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Recent advances in nanotechnology have produced a variety of nanoparticles
ranging from semiconductor quantum dots (QDs), magnetic nanoparticles (MNPs),
metallic nanoparticles, to polymeric nanoparticles. Their unique electronic,
magnetic, and optical properties have enabled a broad spectrum of biomedical
applications such as ultrasensitive detection, medical imaging, and specific
therapeutics. MNPs made from iron oxide, in particular, have attracted extensive
interest and have already been used in clinical studies owing to their capability of
deep-tissue imaging, non-immunogenesis, and low toxicity. In this Research
Highlight article, we attempt to highlight the recent breakthroughs in MNP
synthesis based on a non-hydrolytic approach, nanoparticle (NP) surface
engineering, their unique structural and magnetic properties, and current
applications in ultrasensitive detection and imaging with a special focus on
innovative bioassays. We will also discuss our perspectives on future research
directions.

Introduction

Bulk iron oxide is classified as a ferro-

magnetic material, which exhibits perma-

nent magnetization in the absence of an

external magnetic field. However, mag-

netism is highly dependent on material

size. When the size of a ferromagnetic

material decreases to a certain critical

value (nanoparticle regime, superpara-

magnetic limits of common ferromag-

netic materials can be found in ref. 1 and

ref. 2), the thermal energy at room

temperature will become sufficient to flip

the electron spin directions in the absence

of an external magnetic field, and will

consequently randomize the particles’

magnetic dipoles in a short period of

time. In the presence of an external

magnetic field, the MNPs respond

quickly and align with an applied field,

a phenomenon referred to as superpar-

amagnetism. For biomedical applica-

tions, superparamagnetic NPs are often

made of c-Fe2O3 (maghemite) or

Fe3O4 (magnetite) due to their biocom-

patibility. Magnetite particles can be

converted to maghemite by chemical

oxidization, which results in a color

change from black to red-brown and

a slightly reduced saturation magnetiza-

tion. Owing to the dimensional

similarities between MNPs and bioma-

cromolecules, integration of the two is

expected to produce major advances in

molecular diagnostics, therapeutics,

bioanalytical sciences, and bioengineer-

ing.3–5 For example, recent advances

have led to the development of functional

superparamagnetic NPs that are cova-

lently linked to biological molecules such

as peptides, proteins, and nucleic acids.6,7

These nanobioconjugates are well suited

as contrast agents for in vivo magnetic

resonance imaging (MRI), as carriers for

drug delivery and gene therapy, as

therapeutic agents for hyperthermia-

based cancer treatment, and as structural

scaffolds for tissue engineering.8–14

MNP synthesis

Efficient synthetic routes for well-

controlled MNP morphology have been

one of the most sought-after goals of

chemists and materials scientists. Early

investigations have developed a number

of methods, including vapor deposi-

tion, mechanogrinding, microemulsion,

sol–gel processes, and coprecipitation of

ferrous and ferric salts. Coprecipitation

is currently the most common method

because the resulting MNPs are highly

biocompatible and cheap to produce.

However, without a tedious size-selection

process this technique is incapable of

controlling the particle size and size

distribution with nanometer precision,

which is critical to many biomedical

applications. Indeed, it has been demon-

strated that magnetic resonance signals

from MNPs with sizes spanning between

4 and 12 nm vary drastically.15 In

addition, the particle size is also one of

the most important factors that affect the

particle diffusion, in vivo biodistribution,

circulation time in blood, and surface

functionalities (e.g. curvature and num-

ber of ligands). Using highly uniform

MNPs of the same size range (4–12 nm),

Colvin and co-workers recently showed

that magnetite particles respond to

magnetic fields of low gradient in a

size-dependent manner, which opens a

new opportunity for the simultaneous

separation of complex mixtures.16

Thorough characterization and under-

standing of MNPs’ size-dependent phy-

sical and chemical properties only

became available recently through the

discovery of a new process for mono-

disperse MNP preparation, thermolysis
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of iron precursors in organic solvents.

