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Nanoscale materials and structures hold great promise in
various aspects of biomedical research, ranging from imaging,
detection, and sensing to drug delivery and new therapies.[1,2]

In addition to the intrinsic electronic, optical, or magnetic
properties of the nanostructures, chemical methods used in
fabrication and in controlling properties of the material
surfaces and interfaces also play an important role in realizing
desired nanoparticle functions.[3–6] Herein, we describe a
surface-modification approach with proteins for the newly
developed synthetic antiferromagnetic nanoparticles
(SAFs),[7] and demonstrate for the first time that SAF
nanoparticles enable magnetic detection of biomolecules at
low analyte concentrations (10 pm) with better detection than
conventional superparamagnetic materials. In addition, fluo-
rescent labeling allows clear observations of tailorable single
nanoparticle motion in response to a small external magnetic
field gradient (10 T m�1). By adjusting thickness of the
magnetic layers (12 nm vs. 24 nm) within 100 nm diameter
SAF, dramatically different magnetic motions were achieved.
Such distinctive control represents a major advance that SAFs
offer, as current magnetic manipulation and separation
experiments often depend on superparamagnetic particles
with micrometer sizes,[8] formation of particle aggregates,[6] or
on the use of huge magnetic field gradients,[9, 10] for which
precise control over individual particles remains a big
challenge. SAFs overcome these limitations through mono-
dispersity and the use of very high magnetization ferromag-
netic multilayers. Furthermore, interactions between mag-
netic layers within each single particle are exploited to
eliminate remanence, and consequent magnetic aggregation
at zero field, and to control magnetic responsiveness. Our
surface functionalization approach utilizes the coordination
chemistry between the intrinsic functional groups of proteins

and inorganic elements of nanoparticles. The simplicity and
success of this approach, evidenced by the biochemical
specificity and the magnetic–fluorescence multifunctionality
demonstrated herein, suggest that SAFs can serve as better
labels for applications that include magnetic separation,
manipulation, biomolecule detection, and magnetic lab-on-
a-chip devices.[9–16]

High-moment, zero-remanence SAFs are trapezoidal
disks with multilayer structures.[7] The essential magnetic
feature of each SAF is two ferromagnetic layers separated by
a nonmagnetic spacer layer. Herein, Co90Fe10 is used for the
ferromagnetic layers and ruthenium metal is used for the
spacer. At a spacer thickness of 2.5 nm used for these
observations, the ferromagnetic layers are only weakly
exchange-coupled and interact mostly through magnetostatic
interactions. These interactions, with like poles repelling,
result in a magnetostatic antiferromagnetic interlayer cou-
pling.[7] The magnetic layers were deposited, along with a
chemically etchable copper release layer and protective
tantalum surface layers, using ion-beam deposition in a high
vacuum. After deposition, template resists of polymethyl
methacrylate (PMMA) and polymethyl glutarimide (PMGI)
were removed by organic solvents and aqueous strippers.
Nanoparticles were released by selective etching of the
copper release layer with a copper ammine ([Cu(NH3)4])-
based solution, and transferred to citrate buffer for particle
collection through repeated cycles of centrifugation, aspira-
tion, and re-suspension. These necessary processes leave the
nanoparticle surfaces in a complex non-pristine state, and the
utility of standard surface layers with well-known attachment
chemistries (e.g. gold–thiol or silicon oxide–silane) is uncer-
tain.

We thus used direct protein functionalization of the
surface to render SAFs usable for biological applications. As
all of the elements used to fabricate these SAFs can be bound
to carboxylates by coordination chemistry,[17–19] proteins with
many available carboxylates should be able to directly
conjugate to SAF surfaces. To confirm this metal–ligand
binding (Figure 1a), we first used carboxylate-modified
polyethylene glycol (PEG) molecules (Quanta Biodesign,
Ltd.) to functionalize SAF surfaces. As shown in the scanning
electron micrograph (SEM; Figure 1b), PEG molecules with
both ends modified by carboxylates (PEG-C2, MW 1338) could
introduce strong clustering of SAFs, as expected for cross-
linking of SAFs by PEG-C2. For SAF alone or SAF mixed
with PEG molecules terminated at only one end by a
carboxylate (PEG-C1, MW 459), particles remained separated
from each other (see the Supporting Information, Figure S1).
Interestingly, the particle cross-linking occurred mainly on the
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sidewalls of the SAFs, suggesting that the composition of
nanoparticle surfaces may be different at top, bottom, and
sidewall surfaces. This effect can be associated with variations
in the tantalum layer thickness and possible interfacial
intermixing during the aggressive deposition and etch pro-
cesses employed. Preferential binding on the side walls is then
consistent with previous work, in which carboxylate formed
complexes with copper, iron, and ruthenium,[17,18, 20, 21] whereas
tantalum bound strongly to phosphate.[22, 23] It is likely that
elements at SAF surfaces were naturally oxidized,[7] and the
oxidation state of these metal elements should not affect the
fundamentals of the metal–ligand binding.[24–26] A character-
istic structure of sidewall cross-linking by PEG-C2 is shown in
Figure 1c for a complex of 5 SAFs.

