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C O N S P E C T U S

A wide range of metal, magnetic, semiconductor, and polymer nanoparticles with tunable sizes and properties can be
synthesized by wet-chemical techniques. Magnetic nanoparticles are particularly attractive because their inherent super-

paramagnetic properties make them desirable for medical imaging, magnetic field assisted transport, and separations and
analyses. With such applications on the horizon, synthetic routes for quickly and reliably rendering magnetic nanoparticle
surfaces chemically functional have become an increasingly important focus. This Account describes common synthetic routes
for making and functionalizing magnetic nanoparticles and discusses initial applications in magnetic field induced separations.

The most widely studied magnetic nanoparticles are iron oxide (Fe2O3 and Fe3O4), cobalt ferrite (CoFe2O4), iron plati-
num (FePt), and manganese ferrite (MnFe2O4), although others have been investigated. Magnetic nanoparticles are typi-
cally prepared under either high-temperature organic phase or aqueous conditions, producing particles with surfaces that
are stabilized by attached surfactants or associated ions. Although it requires more specialized glassware, high-tempera-
ture routes are generally preferred when a high degree of stability and low particle size dispersity is desired.

Particles can be further modified with a secondary metal or polymer to create core–shell structures. The outer shells func-
tion as protective layers for the inner metal cores and alter the surface chemistry to enable postsynthetic modification of
the surfactant chemistry. Efforts by our group as well as others have centered on pathways to yield nanoparticles with sur-
faces that are both easily functionalized and tunable in terms of the number and variety of attached species. Ligand place-
exchange reactions have been shown quite successful for exchanging silanes, acids, thiols, and dopamine ligands onto the
surfaces of some magnetic particles. Poly(ethylene oxide)-modified phospholipids can be inserted into nonpolar surface mono-
layers of as-prepared nanoparticles as a method for modifying the surface chemistry that induces water solubility. In gen-
eral, reactive termini can subsequently be used to append a range of chemical groups. For example, surfactants with
trifluoroethylester or azide termini have been used to attach a range of amine- or alkyne-containing species, respectively.

Chemically functionalized magnetic nanoparticles are promising as advanced materials for analytical separations and anal-
ysis. Magnetic field flow fractionation leverages the size-dependent magnetic moments to purify and separate the compo-
nents of a complex mixture of particles. Similarly, magnetic field gradients are useful for manipulating transport and
separation in simple microfluidic devices. By either approach, magnet-induced transport of the particles is a simple method
in which an attached reagent, catalyst, or bioanalytical tag can be moved between flow streams within a lab on a chip device.
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Introduction
The intrinsic interaction of magnetic nanoparticles with applied

magnetic field gradients makes these particles attractive for

directing transport and separation of attached material that

can range in size from molecules to cells.1 This approach is a

powerful way with which to interact with matter at the nanos-

cale that is complementary to optical methods employing

nanoscale noble metal2,3 and semiconductor particles.4 As a

result, magnetic nanoparticles have garnered widespread

attention in recent years to develop and understand synthetic

means to control their size, magnetic behavior, and chemical

reactivity.5–8 Simultaneously tuning surface chemistry and phys-

ical properties enables preparation of functional magnetic nano-

particles that can be vehicles to manipulate, track, and deliver

attached cargo. Varied applications in biomedicine9–11 and mag-

netic field assisted separations and analyses12–16 are envisioned

for nanoscale magnets. Extension of the chemistries used to

impart surface functionality will give rise to multifunctional mag-

netic probes and open up new opportunities to perform a wide

range of operations using the same particle. Conversely, the size-

and composition-dependent magnetic moments17 hold the

potential to be exploited in the development of magnetic-based

separation devices. A host of other applications, such as hyper-

thermia treatment for malignant cells18 and magnetic resonance

imaging (MRI) contrast agents,19,20 stand to benefit from the

unique properties observed in nanoscale magnets.

