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M
agnetic nanoparticles (MNPs) offer
a wide range of biomedical applica-
tions.1,2 These particles are of inter-

est for magnetic resonance imaging3,4 as well
as for drug delivery and targeting,5 magnetic
cell separation,6 and hyperthermia cancer
treatment.7,8 Different approaches of biosen-
sing in conjunction with MNP to detect pro-
teins, DNA, cancer cell markers, and other
biological and medical relevant targets can
be found in literature.9�13

The term point-of-care (POC) diagnostics
generally describes biomedical testing out-
side of clinical laboratories, which requires
automated and robust analysis systems that
display specific and sensitive results in a
comprehensive format within a short time.14

Today's gold standards in immunodiagnos-
tics are heterogeneous assays like the en-
zyme-linked immunosorbent assay (ELISA).
Though offering advantages such as low
background, wide dynamic range, and high
sensitivity for advanced ELISA test kits,15 the
required multiple incubation, filtration, and
washing cycles render heterogeneous im-
munoassays slow and labor intensive,16 thus
preventing their widespread use for rapid
POC testing.
Homogeneous immunoassays, on the other

hand, offer the distinct advantage of utiliz-
ing simple “mix and measure” techniques.
In a homogeneous assay, the binding of an
analyte to its respective binder results in a
direct change in signal.17 For this reason,
homogeneous assays do not require the
numerous preliminary preparation steps
usually executed for heterogeneous assays,
which in principle allows to almost entirely
skip sample preparation procedures.18 In
addition, homogeneous assays benefit from

fast three-dimensional diffusion of both
analyte and capture probes. This results in
faster transition to equilibrium and more
rapid testing than experienced for heteroge-
neous systems relying on two-dimensional
diffusion of the analyte to the capture sur-
face only. In addition, complicating issues
like alignment control of the immobilized
capture probes and steric hindrance of
analyte binding to flat surfaces are not

* Address correspondence to
stefan.schrittwieser.fl@ait.ac.at.

Received for review November 4, 2011
and accepted December 8, 2011.

Published online
10.1021/nn2042785

ABSTRACT We present a new approach

for homogeneous real-time immunodiagnos-

tics (denoted as “PlasMag”) that can be

directly carried out in sample solutions such

as serum, thus promising to circumvent the

need of sample preparation. It relies on highly sensitive plasmon-optical detection of the

relaxation dynamics of magnetic nanoparticles immersed in the sample solution, which

changes when target molecules bind to the surfaces of the nanoparticles due to the increase in

their hydrodynamic radii. This method requires hybrid nanoparticles that combine both

magnetic and optical anisotropic properties. Our model calculations show that core�shell

nanorods with a cobalt core diameter of 6 nm, a cobalt core length of 80 nm, and a gold shell

thickness of 5 nm are ideally suited as nanoprobes. On the one hand, the spectral position of

the longitudinal plasmon resonance of such nanoprobes lies in the near-infrared, where the

optical absorption in serum is minimal. On the other hand, the expected change in their

relaxation properties on analyte binding is maximal for rotating magnetic fields as excitation

in the lower kHz regime. In order to achieve high alignment ratios of the nanoprobes, the

strength of the magnetic field should be around 5 mT. While realistic distributions of the

nanoprobe properties result in a decrease of their mean optical extinction, the actual

relaxation signal change on analyte binding is largely unaffected. These model calculations are

supported by measurements on plain cobalt nanorod dispersions, which are the base

component of the aspired core�shell nanoprobes currently under development.

KEYWORDS: magnetic nanoparticle . core�shell nanoparticle . nanorod .
magnetic relaxation . biosensor
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encountered for homogeneous immunoassays. There-
fore, homogeneous assays are much more amenable
to high-throughput screening and automated POC
diagnosis.
We present a new nanoparticle-based approach

