body, and NMR spectroscopy, which is
used to study proteins and small molecules. Both of
these techniques have been used to measure spin–spin
relaxation time (T2) for DMR biosensing assays. Clin-
ical and experimental MRI scanners employ strong
magnetic fields (1–11 T) generated by superconduct-
ing magnets, as well as sophisticated data acquisi-
tion schemes. In addition, parallel measurements can
be obtained using multi-welled plates.22,24,31 How-
ever, MRI scanners suffer from high operating costs,
bulky equipment size (mainly due to superconducting

magnets), and the need for relatively large sample
volumes (hundreds of microliters). Benchtop relax-
ometers provide a lower cost alternative, making
them more accessible for use in DMR sensing.22,41

Benchtop systems operate at lower NMR frequencies
(100 kHz–50 MHz) and are equipped with a perma-
nent, low field (<1 T) magnet for field generation.
However, benchtop systems lack the capability to per-
form parallel measurements and still require relatively
large sample volumes.

Miniaturized NMR Chip
To overcome the limitations of available detectors, a
chip-based µNMR system was recently developed to
perform multiplexed DMR measurements on smaller
sample volumes.25 The µNMR system consists of
microcoils for both radio-frequency (RF) excitation
and NMR signal detection, an on-board NMR spec-
trometer, and microfluidic networks (Figure 3(a)).
The magnetic field can be generated using a small,
portable magnet because miniaturization lessens
the need for spatial homogeneity of the magnetic
field.

The first µNMR prototype was designed with
planar coils that were lithographically patterned on
a glass substrate.25 The microcoils were arranged
in an array format for parallel measurements, and
each microcoil held 5–10 µl of sample. Subsequently,
a second-generation µNMR was developed that
employed solenoidal microcoils embedded in a
microfluidic structure to increase the filling factor
(Figure 3(b)).26,27 This new configuration reduced the
sample volume to approximately 1 µl and resulted
in more homogeneous radio-frequency magnetic
fields with less electrical resistance. The µNMR
system is thus well suited to detect multiple targets
in mass-limited biological samples and to preserve
expensive reagents.

The NMR electronics, which include an RF
transmitter for sample excitation and a receiver for
NMR signal detection, were initially implemented
using discrete components.25 In later versions, they
were monolithically integrated on a single CMOS
IC chip.57 The chip was designed to overcome the
adverse conditions for NMR measurement stemming
from system miniaturization including: (1) low
NMR signal levels from small sample volumes
and (2) fast signal decay (large T2*) due to field
inhomogeneity caused by the portable magnet. These
limitations were overcome by implementing low
noise RF amplifiers with high voltage gain and
development of an on-chip digital pulse generator
for spin-echo (Carr–Purcell–Meiboom–Gill, CPMG)
sequences. Proton relaxation times were measured
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FIGURE 3 | Schematic diagram of the miniaturized NMR device developed for DMR. (a) The original system, consisting of an array of planar
microcoils for NMR measurements, microfluidic networks for sample handling and mixing, miniaturized NMR electronics, and a small, portable
magnet for polarizing magnetic field generation. Insets depict (clockwise) a planar microcoil, schematic of the NMR electronics, and a microfluidic
mixing network. (b) The second-generation µNMR with solenoidal coil embedded in a PDMS microfluidic network, which increased filling factor,
reduced signal-to-noise ratio, and decreased the required sample volume to ∼ 1 µl. The probe was mounted along with all NMR electronics on a
single CMOS IC chip. (c) Depiction of a membrane filter that can be mounted at the coil outlet, enabling concentration of large samples (i.e., cells)
and removal of smaller impurities. (Reprinted with permission from Ref 25. Copyright 2008 Nature Publishing Group. Reprinted with permission from
Ref 26. Copyright 2009 National Academy of Sciences, USA. Reprinted with permission from Ref 27 Copyright 2009 John Wiley and Sons, Inc.).

using inversion recovery pulse sequences (T1) and
CPMG spin-echo pulse sequences (T2) to compensate
for the inhomogeneity of the polarizing magnetic
field.