Uniform MNPs can be routinely made in

the size range of 5–30 nm in diameter

using this procedure, although synthesis

of uniform MNPs outside this range still

needs improvements (Fig. 1). Alivisatos

and co-workers first demonstrated this

non-hydrolytic synthetic approach for

MNPs by injecting metal cupferron

complexes into organic surfactants at

high temperature to yield maghemite

NPs with a size distribution of 10–

15%.17 A burst of research activities on

this subject occurred after Hyeon et al.

optimized the synthesis of maghemite

NPs using iron pentacarbonyl as the

molecular precursor in the presence of

oleic acid.18 Recently, the same group

showed their capability of controlling the

particle size with 1 nm precision on a

relatively large production scale,19,20

which is difficult, if not impossible, to

achieve with traditional aqueous-based

synthetic approaches. This non-hydroly-

tic high-temperature procedure has also

been optimized for the preparation of

MNPs of different chemical composi-

tions (such as iron, cobalt, magnetite,

and an iron–platinum alloy), shapes (such

as spheres, rods, and cubes), and internal

structures (such as core/shell).21–28

Although other types of high-quality

NPs, such as semiconductor QDs, are

prepared in a similar non-hydrolytic

system, a distinct feature of MNP synth-

esis is the well-separated nucleation and

growth steps. A thorough study by

Casula and Alivisatos’s group suggested

that the formation of stable nuclei is

considerably slower than their subse-

quent growth, and thus, the two phases

are temporally separated, demonstrating

that the reaction rate can be controlled

by the nucleation rate.29

Although the new synthesis method

based on the thermolysis of iron pre-

cursors can make MNPs of uniform

sizes, which directly determine the mag-

netic properties, an argument in the field

of life sciences was whether or not the

uniform MNPs will offer new opportu-

nities (such as more sensitive detection)

over the traditional polydisperse MNPs

prepared with the coprecipitation

method. This is a particular concern

since several types of FDA-approved

MNPs made with the coprecipitation

method have already produced a wealth

of important clinical data. The concern

was recently addressed after the success-

ful synthesis of iron oxide particles doped

with metal ions. Sun et al. first reported

the synthesis of Mn- and Co-doped iron

oxide NPs, which are monodisperse and

have a cubic spinel structure.30 These

experiments suggest that besides the

desired structural properties, the mag-

netic properties could also be readily

modulated. Indeed, when transferred

into aqueous buffer and applied to

biological imaging, Cheon and co-work-

ers recently found that the R2 relaxivity

of MnFe2O4 particles is 75% stronger

than that of pure iron oxide NPs and is

approximately 400% stronger than that

of the conventional MNPs made in

aqueous solution.31 This direct compar-

ison unambiguously demonstrated the

advantage of the new thermolysis tech-

nology. Further improvement in contrast

agents should have significant impact on

MRI since MRI is inherently not as

sensitive as other imaging modalities

such as optical imaging and positron

Fig. 1 TEM micrographs of (a) 6 nm-, (b) 7 nm-, (c) 8 nm-, (d) 9 nm-, (e) 10 nm-, (f) 11 nm-, (g) 12 nm-, (h) 13 nm-, (i) 20 nm-, (j) 30 nm-, (k)

40 nm- and (l) 50 nm-sized iron oxide NPs. The non-hydrolytic synthetic approach allows precise control of particle sizes. MNPs smaller than

30 nm in diameter are relatively monodisperse. Uniform MNPs of spherical shape are difficult to obtain for larger particle sizes. [Reproduced

from ref. 19 (copyright 2005, Wiley InterScience).]
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emission tomography (PET). An alter-

native approach, however, is the pre-

paration of multimodality NPs, which

has become a topic of intense research

for high-resolution and high-sensitivity

imaging. Recent studies show that MNPs

made from Fe2O3 or FePt can be linked

with QDs to generate dual-modality

NPs.32,33 These systems may offer

detailed anatomical and molecular infor-

mation when used for in vivo imaging of

living organisms.

Surface engineering

For biological applications, the hydro-

phobic NPs must be made water-soluble

first. Owing to the similar surface ligands

of MNPs and those of QDs and gold

NPs, many coating methods previously

designed for QDs and gold NPs can be

easily adopted for MNPs. Two general

strategies have been developed to

disperse MNPs in aqueous biological

buffers. In the first approach, the hydro-

phobic monolayer of ligands on the

MNP surface may be exchanged with

hydrophilic ligands.6,31 This procedure

has the advantage of simplicity, but

desorption of labile ligands from the

MNP surface could prevent efficient

conjugation with biomolecules, as ligand

adsorption and desorption are likely to

be reversible on the NP surface.