With recent advancements in synthetic methods has come

the ability to easily prepare a wide range of magnetic nano-

particles that are highly crystalline and uniform in size.21–27

Stabilization of the particles is necessary to induce solubility

while preventing agglomeration and, similar to Ag or Au nano-

particles, can be either electrostatic or steric in nature.28,29 While

aqueous methods for magnetic nanoparticles provide electro-

static stabilization of particles, we typically avoid employing these

because they often yield particle samples with poor shape and

size control and because slight changes in ionic strength or pH

can result in precipitation.30,31 Our interest in bottom-up assem-

bly of nanometer scale materials has led us to adopt high-tem-

perature synthetic methods21–27 to investigate and explore the

characterization, functionalization, and field-assisted transport of

magnetic nanoparticles. Applications requiring tunable surface

chemistry and magnetism directly benefit from these studies.

This Account describes some of the chemistries that we and oth-

ers have used to make functional nanomagnets and then dis-

cusses recent investigations of magnetic field assisted transport

of these particles.

Nanoparticle Synthesis
Common high-temperature synthetic methods utilize thermal

decomposition21–27 of metal precursors in the presence of a

stabilizing ligand to yield metal nanoparticles ranging in diam-

eter from approximately 3 to 15 nm. The transmission elec-

tron microscope (TEM) images in Figure 1 demonstrate the

range of sizes and types of materials that are made using the

routes shown in Scheme 1. Typical metal precursors include

carbonyl21 and acetylacetonate (acac)25 complexes (e.g.,

Fe(CO)5, Co(acac)2, and Fe(acac)3), and the ligands are gener-

ally long chain carboxylic acids, amines, or both (e.g., oleic

acid and oleylamine). These surfactants are required both to

mediate growth during the reaction and to prevent agglom-

eration of the particles. Shorter chain lengths are sometimes

employed to facilitate postsynthetic surface modification,32 but

generally chains with at least six carbons are necessary to pro-

vide sufficient stabilization.24,25,32 Magnetic nanoparticle syn-

thesis and modification is a vigorously studied field that

continues to rapidly expand; the key papers described in this

FIGURE 1. TEM images of (A) Au, (B) Fe2O3, (C) FePt, (D) CoFe2O4,
(E) MnFe2O4, and (F) Fe2O3(aq) nanoparticles. Scale bars are 100
nm.
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Account are representative of a much larger and growing

body of work.

Modifications of the reaction parameters serve as a sim-

ple way to tune particle size, shape, and therefore magnetic

properties of the nanoparticles. Magnetic moment is intrinsi-

cally related to composition: incorporation of Co2+ into an iron

oxide matrix (i.e., CoFe2O4) significantly enhances the mag-

netic anisotropy relative to an iron oxide nanoparticle of

equivalent size; conversely, insertion of Mn2+ (i.e., MnFe2O4)

decreases the anisotropy.33 Boiling point (Tb) of the solvent,

molar ratio of metal to ligand, and reaction time further affect

size and morphology. For example, when CoFe2O4 particles

are synthesized, changing the solvent from phenyl ether (Tb ≈
265 °C, 30 min) to benzyl ether (Tb ≈ 298 °C, 2 h) yields a 7

nm increase in size.25 It has been shown during the synthe-

sis of MnFe2O4 nanoparticles that a surfactant to Fe ratio

smaller than 3:1 yields spherical particles while increasing the

ratio to 3:1 results in the synthesis of cubic shapes.34 These

illustrate that exerting control can be accomplished by judi-

cious choice of reaction parameters.

Over the past decade, a wide range of magnetic nanopar-

ticle compositions and structures has been demonstrated, such

as the examples shown in the TEM images in Figure 1. The

most common of these materials are the iron oxides (Fe2O3

and Fe3O4), known for their high magnetic moments and bio-

logical compatibility, and their corresponding ferrites (e.g.,

MnFe2O4 and CoFe2O4). Metals and alloys such as Mn3O4,35

Fe,24 Co,36 Ni,37 FePt,22 and FePd38 are less commonly

employed, in part because of their rapid oxidation in air or

potential for cytotoxicity. Unlike the more well-known mono-

layer-protected Au clusters,2,3 the preparation methods for

magnetic nanoparticles do not tolerate the presence of reac-

tive termini on the stabilizing ligands (i.e., -Br, -SH, etc.), either

because of thermal instability or because of bonding of the

transition metals to the ligands. Therefore the synthesis of

magnetic nanoparticles in the presence of functional groups

has been largely unsuccessful. As a result, the as-prepared par-

ticles often must undergo further modifications and postsyn-

thetic reactions to render them chemically functional.