The microfluidic networks facilitate the handling
and distribution of small sample volumes, mix
different flow streams and confine the sample to the
most sensitive region of a given microcoil. In addition,
a membrane filter can be included at the outlet of the
solenoidal microcoils to size-selectively retain large
species such as cells and remove smaller contaminants
such as unbound magnetic nanoparticles, thus making
it possible to concentrate cells from large sample
volumes and to perform washing steps on-chip
(Figure 3(c)).27

The entire NMR platform can be packaged as a
handheld unit for portable, point-of-care operations.
Furthermore, benchmarking against conventional
NMR systems indicated that the detection sensitivity
was comparable, but came at substantially reduced
sample size requirement and device cost. Table 2
contains a summary of the various magnetic resonance
detectors discussed.

DMR SENSING APPLICATIONS USING
MAGNETIC NANOPARTICLES

Nucleotides
The concept of MRSw was first demonstrated
using oligonucleotides.22,23 Two separate CLIO
nanoparticle biosensors were prepared by attaching
different complimentary 12 base pair oligonucleotides
that recognized adjacent sites on a 24 base pair
target sequence. Addition of the target oligonucleotide
sequence resulted in rapid (<30 min) nanoparticle
aggregation and a subsequent decrease in T2
relaxation time. The change in T2 varied linearly
with the amount of target added, and the detection
sensitivity threshold was shown to be in the sub-
femtomole range (Figure 4(a)). The nanoparticle
assemblies could be dissociated by heating, and
T2 changes were similar when the experiment was
performed in a turbid solution. Moreover, no change
in T2 was observed when scrambled oligonucleotide
sequences were used, but inclusion of even a single
mismatch in the target sequence resulted in a
detectable signal change relative to the perfectly
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TABLE 2 Magnetic Resonance Detectors Used for DMR Assays

Platform Size Microfluidics Multiplexing Vol Cost ($) Reference

Clinical MRI Room None Yes ∼1 ml 2 M 22,28,34

Experimental MRI Room None Yes >300 µl 500 k 31

NMR relaxometer Benchtop None No >300 µl 50 k 22,28,31

µNMR-1 (planar coils, discrete ICs) Handheld Mixing Yes 10 µl 100 25

µNMR-2 (Solenoidal coils, CMOS IC) Handheld Mixing, Filter Yes ∼ 1µl 100 26,27,57

matched sequence. This technique may therefore
prove valuable for mutational analysis. Finally, dose-
dependent detection of GFP mRNA from whole cell
lysates was demonstrated.22

Proteins
MRSw biosensors were originally developed to detect
soluble proteins by leveraging the specificity of
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dissociated upon addition of caspase-3 enzyme, resulting in an increase
in T2 relaxation time. (Reprinted with permission from Ref 22.
Copyright 2002 Nature Publishing Group).

antibodies. The first example involved detection of
GFP protein to establish a proof-of-principle.22 GFP-
sensitive CLIO was prepared by first conjugating
with avidin, followed by attachment of biotinylated
anti-GFP polyclonal antibody. Using this system,
GFP was rapidly (<30 min) detected in a dose-
dependent manner down to the low femtomole range
(Figure 4(b)). Addition of BSA protein did not elicit
a change in T2. In a different study, a slightly
different strategy was employed to detect the beta
subunit of human chorionic gonadotrophin (HCG-β),
a biomarker implicated in prostate and ovarian
cancers.30 In this case, two different monoclonal
antibodies that bind disparate, non-overlapping
epitopes on the HCG-β protein were attached to
separate CLIO nanoparticle populations. HCG-β was
successfully detected using this system in a dose-
dependent manner, and the sensitivity improved when
an HCG dimer was used as the target and the number
of antibodies per CLIO nanoparticle was increased.
Recently, MRSw biosensors capable of detecting the
tumor markers CA-125, VEGF, and α-fetoprotein
were described and used for parallel detection of each
marker in blood using the µNMR device.25

Enzyme Activity
The MRSw assay strategy that lends itself most readily
to the detection of enzymatic activity is the disassem-
bly of preformed clusters due to direct action of the
enzyme. Such reverse sensors have been designed to
detect protease58 and endonuclease/methylase32 activ-
ities. In the first case, MRSw aggregates were formed
using the peptide sequence biotin-GDEVDGC, which
was attached to an avidin-conjugated CLIO popula-
tion via the biotin and a second CLIO population using
the thiol provided by the terminal cysteine. Addition
of caspase-3 disassembled the aggregates by cleaving
within the DEVD site, leading to a corresponding
increase in T2 relaxation time (Figure 4(c)). A similar
strategy was used to create trypsin, renin, and matrix
metalloproteinase 2 sensors.33 Moreover, endonucle-
ase activity was detected by clustering CLIO with com-
plimentary DNA strands containing a BamHI cleavage
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site, followed by the addition of BamHI enzyme.
Similarly, methylase activity was detected using the
methylated and non-methylated forms of the BamHI
sensor and the methylation-sensitive enzymes DpnI
and MboI.