Alternatively, hydrophobic MNPs can

be rendered water-soluble with the native

hydrophobic ligands retained on their

surface. This is achieved through the

adsorption of amphiphilic polymers that

contain both a hydrophobic segment

(mostly hydrocarbons) and a hydrophilic

segment [such as poly(ethylene glycol)

(PEG) or multiple carboxylate groups].

Several polymers have previously been

reported for the surface modification of

QDs, including octylamine-modified

polyacrylic acid, PEG-derivatized phos-

pholipids, block copolymers, and amphi-

philic polyanhydrides.34–37 Most of them

have also been confirmed useful for

modification of MNPs. The hydrophobic

domains interact strongly with the alkyl

chains of the ligands on the NP surface

(due to the multivalency effect), whereas

the hydrophilic groups face outwards

and render the nanoparticles water-

soluble. The biocompatibility of MNPs

can be further improved by using biode-

gradable amphiphilic polymers originally

developed for drug delivery applica-

tions.38–40 In this design, every major

component of the particle system, includ-

ing the core material (e.g. iron oxides),

particle surface ligands (e.g. oleic acid),

and polymer coating (e.g. polyalky-

lacrylic acid and Pluronic polymers) will

be biocompatible, which is of particular

interest for translational research. It is

also noteworthy that in comparison with

the conventional dextran-coated CLIO

particles (crosslinked iron oxides),41 the

new generation, water-soluble MNPs

may be more compact because the

amphiphilic polymer coating is thin and

well-defined (Fig. 2). As a consequence,

such MNPs should be more favorable in

their diffusion and binding kinetics char-

acteristics and in escaping uptake by

reticuloendothelial systems when used in

vivo. To achieve binding specificity or

targeting abilities, polymer-coated MNPs

are generally linked to bioaffinity ligands

such as monoclonal antibodies, peptides,

oligonucleotides or small-molecule inhi-

bitors. As well, linking to poly(ethylene

glycol) (PEG) or similar ligands can

improve biocompatibility and reduce

non-specific binding. Owing to the large

surface-area to volume ratio of MNPs

relative to their small-molecule counter-

parts (e.g. chelated Gd), single MNPs

can be conjugated to multiple molecules

for multivalent presentation of affinity

tags and multifunctionality.

In vitro ultrasensitive
detection

For in vitro applications of MNPs, an

interesting phenomenon was observed by

Perez, Josephson, Weissleder and co-

workers that MNP aggregates are more

‘potent’ T2 contrast agents than disperse

MNPs of the same iron concentration. In

MRI experiments, protons aligning par-

allel to the external magnetic field (the

lowest energy state configuration) can be

excited and forced away from alignment

by radio-frequency pulses. The T2 relaxa-

tion time (also known as transverse or

spin–spin relaxation) is a measure of how

Fig. 2 Comparison of amphiphilic polymer encapsulated hydrophobic MNPs (left) and dextran-coated CLIO particles (right). The

amphiphilic polymer coating is generally thin and can be made from biocompatible polymers; in contrast, the crosslinked dextran coating layer

increases the particle hydrodynamic radius significantly. (Images adopted from ref. 37 and ref. 41, and re-plotted.)
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long the resonating protons remain

coherent or precess in-phase following a

radio-frequency pulse. Although the

underlying mechanism of why MNP

aggregates are more efficient at dephas-

ing the spins of surrounding water

protons is not entirely clear at this time,

this observation has led to the develop-

ment of magnetic relaxation switching

(MRS) technology for the sensitive

detection of oligonucleotides, proteins,

enzymes, chiral compounds, carbohy-

drates, and viruses with detection limits

as low as 0.5 femtomoles.42–45 In com-

parison with the common optical detec-

tion methods, a key essence of the MRS

technology is that the magnetic relaxa-

tion changes are detectable in unpurified

biological samples such as blood and

turbid whole-cell lysates, which simplifies

sample preparation.