(denoted as “PlasMag”) for homogeneous real-time
molecular detection.19,20 The signal generated by func-
tionalized nanoparticles (nanoprobes) is an increase of
their average Brownian relaxation time upon binding
analyte molecules, which is read out optically via

anisotropic plasmon excitations within the nano-
probes. Themeasurement technique requires complex
multicomponent nanoparticles that combine both
magnetic and optical anisotropic properties. A suitable
particle type would consist of an elongated core�shell
structure with magnetic core and noble metal shell.
Thereby, the magnetic core enables manipulation of
the nanoprobe alignment by external magnetic fields,
while the orientation-dependent excitation of the
longitudinal plasmon mode of its anisotropic noble
metal shell in polarized light allows optical detection of
the actual nanoprobe alignment by extinction or scat-
tering measurements (see results for gold (Au) nano-
rods described by Liz-Marzán21). Moreover, the noble
metal shell serves as a protective coating against
oxidation of the magnetic core and as a substrate for
nanoparticle functionalization by specific antibodies
against the target molecules. Since we are targeting in

vitro immunodiagnostics, potential toxic effects of the
nanoparticles on organisms can be reduced to the
proper disposal of the sample material. A possible
measurement mode employing a rotating magnetic
field for alignment control of the nanoprobes is shown
in Figure 1. Here, the signal would simply be the phase
lag of themean nanoparticle alignmentwith respect to
the rotating magnetic field, which is a measure of the
hydrodynamic drag of the nanoprobes in the carrier
solution and increases upon the adhesion of analyte
molecules.
The PlasMag concept is similar to magnetorelaxation

(MRX)11 or ac magnetometry22,23-based assays such as
the magnetic relaxation immunoassay (MARIA)24 or the
immunomagnetic reduction assay (IMR),25 which record
the Brownian rotation of magnetic particle ensembles
induced by time-varying external magnetic fields via

measuring the total magnetic field they produce within
a distant magnetic sensor. Due to the fast decay of this
field with distance, relatively large concentrations of
magnetic nanoparticles are required when using
easily applicable magnetic sensor systems such as
fluxgates (nanomolar range11). Only when employ-
ing complex SQUID-based sensors, nanoparticle sen-
sitivities in the femtomolar range can be achieved25

(SQUID: superconducting quantum-interference
device). However, SQUID sensors are not well suited
for POC applications due to the required liquid

nitrogen cooling and the stringent requirements
on sample handling and positioning.
Alternatively, magneto-optical relaxation of ferro-

fluids (MORFF) that makes use of the Cotton�Mouton
effect ofmagnetic nanoparticles has been employed to
achieve a relaxation sensor system with optical
readout.26,27 While signal generation and readout are
similar to our proposed PlasMag concept, the small
magnitude of the employed magneto-optical effect
requires nanoparticle concentrations in the nanomolar
range.26 By introducing the complex multicomponent
core�shell nanorods engineered for the PlasMag im-
munodiagnostic platform, we expect that the nano-
probe limit of detection will be enhanced to the
subfemtomolar range due to the large scattering cross
section inherent to the localized plasmon resonances
excited within the noble metal shells (e.g., Au) of these
nanoprobes.28

Immunoassays detecting the spectral shift of the
plasmon resonance in noble metal nanoparticles on
the specific adhesion of analyte molecules have also
been proposed29 and developed.30 However, due to
the smallmagnitude of the spectral shift, the attainable
detection limits of this method do not exceed the
lower nanomolar range.30

In the present study, we discuss the optical, mag-
netic, and hydrodynamic properties of the required
hybrid nanoparticles and, subsequently, the biosen-
sing potential of our concept. While we currently seek
to realize our aspired core�shell nanorods, optical
transmission measurements on plain cobalt (Co) nano-
rods dissolved in organic solvents serve as a model
system. Such Co nanoparticles can be fabricated with
precise shape and size control from organometallic
precursors.31 Here, we employ single-crystalline Co
nanorods with a fixed diameter of 6 nm and adjustable
length.32

RESULTS AND DISCUSSION

Optical Nanorod Property Modeling. Analytical solutions
(Mie theory) determining the scattering and extinction

Figure 1. Schematic illustration of the “PlasMag” measure-
ment principle. Nanoprobes follow the rotating external
magnetic field at a certain phase lag j, which depends on
their hydrodynamic volume and increases on analyte bind-
ing. The angle j follows from the measured transmission,
which depends on the orientation of the nanoprobes' long
axis with respect to the polarization direction of the incom-
ing light (i.e., the angle R).
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properties of nanoparticles are only available for a
narrow range of particle geometries (i.e., ellipsoids),
while for deviating geometries, numerical calculations
have to be used. Our computations are based on the
discrete dipole approximation (DDA).33 Here, the parti-
cle is assumed to consist of an array of point dipoles, and
thepolarizability of eachpoint depends on thedielectric
function of the particle material. The interaction of
incoming light with this array is then calculated in
dependence of the dielectric function of the surround-
ing medium. According to literature, the DDA method
generally agrees well to exact solutions,33�35 whichwas
also confirmed by us (see Experimental Methods).