Core–Shell Particles. An alternate method of particle

preparation involves passivation of the magnetic nanopar-

ticles by a secondary metal or polymer. Silica shells have been

grown on magnetic nanoparticles to provide a surface that is

easily modified with silanes.39–41 Coating particles with a layer

of Au is also highly desirable because of its known reactivity

toward sulfur-containing ligands. In both cases, encapsulat-

ing particles in an inert shell is thought to provide a protec-

tive barrier layer against oxidation or reaction with solution

species. Our group demonstrated a facile approach to encap-

sulate a metal oxide core with Au; γ-Fe2O3 nanoparticles pre-

pared by the coprecipitation of Fe salts were used as seeds to

nucleate the growth of Au under mildly reducing conditions

(scheme in Figure 2A).42 By addition of sequential aliquots of

HAuCl4 and hydroxylamine in the presence of Fe2O3 parti-

cles, a shell of Au of increasing thickness was deposited on the

magnetic particles. This was further evidenced by the growth

of a peak in the visible absorption spectrum (Figure 2B) that

is associated with the plasmon band for Au. Superconduct-

ing quantum interference device (SQUID) magnetometry (Fig-

ure 2C) revealed that these particles retained the magnetic

properties of the Fe2O3. These particles are therefore compos-

ite nanomaterials with magnetic cores and a Au surface that

enables further chemical functionalization.

Characterization
Magnetic Properties. As ferro- or ferrimagnetic materials

decrease in size to the nanometer regime, these change from

multidomain to single domain structures, and therefore, super-

paramagnetic behavior is observed.43 At room temperature,

superparamagnetic materials have no net magnetization and

the spins are randomly aligned. These thus act similarly to

nonmagnetic nanoparticles. However, exposure to a magnetic

field causes the spins in superparamagnetic particles to spon-

taneously align, magnetizing the particles. When the applied

magnetic field is removed, thermal fluctuations result in the

complete loss of magnetization. This behavior is highly

dependent on temperature, and if the temperature is suffi-

ciently low, thermal fluctuations are not significant enough to

randomize the magnetic spins. The temperature at and below

which a superparamagnetic particle is permanently magne-

tized is termed the blocking temperature and is important in

the characterization of magnetic nanoparticles. SQUID mag-

SCHEME 1. Synthesis or Iron Oxide Nanoparticles
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netometry is routinely used to assess these magnetic proper-

ties. Monitoring magnetization as a function of temperature for

particles cooled with and without an applied magnetic field

followed by warming in the presence of a magnetic field

allows the characteristic blocking temperature to be

determined.

Core Size and Composition. Uniformity in size and shape

is highly desirable in nanoparticle synthesis since physical

properties strongly depend on both of these. Unlike noble

metal and semiconductor nanoparticles, magnetic particles

possess neither fluorescence nor surface plasmon absorption

to assist in characterization of particle size. Therefore, the most

common characterization method for magnetic nanoparticles

is TEM. Low-resolution TEM is used to measure core size and

size uniformity (i.e., monodispersity) and is typically accom-

panied with energy-dispersive X-ray spectroscopy (EDX) to

provide elemental analysis. High-resolution TEM can provide

electron diffraction from a single nanoparticle and atomic res-

olution of the crystal lattice. In some cases, scanning TEM

(STEM) methods coupled with electron-energy loss spectros-

copy (EELS) yield elemental analysis at subnanometer lateral

resolution.