A more recent trend for in vitro

ultrasensitive detection is to integrate

the high-throughput separation capabil-

ity of MNPs (or MNP-doped micro-

spheres) with an optical readout, which

allows the quick separation of analytes

from complex biological specimens and

multiplexed quantification of the tar-

geted molecules. Sensitive and specific

detection of Escherichia coli O157:H7

was demonstrated by Su and Li using

QDs as a fluorescence marker coupled

with immunomagnetic separation. E. coli

O157:H7 at a cell concentration of

1000 CFU ml21 were detected with an

assay time of less than 2 h.46 To further

enhance the detection sensitivity for low-

abundance biomolecular targets, a signal

amplification mechanism must be

exploited, especially when the targets

are proteins which cannot be amplified

by the polymerase chain reaction (PCR).

For example, magnetic microspheres and

organic dye- or QD-doped fluorescent

microspheres (serving as optical bar-

codes) may be combined for multiplexed

detection of both DNAs and proteins. As

shown in Fig. 3, a pair of molecular

probes recognizing distinct domains of

target molecules is linked to a fluorescent

bead (multicolor) and a magnetic bead

(brown). If the target DNA sequence or

protein is present, it brings the two beads

together, which forms a sandwich struc-

ture and can be quickly isolated using a

magnet. At the same time, the fluorescent

barcode reveals the identity of the target

molecule. Note that the target molecules

are not detected by single organic fluoro-

phores or QDs, but by the micrometer-

sized optical barcode itself, which

contains thousands to millions of fluoro-

phores. This important feature of signal

amplification has the potential to bring

the detection limit of both genes and

proteins to the attomolar level or lower.

Indeed, Groves and co-workers have

showed detection of 30 aM concentra-

tions of cytokines,47 whereas Mirkin and

co-workers demonstrated a prostate-

specific antigen (PSA) detection

sensitivity of less than 300 aM.48 More

importantly, the sample solution homo-

geneity enables substantially faster reac-

tion kinetics than planar chips. For

instance, the bridging of micrometer-

sized beads by the target molecules can

be accomplished in 1–2 h.48 We envision

that future research combining the

multiplexing power of optical barcodes

and the capability of microfluidic devices

to handle samples of small volume will

lead to the simultaneous detection

of biomolecular targets with PCR-like

sensitivity.

In vivo molecular imaging

For in vivo imaging, contrast agents are

used in approximately 25% of MRI pro-

cedures. In the past two decades, chelated

paramagnetic ions, such as Gd-DTPA,

Mn(II)-EDTA, and Cr(III)-EDTA

(DTPA = diethylenetriaminepentaacetic

acid; EDTA = ethylenediaminetetraacetic

acid), have defined the class of available in

vivo MRI contrast agents. These chelates

are resolved as bright spots against

surrounding tissues as a result of their

short T1 relaxation times. In contrast to T2

relaxation, the T1 relaxation time (also

known as longitudinal or spin–lattice

relaxation) describes how quickly the

‘excited’ water molecules – those forced

away from alignment by a 90u radio-

frequency pulse – relax back to alignment.

These T1 MR contrast agents have been

developed for quick removal from the

vasculature, limiting long-term toxicity

issues. Unfortunately, in maintaining fast

excretion times, MR imaging is limited to

a minimal number of scans post-injection,

decreasing the overall resolution. In addi-

tion, these paramagnetic complexes have

low magnetic susceptibilities, requiring the

introduction of large-dose agents for

sufficient contrast enhancement. To over-

come the limitations associated with para-

magnetic ions, MNPs have become an

improved alternative to contrast agents.

During MRI scans, MNPs locally disturb

the induced dipolar field, shortening T2

and, to a lesser extent, T1 relaxation times

relative to the neighboring tissue. Visually,

this produces a hypointense (dark) spot in

T2-weighted scans, and hyperintense

(light) spots in T1-weighted scans.