Ideally, the measurement wavelength should lie in
the near-infrared region, where the optical absorptions
of both deoxyhemoglobin and normal saline solutions
are minimal.36 Specifically, common lasers with a
wavelength of 1060 nm match this purpose, as the
absorption in water and buffer solutions reaches a
minimum at this wavelength.37 Therefore, the lon-
gitudinal plasmon peak position of the employed
nanorods should coincide with this laser wavelength.
According to the DDA calculations of the extinction
cross section of Co core/Au shell nanorods displayed in
Figure 2a, this requirement can be met by particles
consisting of a Co core with 6 nm diameter and 80 nm
length coated by a 5 nm thick layer of Au. Here, the
5 nmAu shell thickness presents a good choice for high
plasmon peak sharpness and sufficient layer thickness
for passivating the magnetic core while still retaining
the sensitivity of the particle's Brownian motion to
analyte binding. Figure 2b shows the dependence of
the nanorod extinction coefficient for different anglesR
of the nanorod's long axis with respect to the polariza-
tion axis of the incoming light. The extinction difference
between perpendicular and parallel nanorod alignment
reaches more than a factor of 250 for those rod dimen-
sions, which assures large signal amplitudes when the
mean orientation of the nanorod varies.

The calculations shown above were carried out for
particles with perfectly homogeneous properties. The
next step is to allow realistic variations of particle
properties. Figure 3a shows the effect of Gaussian
variations of both the length of the Co cores and the
thickness of the Au shells on the extinction spectra of
core�shell nanorods in water for longitudinal plasmon
excitation. The assumedmedium value μ and standard
deviation σ of the Au shell thickness and the Co core
length are indicated in the graph.While the variation of
the Co core length is supported by a Gaussian fit to the
data of a typical Co nanorod batch, a rather broad
distribution is assumed for the Au shell thickness
variation (σ/μ = 0.18 as opposed to σ/μ = 0.07 for the
Co core length). As the synthesis method produces Co
nanorods with well-defined diameter,32 the Co core
diameter was set constant to 6 nm for these DDA
calculations.

While a variation of the Co core length only results
in a decrease of the extinction cross section peak
amplitude by about 14%, the strong dependence of
the extinction cross section on the Au shell thickness
also leads to a spectral shift. As the plasmon peaks of
nanorods with thicker shells are blue-shifted and con-
tribute more to the absolute extinction, the medium
peak position is also blue-shifted. In total, the long-
itudinal plasmon resonance extinction maximum of
the nanorods under variation of both the Au thickness
and the Co core length decreases by about 27% in
amplitude, blue shifts by about 26 nm relative to
nanorods with no property variation, and the half-
width maximum increases from 190 to 280 nm. From
an experimental point of view, the spectral shift of the
longitudinal plasmon peak of a specific nanorod en-
semble can be compensated by adjusting the laser
wavelength accordingly or modifying the mean Co
core length, while the decrease in amplitude is not
critical as single nanorod rotation is still expected to be
observable by employing sensitive photomultiplier
tubes in scattering geometry.28

Magnetic Nanorod Property Modeling. The Co nanorods
employed here grow as single hcp crystals with the
c-axis oriented along the long cylinder axis, and they
are ferromagnetic at room temperaturewith saturation
magnetization close to the bulk value of Co.32 As both
crystal and shape anisotropy are parallel, the remnant
magnetization is oriented along the long nano-
particle axis and is almost identical to the saturation
magnetization.38

The degree of alignment of nanorods with a mag-
netic moment m in a solution at a given field strength
Bmag can be modeled by the Langevin equation:

L(m, Bmag) ¼ coth
mBmag

kBT

� �
� kBT

mBmag

For nanorods with ideal optical properties (i.e.,
80 nm Co core length), a magnetizing field of 5 mT is
required to achieve 75% alignment. Thus, magnetic
field strengths of up to 10 mT should be applicable by
the measurement setup in order to achieve a suffi-
ciently high degree of nanoprobe alignment.