We then used streptavidin as a model protein to directly
functionalize SAFs (see the Supporting Information for
details). Streptavidin–biotin binding is one of the strongest
non-covalent interactions known that is widely applicable to
biochemical research.[24] Dispersed single SAF–streptavidin
conjugates were usually observed for samples that were

exposed to constant vortexing. For samples that experienced
settling, small clusters of SAF could be formed. Streptavidin
also cross-linked some SAFs and formed the characteristic
structure of SAFs with sidewall linkage (Figure 1d). Impor-
tantly, streptavidin retained biotin binding affinity after being
conjugated to SAF surfaces. Both released (Figure 1e) and
unreleased SAF (Figure 1 f), after streptavidin conjugation,
formed recognizable superstructures in which gold nano-
particles, pre-functionalized by BSA-biotin, were consistently
connected to SAF sidewalls.

SAF–streptavidin conjugates were also able to recognize
biotinylated substrates with high specificity (Figure 2a),
which is an important prerequisite for nanoparticle biodetec-
tion experiments. DNA detection experiments using GMR
spin-valve sensors[16,25–36] were conducted to examine the
performance of SAF–streptavidin conjugates for biodetection

Figure 1. Surface functionalization of SAFs examined using SEM.
a) Surface functionalizaton of SAFs by coordination of metal elements
with carboxylates. b) SAF clustered by PEG molecules, with both ends
modified by carboxylates (PEG-C2). Scale bar: 5 mm. c) SAFs linked
through sidewalls by PEG-C2. Scale bar: 100 nm. d) SAFs linked
through sidewalls by streptavidin. Scale bar: 100 nm. e) SAFs, after
streptavidin functionalization, specifically bound to BSA-biotin-coated
gold particles on the sidewall. Scale bar: 100 nm. f) Unreleased SAFs
(still on silicon substrate) after streptavidin functionalization also
bound to BSA-biotin-coated gold particles on the sidewall. Scale bar:
50 nm.

Figure 2. Streptavidin-functionalized SAFs used for biomolecule detec-
tion. a) SEM examination of the binding specificity of SAF–streptavidin
to biotinylated substrate. Left image: many SAF particles on the
biotinylated substrate (silicon substrate functionalized with 3-amino-
propyltrimethoxysilane, then covalently modified with NHS-PEG-
biotin). If the original silicon substrate is not biotinylated, negligible
numbers of SAF were observed (right). Both experiments were
performed in parallel under the same conditions. Scale bars: 5 mm.
b) The DNA detection scheme: 1) Biotinlyated analyte DNA was
applied and incubated to allow hybridization of analyte and probe
DNA on the positive sensors. The negative sensor surface is coated
with non-complementary poly-T DNA strands, and should not hybrid-
ize with analyte DNA. 2) After washing, the sensor was staged in the
measurement system. SAF–streptavidin conjugate was then applied,
and the corresponding time point was set as time 0. 3) SAF–
streptavidin bound to the biotinylated analyte DNA on the positive
sensor surface,and the resulting GMR signal was recorded in real
time. No signal should be generated from the negative sensor. c) SAF–
streptavidin was able to detect 10 pM analyte DNA. The analyte DNA
is biotin-5’-TAT GGT AGA TGG GTA TTT GTG GAT TGG-3’, and the
probe DNA sequence is 5’-TTT TTT TTT TCT ACC AAT CCA CAA ATA
CCC ATC TAC CAT A-3’. The non-complementary control DNA
sequence is 5’-TTT TTT TTT TTT-3’. * GMR signal of the positive
sensor; ! the negative sensor, with non-complementary control DNA
strands on the sensor surface.