Assembly of nanoparticle sensors by the product
of an enzyme reaction has also been demonstrated.
For instance, MRSw were designed to assess human
telomerase (hTERT) activity by recognition of the 30-
base pair telomeric repeat sequences in complimentary
fashion (Figure 5(a)).28 These nanoparticle sensors
where subsequently used to determine telomerase
activity in cell lysates from numerous tumor lines and
to test the efficacy of telomerase inhibitors. Recently,
a dual-nanosensor system that separately sensed
telomerase activity and the total amount of hTERT

protein was employed that helped elucidate the
link between hTERT phosphorylation and enzymatic
activity (Figure 5(b) and (c)).31 This finding could
have important implications for anti-telomerase ther-
apies. Finally, myeloperoxidase (MPO) sensors were
designed by attaching phenol-containing molecules
(dopamine or serotonin) to CLIO.34 In the presence
of peroxidase, tyroxyl radicals are formed that homo-
geneously react to form o,o-dityrosine cross-links
between the nanoparticles. Leukocyte-derived MPO
has been shown to be critical to the pathogenesis
of atherosclerotic plaques through oxidation of LDL
and other proteins,59,60 making these sensors a poten-
tially useful diagnostic tool for patients with heart
disease.
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Small Molecules
MRSw sensors for small molecules operate best
under the disassembly paradigm because they are
not large enough to contain multiple non-overlapping
epitopes. Instead, a competitive binding strategy is
useful, as demonstrated for glucose, folic acid, and
the influenza hemagglutinin peptide (HA).36 Here
the small molecules themselves were first attached
to CLIO nanoparticles, followed by cluster formation
using Concavalin A (glucose) or an antibody (folic
acid, HA). Addition of free analyte then led to
disaggregation and a concomitant increase in T2
time. Importantly, the change in T2 was reversible,
as removal of analyte resulted in reassembly of
the nanoparticles. This led to construction of a
semi-permeable membrane device capable of sensing
analyte concentration in real time over numerous
cycles of addition and removal.36 Recently, a similar
implantable device was developed to constantly
monitor HCG levels using the MRSw sensors
described in the protein detection section.61,62 The
device consists of a hollow cylinder reservoir made
of high-density polyethylene that is covered on one
side by a semi-permeable polycarbonate membrane.
The membrane functions to retain the HCG-specific
nanoparticle biosensors within the device whereas
allowing free passage of HCG.

MRSw sensors capable of specifying between
enantiomeric drugs has also been described.35

Finally, pro-aggregation schemes have been devel-
oped to detect calcium by making use of specific
chelators37 and the calcium-dependent interaction
between calmodulin and the M13 peptide derived
from rabbit myosin light chain kinase.38

Pathogens
Intact organisms such as viruses and bacteria have
successfully been detected using antibody-conjugated
MRSw sensors. This is interesting because these
targets are on the same order of size or even
considerably larger than the magnetic nanoparticles.
For example, adenovirus-5 and herpes simplex virus-
1 were detected by polyclonal antibody-conjugated
CLIO in serum with a lower limit of five viral particles
in 10 µl.41 Likewise, the bacterium Mycobacterum
avium spp. paratuberculosis (MAP), which is difficult
to culture and identify using current detection
methods, was successfully detected using MRWs in
mixtures of other bacteria and in complex fluids such
as milk and blood.42 The detection limit was on the
order of 100 colony-forming units (CFUs). Detection
of the bacterium Staphylococcus aureus was recently
demonstrated using the µNMR device, where the low

sample volume requirement (10 µl) enabled detection
of as few as 10 CFUs.25

Another study was aimed at detecting tubercu-
losis (TB) bacterium via the cell tagging method.27