Hydrodynamic Nanorod Property Modeling. Generally, the
magnetization of an ensemble of magnetic nanoparti-
cles can relax either by internal remagnetization of the
particles (Néel relaxation, characteristic time scale τN) or
by physical rotation of the nanoparticles in the carrier
fluid (Brownian relaxation, characteristic time scale τB).
The effective relaxation time τeff for a particle experienc-
ing both Néel and Brownian relaxation is given by39

τeff ¼ τBτN
τB þ τN

For the Co nanorods regarded here, the magnetic
shape and crystal anisotropy constants are collinear and
sufficiently large that Néel type relaxation is entirely
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quenched (the relaxation time is in the order of 10184 s).
The remaining Brownian relaxation time can be defined
by the rotational drag coefficient R according to40

τB ¼ R
2kBT

with temperature T and Boltzmann constant kB.
For spheres with hydrodynamic volume Vhydro, the

rotational drag coefficient in a fluid with dynamic
viscosity η is given by

R ¼ 6ηVhydro

which yields

τB ¼ 3η 3 Vhydro
kBT

For rigid cylinderswith hydrodynamic length Lh and
diameter dh, the rotational drag coefficient has been

derived as a model for macromolecules by Tirado
et al.41 according to

R ¼ πηL3h
3

ln
Lh
dh
þC

� ��1

Here, C is an aspect-ratio-dependent end-cap correc-
tion term that can be approximated by

C ¼ � 0:662þ 0:891
dh
Lh

Modeling of the expected signal changes on analyte
binding is carried out by calculating the Brownian relaxa-
tion time according to the rotational drag coefficient
cited above. Thereby, molecules bound to the nanopar-
ticles are treated as additional shells with a thickness
representing the averaged volume equivalent size.

Modeling of Nanorod Rotational Behavior and Biosensing
Potential. While magnetization processes within solids

Figure 2. DDA calculations of the extinction cross sections of water-dispersed Co core/Au shell nanorods with a fixed Co core
diameter of 6 nm. (a) Simulated extinctions (5 nm Au shell thickness) in dependence of the Co core length for incoming light
with its polarization direction oriented parallel to the nanorods long axis. (b) Dependence of the extinction on the angle R
between the long nanoparticle axis and the direction of polarization of the incoming light for nanorods with 80 nm Co core
length and 5 nm Au shell thickness.

Figure 3. (a) Changes of the longitudinal plasmon extinction peak for particles with Gaussian distribution (mean value μ,
standard deviationσ) of the Au shell thickness (blue curve), the Co core length (red curve), andboth the Au shell thickness and
Co core length (green curve) relative to ideal nanorods with no geometry distributions (black curve). The curves are obtained
by adding up the respective calculated extinction spectra of the discrete particle dimensions displayed in (b) according to
their relative abundances (shown in each box).
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are well described by the Gilbert equation,42 thermal
effects play a major role in ferrofluids. Considering ther-
mal agitation in Gilbert's equation leads to the Fokker�
Planck equation.42 Another approach by Shliomis43 de-
monstrates that the dynamics of themagnetizationMB of
a small ferrofluid volume under the influence of a mag-
netic field HB can also be described in a linear approxima-
tion (i.e., small changes of the magnetization from
equilibrium) by the following differential equation

dMB
dt

¼ � 1
H2τpar

HB[(MB �MB0)HB] � 1
H2τperp

[HB� (MB� HB)]

Here, the author assumes that the nanoparticles are
rigid dipoles (i.e., the magnetic moment m is fixed to
the particle) and applied the effective field method.
The equilibrium ferrofluid magnetization of particle
concentration n is defined by

MB0 ¼ nmL(ξ)
HB
H

with ξ ¼ mH

kBT
, and L(ξ) ¼ coth(ξ) � 1

ξ

For nanorods with a magnetic core length LC and
core diameter dC, the magnetic moment is given by
m =MS(π/4)dC