Recently, while investigating the structure of nanoparticles

using TEM, our laboratory observed that electron beam irra-

diation can result in significant changes to particle morphol-

ogy.44 Amorphous iron oxide nanoparticles synthesized using

a mixture of hexadecylamine and trioctlyphosphine oxide ini-

tially appeared to be solid; however, less than 2 min of elec-

tron beam irradiation resulted in the morphological changes

shown in Figure 3. Formation of hollow particles was attrib-

uted to electron beam induced structural rearrangements,

which suggested that TEM analysis of nanoparticle structure

can cause changes in particles that can easily lead to misin-

terpretation of the as-prepared structures. Since the original

paper, our continuing studies of TEM-induced transformation

have shown that this effect appears to be more general and

occurs in additional amorphous systems (i.e., varied ligands

and metal oxides). These data imply that time-resolved TEM

analysis is ultimately necessary to rule out structural transfor-

mations caused by the microscope versus particles that form

hollow shells via the Kirkendall effect.45,46

Functionalization
Development of methods aimed at the postsynthetic surface

modification of magnetic nanoparticles is important to ren-

der them chemically functional and to control their solubil-

ity. For biomedical applications and bioanalysis, the ability to

solubilize the nanoparticles in water and to modify their sur-

faces with molecules, proteins, oligonucleotides, or other tar-

geting agents, is a crucial step toward their widespread use.

Conversely, materials applications of magnetic particles will

FIGURE 2. (A) Synthetic scheme for synthesis of γ-Fe2O3/Au core/
shell nanoparticles. (B) UV–vis spectra of as-synthesized γ-Fe2O3

(purple) particles, and following iterative Au additions one (red), two
(black), three (green), four (yellow), and five (blue). The inset shows
a TEM image of the γ-Fe2O3/Au core/shell nanoparticles after five
iterative additions. Scale bar is 200 nm. (C) Magnetization at 5 K as
a function of applied field for γ-Fe2O3/Au core/shell nanoparticles.

FIGURE 3. TEM images of amorphous iron oxide nanoparticles
synthesized with hexadecylamine/trioctylphosphine oxide (A)
before and (B) after 2 min of electron beam irradiation. Scale bars
are 100 nm.
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likely require a broad range of chemical functionalization and

solvent compatibility. We have therefore sought synthetic

routes by which these may be achieved; these are generally

outlined and contrasted to other available methods in Sch-

eme 2.

Ligand Place Exchange. Place-exchange reactions on the

surface of Au nanoparticles were pioneered by Murray et al.

and provide a way to append chemically functional species.3

To an extent, these reactions should be applicable to mag-

netic nanoparticles, but differences in metal and metal oxide

affinity for ligands is a key factor in the efficacy of place

exchange. One of the first demonstrations of using place

exchange was on FePt magnetic particles, which were stirred

in a solution containing thiol-modified nitrilotriacetic (NTA)

acid. Metal-sulfur bonds replaced the hydrophobic surface

monolayer and resulted in water-soluble and functional par-

ticles.47 Attachment of poly(ethylene glycol) (PEG) to FePt

nanoparticles was later demonstrated via ligand exchange,

rendering the FePt particles water-soluble.32 Similarly, place

exchange of dopamine onto Fe2O3 nanoparticles32,48–50 has

also been utilized to prepare water-soluble magnetic parti-

cles. The broad applicability of this latter approach is not yet

known, but attachment schemes for molecules other than

dopamine and incorporating tags for postsynthetic modifica-

tion are clearly needed.