Standard TB diagnostic tests are performed on spu-
tum samples, and involve detection by either culture
or acid-fast bacilli (AFB) smear microscopy. To mimic
this process, the bacillus Calmette-Guerin (BCG),
which was used as a surrogate for Mycobacterium
tuberculosis, was spiked into sputum samples, lique-
fied by the standard protocol, and incubated with
magnetic nanoparticles conjugated with an anti-BCG
monoclonal antibody. Unbound magnetic nanoparti-
cles were then removed within the second-generation
µNMR device fitted with a porous membrane fil-
ter (∼100 nm size cut-off). The membrane allowed
passage of the nanoparticles but not BCG, enabling
concentration of BCG from larger volumes of sample
and removal of unbound nanoparticles (Figure 6(a)).
In this manner, approximately 100 CFUs could be
detected in 1 µl sample volumes using CLIO nanopar-
ticles, and this improved to about 6 CFUs using the
more highly magnetic Fe-core/ferrite shell nanopar-
ticles (cannonballs) (Figure 6(b)). Finally, using the
membrane filter to concentrate larger sample volumes,
it was demonstrated that as few as 20 CFUs could be
detected in a 1-ml sputum sample. This detection
threshold is significantly greater than the AFB smear
microscopy technique employed for TB detection and
was comparable to the culture technique but required
minutes rather than weeks.

Tumor Cell Detection and Profiling
Molecular profiling of the tumor cell surface markers
Her2/neu, EGFR, and CD326 (EpCAM) was recently
demonstrated using the first generation µNMR
device.25 CLIO nanoparticles were conjugated with
monoclonal antibodies to each target, followed
by incubation with breast cancer cells lines or
fibroblasts as a control. After centrifugal washing
steps, significant differences in T2 relaxation time
were observed for cancer cells compared with controls
using as few as 1000 cells in a 10-µl sample volume.
Detection sensitivity was significantly improved using
the second-generation µNMR device, which enabled
detection of Her2/neu from as few as 200 breast
cancer cells in a 1-µl sample volume using CLIO
nanoparticles (Figure 7(a)).26 Notably, the detection
threshold was further reduced to approximately
two cells by using the more magnetic Mn-MNP
(Figure 7(b)). Comparison of DMR measurements
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obtained from screening numerous breast cancer cell
lines for Her2/neu expression to results from flow
cytometry and Western blot indicated close corre-
lation (Figure 7(c)). Thus, DMR is useful not only
for specific cell detection but also to quantify the
amount of marker per cell, while using orders of mag-
nitude fewer cells (10–100 for DMR, 104–105 for
flow cytometry, 105–106 for Western blot) than other
techniques. It should be noted that the determina-
tion of marker expression level requires an estimate
for the total number of cells present to differentiate
between a high expression level on few cells and low
expression on many cells. This can be accomplished
by measuring the signal from a sample incubated
with a control nanoparticle, which will be slowly
taken up into the cells by phagocytosis. Since the
rate of magnetic nanoparticle phagocytosis is rela-
tively constant for epithelial tumor cells, cell number
can then be estimated based on a calibration curve.
Finally, fine-needle aspirate biopsies from a panel of
mouse xenograft tumors were successfully analyzed
for Her2/neu, EGFR, and EpCAM expression, and
the multiple marker detection strategy was shown to
significantly improve the likelihood of a positive can-
cer diagnosis (Figure 7(d)). Given the growing interest
in utilizing molecular information to customize and
monitor cancer therapies, magnetic tagging and detec-
tion using the µNMR device could provide a powerful
tool for analyzing cells from sample-limited sources
such as fine-needle aspirate biopsies or circulating
tumor cells.63,64

CONCLUSION

DMR is a powerful biosensor technology that offers
unique advantages over other detection techniques,
such as a homogeneous assay format, built-in amplifi-
cation scheme, broad applicability to profile different
types of targets (DNA, proteins, metabolites, and
cells) using different modes of operation, minimal
sample preparation requirement, ability to perform
measurements in obscure/turbid media, and high-
throughput capacity. The technology could thus
have broad applications in biomedicine, including
genomics/proteomics, cancer biology, and systems
biology. For instance, there is currently considerable
interest in developing a better understanding of rare
cell populations such as circulating tumor cells in the
blood or cancer stem cells. Through the development
of the chip-based µNMR device, the ability to molec-
ularly characterize these important cells is coming
closer to a reality. With further advances such as more
sophisticated on-board sample processing or purifica-
tions, this device could also facilitate translation of
DMR into the clinic or other point-of-care settings to
aid in diagnosis of a myriad of diseases and formula-
tion of individualized therapies. Notably, the low cost
and portability of the device could help make inroads
in developing countries to help in the battle against
serious public health issues such as tuberculosis and
HIV. Finally, as evidenced by the implantable HCG
sensor, ingenuity should open up additional avenues
for DMR sensing that yet remain untapped.
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