Angewandte
Chemie

1621Angew. Chem. Int. Ed. 2009, 48, 1620 –1624 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


(see the Supporting Information for a detailed description of
the GMR sensor). Our detection scheme[37–40] utilizes a
technique in which the sensor current and an in-plane,
transverse magnetic tickling field are each modulated at
different frequencies, and signal amplitudes at sum or differ-
ence frequencies are recorded.[41, 42] In this way, we can greatly
reduce 1/f noise and electromagnetic interference. Many
magnetic nanoparticles, either commercially available or
home developed, have been evaluated and failed to provide
high sensitivity and specificity. We currently use superpar-
amagnetic FeOx nanoparticle–streptavidin conjugates
(MACSs, Miltenyi Biotech). Although MACSs have good
chemical specificity, their saturation magnetization is small,
so the GMR signal per particle is limited. SAFs with small
sizes of 100 nm, high chemical specificity, and large and
tunable magnetic moment should improve biodetection, and
may serve as better magnetic labels for sensors developed by
others by providing increased sensitivity, broader assay
dynamic range, and allowing better quantification.[25–36, 43]

Figure 2b depicts biotinylated target DNA selectively
hybridized with specific sensors, and subsequently binding
streptavidin-conjugated SAF nanoparticles to the sensor
surface. The GMR signal of a positive sensor, with its surface
modified by probe DNA strands that are complementary to
the analyte DNA, is shown in Figure 2c as solid circles. The
flat signal of the negative sensor indicates negligible non-
specific binding of SAF–streptavidin conjugates to the sensor
surface. A low concentration of analyte DNA of 10 pm was
clearly detectable. This experiment demonstrates that syn-
thetic antiferromagnetic nanoparticles can be used for
biological detection with high sensitivity. Only about 400 pm
SAF-streptavidin was used in the magnetic labeling step,
whereas for the same DNA detection experiment using
MACS, 10 nm magnetic nanoparticle solution was applied.[40]

Furthermore, the signal achievable for 10 pm DNA detection
with SAF–streptavidin conjugates is 7 mV, which is much
larger than the typical value of 2–4 mV using MACS.[40] Our
sensors can detect fm concentrations of several proteins,[44]

and DNA detection at fm range[45] should also be possible with
additional dependence on hybridized oligomer lengths. It
should also be noted that the present measurements involved
1.5 mm-wide serpentine spin-valve sensors and magnetic fields
of tens of Oe. Such small fields only weakly magnetize SAF or
MACS nanoparticles, so the magnetic permeability and
volume of the nanoparticles determines the signal strength.
SAF-induced signals will further benefit from reduced
saturation fields if ferromagnetic ruthenium coupling is used
to reduce antiferromagnetic magnetostatic interactions. How-
ever, even at low fields, these data indicate that streptavidin-
functionalized SAFs with both high magnetic moment and
chemical specificity can be better magnetic labels for
biological detection.

Protein functionalization also facilitated direct observa-
tion of the movement of SAFs under external magnetic field
control. Fluorophore-modified streptavidins (Invitrogen Cor-
poration) were also used to functionalize SAFs and provided
excellent fluorescent imaging contrast. Continuous magnetic
manipulation and fluorescent tracking of SAFs in a glass
chamber slide revealed control of the velocity of individual

SAF particles using a fairly small magnetic field gradient of
10 T m�1 (Figure 3a,b, and corresponding movies in the
Supporting Information).

Alexa Fluor 594-streptavidin-conjugated SAF, with a SAF
composition of Ta 5 nm/Ru2 nm/CoFe6 nm/Ru 2.5 nm/
CoFe6 nm/Ru 2 nm/Ta5 nm (denoted A594s-SAF12), were
subjected to a magnetic field gradient in the y direction
(Figure 3a). This sample is mainly composed of monodis-
persed nanoparticles, as seen from SEM (see the Supporting
Information, Figure S2). These A594s-SAF12 clearly
responded by translating along the external magnetic field
gradient direction. Disturbance by Brownian motion was
apparent with the “jiggling” of the particle tracks. Analysis of
the “jiggling” in the direction x perpendicular to the magnetic
field gradient allowed determination of the diffusion constant
D of individual A594s-SAF12 particles. Figure 3 b shows the
root-mean-square (RMS) displacements versus the square
root of time for the corresponding particles marked in
Figure 3a. Diffusion constants calculated from the relation-

Figure 3. Magnetic manipulation of SAF–streptavidin using a small
magnetic field gradient of 10 Tm�1. a) The path of A594s-SAF12