To address this need for facile and broadly applicable

methods to impart tunable functionality to magnetic particles,

our laboratory recently synthesized a trifluoroethylester (TFEE)-

terminated PEG-thiol shown in Scheme 3A. This ligand was

designed such that the PEG confers water solubility, the thiol

terminus provides an anchor to attach to metal particle sur-

faces, and the TFEE terminus reacts with primary amines at

room temperature to form amide bonds without the need for

coupling reagents. This ligand was attached to FePt and Au

nanoparticles using the methods shown in Scheme 3B.51 The

resulting particles were solubilized in aqueous solutions and

could be reacted with a range of primary amine-containing

molecules, including fluorescamine, biotin, pyridine, and ali-

phatic reactants. Biotinylation rendered the particles compat-

ible with existing bioconjugation methods. Conversely, the

TFEE ligand was reacted with diethylamine to produce amine

termini and then attached to FePt nanoparticles. A titration of

these amine-terminated FePt nanoparticles with fluorescam-

ine is shown in Figure 4; the emission spectra show that the

product particles are fluorescent, in addition to being water-

soluble. This route thus provides attractive agents for both flu-

orescence-based detection and magnetic separation of

biological species.

Silanes bind to ferrite nanoparticles (MFe2O4, M ) Fe, Co,

Mn) and can also be place-exchanged onto particles as an

alternate method of tuning surface chemistry and solubi-

lity.19,20,52 For example, attachment of silane monolayers con-

taining amino, aldehyde, thiol, cyano, and isocyanate has

been demonstrated.20 Silane-modified Fe2O3 nanoparticles

have been used in vivo as MRI contrast agents and as a detec-

tion scheme for monitoring glioma cells.19,20

SCHEME 2. Selected Functionalization Routes for Magnetic
Nanoparticles

SCHEME 3. General Routes for Use of TFEE-PEG-SH for the
Functionalization of Nanoparticlesa

a (A) TFEE-PEG-SH molecule; (B1) direct synthesis in the presence of a mod-
ified R-PEG-SH ligand (shown as a random coil; R ) functionality added via
amide linkage); (B2) ligand place exchange of R-PEG-SH onto existing nano-
particles (Au or magnetic FePt); (B3) exchange of TFEE-PEG-SH onto Au nano-
particles followed by subsequent reaction.
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Click Chemistry. A new functionalization route that holds

great promise as a general method for materials applications

is the use of “click” chemistry, which was initially reported for

nanoparticles by our laboratory53 and further studied by oth-

ers.54 Although click chemistry refers to a class of reactions,

herein we refer to 1,3-dipolar cycloadditions that occur by

combination of azide-containing species with ethynyl groups

to form a 1,2,3-triazole ring as in Scheme 4.55 Although this

has been widely used in organic chemistry and for the mod-

ification of Au electrode surfaces,56 our group was the first to

apply it to the modification of Au nanoparticles by reacting

azide-terminated ligands with alkyne-containing species at

room temperature in uncatalyzed reactions. The general util-

ity of this approach lies in the ability to react any alkyne-con-

taining molecule, which was demonstrated with species

including ferrocene, pyrene, and PEG.

The Turro group further elaborated on this method to func-

tionalize Fe2O3 nanoparticles; alkyne-containing organophos-

phates and carboxylates were exchanged onto the surface of

oleic acid stabilized Fe2O3 nanoparticles.54 Cu-catalyzed tria-

zole formation was used to append alkyl halide, benzene, and

polymeric (R-acetylene-poly(tert-butyl acrylate)) species.

Taken together, these papers53,54 point toward a potentially

broad adaptability of click chemistry for nanoparticle function-

alization.

Micelle Encapsulation. One of the most versatile routes

developed for quantum dot modification,57 which was subse-

quently adapted to magnetic nanoparticles by our group58,13

and others,59 is the encapsulation of hydrophobic nanopar-

ticles within phospholipid micelles. To accomplish this, mod-

ified lipids containing attached poly(ethylene glycol) chains are

added to solutions of nanoparticles passivated with a mono-

layer of alkyl chains (e.g., oleic acid). Lipid chains intercalate

into the nanoparticle monolayer because of favorable parti-

tioning and intermolecular forces, which results in a micelle-

like structure with the PEG termini forming a hydrophilic shell

as depicted in Scheme 2. It has recently been shown that

charge-neutral amphiphilic polymers60 and fatty alcohols61

could similarly be used to encapsulate nanoparticles.