For in vivo tumor imaging, MNP

probes can be delivered to tumors by

either a passive targeting mechanism or

an active targeting mechanism. In the

passive mode, macromolecules and nan-

ometer-sized particles are accumulated

preferentially at tumor sites through an

enhanced permeability and retention

(EPR) effect. This effect is believed to

arise from two factors: (a) angiogenic

tumors which produce vascular

Fig. 3 Schematic illustration of DNA and protein screening applications of the magneto-

optical sandwich assay. A pair of molecular probes recognizing distinct domains of target

molecules is linked to an optical barcode (multicolor) and a magnetic bead (brown) for

DNA (top panel) and protein (bottom panel) biomolecular target analysis. If the target is

present, it brings the two beads together. After magnetic separation, the optical barcodes

can be read with a spectrometer or flow cytometer at the single bead level for identification

of the targets.
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endothelial growth factors (VEGFs) that

hyperpermeabilize the tumor-associated

neovasculatures and cause the leakage of

circulating macromolecules and small

particles; and (b) tumors lack an effective

lymphatic drainage system, which leads

to subsequent macromolecule or nano-

particle accumulation. Passive tumor

targeting requires the MNP probes to

have long plasma circulation times,

which are typically achieved by shielding

the MNPs with polymers such as PEG

and dextran. PEG and dextran are

hydrophilic polymers of low immuno-

genicity and can help NPs to escape from

uptake by the reticuloendothelial system.

For active tumor targeting, increased

specificity can be attained through the

immobilization of bioaffinity ligands,

such as enzymes, antibodies, peptides,

aptamers, and small-molecule antago-

nists. Ligands that have been investigated

thus far include insulin, lactoferrin,

ceruloplasmin, annexin V, transferrin,

antibody, and folic acid. These ligands

are capable of binding to receptors on

the surface of the target cells. The

attachment of particles to cells generally

results in receptor-mediated endocytosis

followed by prolonged sequestration that

can be detected through MRI. Although

MNPs have high promise in creating new

imaging opportunities because of the

myriad of available ligands and the

differential receptor expression between

cells types, current success in this field is

mainly achieved with particles synthe-

sized with the traditional coprecipitation

method. As discussed above, this method

does not produce uniform MNPs with a

high magnetization level. To solve this

problem, Cheon and co-workers recently

showed that highly uniform MnFe2O4

NPs with significantly improved mag-

netic properties (e.g. relaxivity approxi-

mately 46 stronger than CLIO) can be

made with the non-hydrolytic approach

and conjugated to antibodies targeting

Her-2 receptors, which makes sensitive

detection of small or early-stage tumors

possible. A direct comparison of the

MnFe2O4 NPs and the conventional

CLIO particles for in vivo tumor imaging

is shown in Fig. 4.31 Under the same

treatment dosage, the MnFe2O4 NPs

(DT2 = 34%) are markedly more visible

in the implanted tumors than CLIO

particles (DT2 , 5%).

In vivo cell tracking

Cell tracking with magnetic NPs is

desirable for in vivo monitoring of the

administered cellular therapies. Cellular

therapies use the injection of cells to

improve medical conditions. Injection of

endogenous dendritic or T-cells has been

shown to stimulate the immune system

to improve various medical conditions

including cancer. Potential stem cell

therapies may be used to treat a range

of currently irreparable conditions such

as spinal cord and myocardium injury,

Parkinson’s disease, multiple sclerosis,

and Huntington’s disease by correcting

or replacing defective cell popula-

tions.41,49 To track therapeutic cells in

vivo, cells are first intracellularly labeled

in vitro by endocytosis of NPs that are

not cytotoxic and do not affect cellular

behavior. Cells are then injected to a

specific location and tracked with MRI.

The benefits of monitoring cell therapy

have been demonstrated with magneti-

cally labeled dendritic cells for melanoma

therapy.50 Dendritic cells are antigen-

presenting immune cells that activate

against threats such as cancer. The

injection of additional dendritic cells in

the lymph nodes was tracked with both

magnetic and radioisotope tags. Data

showed that MRI of SPIO tags (super-

paramagnetic iron oxide) offered mark-

edly better resolution than scintigraphic

imaging of 111In radioisotopes in display-

ing the drainage cells from one lymph

node to neighboring nodes. Additionally,

MRI revealed that 50% of injections did

not result in internodal cell migration

because they were not administered

directly into lymph node tissue but

actually into nearby perinodal fat, giving

a possible explanation for the limited

response to the treatment in ongoing

clinical trials. The reader should note

that despite the many benefits of MRI,

scintigraphic imaging is still the preferred

method of quantified monitoring of cell

migration. Most recently, Dai and co-

workers prepared FeCo/single-graphitic-

shell nanocrystals using the chemical

vapor deposition method. The particles

show outstanding relaxivity values with

R1 and R2 of 70 and 644 mM21 s21,

respectively, which allows sensitive

Fig. 4 In vivo MR detection of cancer using MNP–herceptin bioconjugates. Color maps of