(corresponding to movie 1, Supporting Information), showing the
response to the external field gradient in the y direction. Scale bar:
50 mm. b) The RMS displacements in the x direction (perpendicular to
the direction of the magnetic field gradient) of the three labeled
A594s-SAF12 particles A, B, and C. The slope of each curve was used to
calculate the diffusion constant of the corresponding particle. c) The
fluorescent path of the A594s-SAF24 sample (corresponding to movie
2, Supporting Information) demonstrating nanoparticle response to
manipulation using a 2.54 cm permanent magnet. The sample turns
when the magnet rotates, then moves straight in response to the field
gradient. Scale bar: 50 mm. d) Distributions of the magnetically
induced velocities of A594s-SAF12 (striped bars) and A594s-SAF24

(filled bars). For both A594s-SAF12 (a) and A594s-SAF24 (c), the end-to-
end distances of particle motion along the vertical line versus time
from (a) and (c) were used to calculate the velocity.
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ship hDx2i1/2 = (2Dt)1/2 are 8, 2, and 2 mm2 s�1 for particles A,
B, and C, respectively. These values are in reasonable
agreement with a calculation using the Stokes–Einstein
equation for a single 100 nm spherical particle (D =

4 mm2 s�1). Possible residues and protein surface functionali-
zation can increase particle sizes and slow diffusion, and
analogous effects can arise from surface interactions.

Observations of magnetic manipulation of single nano-
particles can be extremely useful for magnetic separation and
manipulation in which biological targets or payloads are
bound to SAF surfaces. Alexa Fluor 594-streptavidin-con-
jugated SAF (Figure 3c) with a SAF composition of Ta5 nm/
Ru2 nm/CoFe12 nm/Ru 2.5 nm/CoFe12 nm/Ru2 nm/
Ta5 nm (A594s-SAF24) also exhibited magnetically induced
motion using fields from a rotatable permanent magnet with
magnetic field gradient of 10 T m�1. A594s-SAF24 move in
nearly linear paths along the external magnetic field gradient
and turn as the magnet is rotated. Compared to the magneti-
cally induced motion of A594s-SAF12, the movement of
A594s-SAF24 appeared much less disturbed by Brownian
motion, though the track of A594s-SAF24 still drifted from a
straight line at certain time points. Brownian motion depends
on the physical dimensions of the particles (D = kB T/6phr for
a spherical particle), which differ only slightly between
A594s-SAF12 and A594s-SAF24. These SAFs do have similar
Brownian motion, with an average squared displacement of
4–16 mm2 s�1. In contrast, their magnetic motion also depends
strongly on the particle magnetic layer thickness, which can be
precisely adjusted. In our experiments, the saturation mag-
netic moment of each A594s-SAF24 particle with CoFe
thickness of 24 nm is roughly twice as that of A594s-SAF12

with 12 nm thick CoFe layers (Supporting Information,
Figure S3). The magnetically induced averaged velocities,
determined from nanoparticle motion in corresponding video
files, were 3 mms�1 for A594s-SAF24 and 1 mms�1 for A594s-
SAF12, demonstrating dramatically different motions achiev-
able using SAFs with different CoFe thicknesses. Figure 3d
shows the histograms of the velocity distribution determined
from these two experiments. The magnetically induced
velocities for both samples are in agreement with the
estimation using Stokes viscous drag forces 3phdv = V5-
(MH) (see the Supporting Information for the calculation).
The ability to tune, and clearly observe, distinctive magnetic
nanoparticle responses is highly desired in many applications,
such as multiplexed magnetic separation and manipulating
molecular and cellular interactions.

In summary, we have developed a simple surface-func-
tionalization method for conjugating lithographically fabri-
cated antiferromagnetic nanoparticles to a model protein,
streptavidin. The streptavidin-functionalized SAFs exhibited
specific binding to biotin, allowed biomolecule detection with
high sensitivity (10 pM), and tunable responses to a small
external magnetic field gradient (10 T m�1). These high
moment and multifunctional (optical, magnetic, and specific
targeting) magnetic nanoparticles are highly promising for a
variety of biological applications, such as high-throughput
biomolecule detection and multiplex magnetic manipulation.
They could also potentially be used as in-vivo imaging and
targeting agents, provided nontoxic biocompatible materials,

such as iron oxide and titanium, can be exploited for SAF
fabrication.
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