The ω-terminal end of the PEG-phospholipid chain can

contain a range of chemical functionalities including biotin,

acid, amine, maleimide, and folic acid groups. The extent of

particle functionalization is determined by controlling the rel-

ative amounts of ω-substituted versus methyl-terminated lip-

ids. The assumption is generally made that this solution ratio

is translated to the relative percentage surrounding the nano-

particle, although it remains an analytical challenge to con-

firm this without digestion of the particles. Our laboratory has

demonstrated that phospholipid encapsulation is generally

useful for magnetic nanoparticles synthesized with a hydro-

phobic monolayer, including Fe2O3,13 MnFe2O4,13 and

CoFe2O4
58,62 nanoparticles. We have therefore used phospho-

lipids to prepare water-soluble and functional magnetic nano-

particles for use in microfluidics13 and for attachment to motor

proteins to control patterning and transport.58,62

Magnetic Field Assisted Transport
Application of an external magnetic field gradient to a mag-

netic nanoparticle causes magnetization and subsequent

movement due to the force acting on it as defined by15,16

Fm ) V∆�
µ0

(B · 3)B (1)

where V is the volume of the particle, ∆� is the difference in

magnetic susceptibilities of the particle and solvent, µ0 is the

vacuum permeability, B is the magnetic field strength and 3

FIGURE 4. (A) Reaction of H2NC2H4NH-PEG-SH-substituted FePt
nanoparticles with fluorescamine and (B) fluorescence emission
spectra of a dichloromethane solution containing 0.02 µmol of
fluorescamine during the sequential addition of 20 µL aliquots of
H2NC2H4NH-PEG-SH-modified FePt particles (1.42 mg/mL).
Excitation wavelength is 390 nm. The inset shows emission
intensity at 475 nm vs quantity of added FePt particles.
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is the field gradient. In the absence of a field gradient, the net

force acting on the particle is zero. However with a gradient,

an applied force (Fm) acts on the particles and results in move-

ment toward the highest field strength. Surfactant monolay-

ers prevent irreversible aggregation and precipitation when

the field is applied. For very concentrated solutions of mag-

netic nanoparticles (i.e., >100 mg/mL) called ferrofluids, the

attraction to the magnetic field gives rise to the well-known

Rosensweig effect63 (Figure 5), in which the entire solution of

magnetic particles (including the solvent) conforms to the

magnetic field lines. Applications of ferrofluids include cool-

ing systems for loudspeakers and bearings for frictionless seal-

ing.1

Magnetic Field Flow Fractionation. Magnetic nanoma-

terials will ultimately be able to perform specific chemical

tasks dictated by their attached groups and be manipulated

with a magnetic gradient to an extent governed by the parti-

cles’ magnetic properties. While we have briefly described our

efforts toward chemical functionalization, to investigate mag-

netic field manipulation of particles, our group turned to mag-

netic field flow fractionation (MFFF), which separates species

on the basis of their magnetic susceptibility and is applicable

to material with sizes from nanometers to micrometers.64

Shown schematically in Figure 6, MFFF causes sample injected

into a capillary to interact with an external magnetic field gra-

dient that forces it toward the accumulation wall (i.e., higher

field strength). Material that interacts strongly with the field is

restricted to the slower flow streams near the walls of the

channel, while material that interacts weakly is free to expe-

rience the faster flow streams toward the center of the

channel.

Our group was the first to demonstrate successful imple-

mentation of MFFF to separate and purify magnetic nano-

particle samples.12 Although theoretically the ideal channel

geometry is rectangular,65 the use of flexible fused silica

capillary in our experiments allowed the use of a NdFeB

permanent magnet and a simple system using standard lab-

oratory components. This magnet had a relatively strong

magnetic field (∼0.3 T) applied roughly orthogonal to the

flow within the capillary. This simple benchtop instrument

demonstrated the retention of nanoparticle samples as a

SCHEME 4. Click Functionalization of (A) Au and (B) Fe2O3 nanoparticle surfacesa

a Conditions for reaction A: (i) 0.25 M NaN3 in DCM/DMSO solution, 48 h; (ii) R ) propyn-1-one derivatized compound in dioxane or 1:1 hexane/dioxane.53 Con-
ditions for reaction B: (iii) exchange of either phosphonic acid or hexynoic acid ligands; (iv) DMSO/H2O, CuSO4 · 5H2O, 24 h.54

FIGURE 5. Photograph of a concentrated solution of CoFe2O4

nanoparticles in hexane placed on top of a permanent magnet
(∼0.4 T). Scale bar is 1 cm.