T2-weighted MR images of a mouse implanted with the cancer cell line NIH3T6.7, at

different time points after injection of MnFe2O4–herceptin conjugates or CLIO–herceptin

conjugates [pre-injection (a,d); and 1 h (b,e) or 2 h (c,f) after injection]. In a–c, gradual color

changes at the tumor site, from red (low R2) to blue (high R2), indicate progressive targeting

by MnFe2O4–herceptin conjugates. In contrast, almost no change was seen in the mouse

treated with the CLIO–herceptin conjugate (d–f). [MEIO = magnetism-engineered iron

oxide. Reproduced from ref. 31 (copyright 2007, Nature Publishing Group).]
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tracking of mesenchymal stem cells.51

For comparison, the R1 and R2 values of

commercially available Feridex1 (MNPs

used in MRI for the detection of

liver lesions, Advanced Magnetics) and

Magnevist1 (gadopentetate dimeglu-

mine, Berlex) are only 10 and 104, and

4.6 and 4.5 mM21 s21, respectively. In

the growing arena of stem cell research,

in vivo cell tracking is becoming increas-

ingly crucial for elucidation during

cellular therapy development.

MNP toxicity

Ensuring that the new MNPs are safe for

use in humans is likely to be a determin-

ing factor for their impact on disease

diagnosis and prognosis. As human

tissue contains and metabolizes iron

and iron oxides during normal function-

ality, including ferritin, transferrin, and

hemosiderin among others, the degrada-

tion of iron oxide NPs in vivo is done by

natural pathways leading to increased

iron storage in the body. Study in rat

models has demonstrated that the

administration of 100 (mg Fe) kg21

showed no identifiable negative effects

upon the subjects, and an increase of

the injected dose to 600 (mg Fe) kg21 did

not lead to subject death. Normal

injected doses for MR contrast enhance-

ment are significantly lower than these

quantities.

While on the whole MNP variants

have been shown to be relatively benign,

their physiological activity does vary

from system to system. For instance,

Combidex1 (MNPs used in MRI for

differentiation of cancerous from

normal lymph nodes, Advanced

Magnetics) was shown to break down

in intracranial tissue after three days,

becoming undetectable after one week.

On the other hand, Feridex1 was visible

under MR imaging over four weeks

after administration, while demonstrat-

ing no pathological damage. At the

same time, the monocrystalline iron

oxide nanoparticle (MION-46) was

shown to induce seizures in rats, and

may not readily break down in the brain

due to a lack of response from local

macrophages and reactive astrocytes.52

This demonstrates that while the major

constituents of all these particles are

biocompatible, size and physical coatings

can induce varying physiological

localization followed by diverging host

responses.

Concluding remarks

Although MNPs have been used for

high-throughput separation as well as

clinical agents to induce hyperthemia in

specifically-labeled tissues for decades,

exciting new applications in bioengineer-

ing and medicine have just begun to

appear in the past 3–5 years, largely

triggered by recent breakthroughs in

MNP synthesis and surface modification.

Important progress has been made in

developing functional MNPs for multi-

plexed separation, in vitro ultrasensitive

detection, in vivo molecular imaging, and

drug delivery, which will make a sig-

nificant impact on the diagnosis, prog-

nosis and treatment of complicated

human diseases, such as cancer, cardio-

vascular diseases, and neurological dis-

orders. Despite these recent

achievements, a number of issues deserve

further investigation. Although MNPs

provide significantly higher contrast than

gadolinium-based chelates of comparable

concentration, MRI is inherently a low-

sensitivity imaging modality compared

with nuclear and optical imaging. As

research in nanotechnology continues to

generate nanomaterials with novel prop-

erties, this problem could possibly be

solved by making MNPs with extremely

high relaxivities, along with improve-

ments in instrumentation (e.g. using a

stronger magnetic field). In addition,

development of compact, specifically

targeted, multifunctional, and low-toxi-

city NP probes, and the design of

innovative bioassays are in great

demand, which brings both challenge

and opportunity to the interdisciplinary

nanotechnology research.
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