FIGURE 6. Diagram of magnetic particle separation in capillary
MFFF. Weakly interacting particles have a larger average layer
thickness (hA) and elute at shorter times; strong interaction results
in the smallest layer thickness (hC).
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function of the solvent flow rate and nanoparticle size and

composition. In Figure 7, a mixture of Au and Fe2O3 nano-

particles was separated into size-monodisperse fractions

using MFFF. Ongoing improvements to this method and the

inclusion of a tunable magnetic field strength will ultimately

allow for the simple purification of highly multiplexed func-

tionalized magnetic nanoparticle mixtures for biological

analysis and detection.

Applications to Microfludics. Controlling the placement

and movement of nanoparticles within microchannels via an

external magnetic field precludes the need for microfabricated

components, is compatible with existing magnetic bead bio-

assays, and provides a tempting alternative to standard meth-

ods of analyte control and injection. Our group recently

studied the ability to move, manipulate, and inject magnetic

nanoparticles within the simple crossed-channel microfluidic

device shown schematically in Figure 8B.13 The transit of par-

ticles through the channels is monitored using an absorption

detector, which confirms the presence of nanoparticles in a

flow stream. A permanent magnet placed beneath the chan-

nel intersection selectively redirected magnetic nanoparticles

from one channel to the other but did not affect the motion

of nonmagnetic Au nanoparticles. In Figure 8A, when the

magnet position was varied, the magnetic nanoparticle solu-

tion was periodically pulled into the lower flow stream, which

was monitored by the change in absorbance. Thus, this is a

simple method to control the injection of nanoparticle reac-

tants in a microchannel. For future applications, this demon-

strates the ability to use weak and inexpensive magnets to

inject and manipulate molecules, catalysts, or reagents that

are bound to the magnetic particle surface.

Conclusions
In this Account, we have described contributions from our

laboratory and others toward the advancement of character-

ization, functionalization, and use of magnetic nanopar-

ticles to control transport. Exploiting the tunable surfaces of

these materials holds promise for creating single nanopar-

ticle vehicles capable of analyte targeting and delivery,

while the intrinsic magnetic properties of the particles

enable directed transport and diagnostic imaging. With

interest in microfluidic devices capable of performing highly

multiplexed analytical tasks, development of magnetically

controlled transport of these particles will ultimately pro-

vide a unique way to manipulate mixing, switching, and

analyte capture. For example, we envision that the selec-

tive separation of particles based on their size-dependent

magnetic moments will be leveraged to bind and purify

complex mixtures into individual components. Further

FIGURE 7. (A) TEM image of a mixture of 6 nm Fe2O3 and 13 nm
CoFe2O4 nanoparticles and (B) MFFF of a 1.3 µL injection of a
hexane solution of this mixture in the presence of the magnet, with
arrows indicating times when the samples shown in the TEM
images in panels C and D were collected. Scale bars are 50 nm.

FIGURE 8. (A) Absorbance versus time for both the upper (green)
and lower (purple) channels while varying the magnet placement
(∼10 s on/∼20 s off) with a continuous stream of Fe2O3

nanoparticles flowing through the upper channel at 15 µL/min and
(B) diagram of the crossed channels (arrows indicate direction of
pressure-driven flow) with a NdFeB permanent magnet placed
beneath the channel intersection. Green and purple designate
upper and lower channels, respectively.
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expansion of magnetic nanoparticles as analytical tools will

require continued expansion of the library of functional

nanoparticle surface chemistries and will build on these

methods for magnetic manipulation.
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