2LC with the saturationmagnetizationMS.
The relaxation time constants parallel and perpen-

dicular to the magnetic field take the following form:

τpar ¼ τB
dln L(ξ)
dln ξ

and τperp ¼ τB
2L(ξ)

ξ � L(ξ)

For an external rotating magnetic field HB =
(H0 cos(ωHt), H0 sin(ωHt), 0) and assuming a constant
phase lag j, MB = (M cos(ωHt � j), M sin(ωHt � j), 0),
one obtains the following cubic equation for x= tan(j):

x3 � (ωHτB)x
2 þ (1þ P)x �ωHτB ¼ 0 with

P ¼ 1
2
ξL(ξ)

For small enough frequencies of the rotating mag-
netic field (ωHτB < 1), the phase lag j can be approxi-
mated by an arctan dependence:

j ¼ arctan(ωHτperp)

Recently, Dieckhoff et al.44 published an experi-
mental verification of this phase lag dependence in
rotating magnetic fields for spherical iron oxide nano-
particles sensed by fluxgate magnetometers.

Numerical solutions of the Fokker�Planck equation
for a rotating magnetic field show that deviations from
the solution given above get significant for high
frequencies and large field amplitudes.45 For the para-
meter range of practical relevance, the arctan depen-
dence of the phase lag on frequency and time constant
given above represents a good basis for the analytical
modeling of the phase shift in dependence of analyte
binding.

The evolution of the nanorod's phase lag j with
respect to a rotating magnetic field calculated by the

arctan approximation is illustrated in Figure 4. For the
saturation magnetization of Co, a value MS = 1.44 �
106 A/m was used.46 Figure 4a shows the phase lag's
dependence on the Co core length for increasing shell
thicknesses, beginning with bare Co nanorods and
ending up at fully antigen-loaded nanoprobes after
subsequent shell addition (further parameters: field
magnitude 1 mT, field frequency 1 kHz, water as
medium with a viscosity of 1 mPa 3 s at 295 K). Nano-
probes of about 60�80 nm Co core length show the
maximum phase change on binding of analyte mol-
ecules (up to 15� for a full 5 nm thick analyte coating).
For longer nanorods, the relative phase difference
decreases due to the reduced relative change in rota-
tional drag coefficient on adding a constant layer
thickness. The decreased relative phase difference for
shorter nanorods can be understood in terms of
increased angular disorder due to the stronger con-
tribution of the thermal energy with respect to the
magnetic energy. The frequency dependence of the
phase lag for different added layer thicknesses for an
80 nm long Co core at 1 mT field amplitude is shown in
Figure 4b. The largest phase changes are obtained at
frequencies well below saturation, that is, in the lower
kHz range.

When includingmultidispersity of the Co nanorods,
the expected phase lag change on analyte binding
decreases slightly, and themaximumphase lag change
occurs at marginally higher frequencies. This is dis-
played in Figure 5, which shows the frequency depen-
dence of the expected change in phase lag on binding
of a 1 and 5 nm thick shell of antigens to nanorods with
a Co core diameter of 6 nm and a 5 nm thick antibody
functionalization. For monodisperse particles (solid
curves), a homogeneous Co core length of 80 nm
and a Au shell thickness of 5 nm are assumed, while
the assumed Gaussian Co core length and Au shell
variations for multidisperse particles (dashed lines) are
identical to the ones described above (see Figure 3,
other common parameters: field magnitude 1 mT,
medium = water with viscosity of 1 mPa 3 s at 295 K).
The resulting phase behavior for multidisperse parti-
cles is almost identical to monodisperse particles, and
much stronger size variations than observed experi-
mentally have to be included in order to obtain
significant differences (see dotted lines). Therefore,
the actual signal (i.e., the phase lag change) is not
expected to suffer from realistic particle variations.

Measurement Setup and Experimental Results. In brief,
the rotating magnetic field is generated by two per-
pendicular Helmholtz coils (see Figure 6) which are
sourced by the two channels of an audio power
amplifier. The actual magnetic field is monitored by
measuring each coil current via a shunt resistor, which
allows adjusting the amplitudes and relative phases of
the left and right output channel of the power amplifier
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until a circular rotating magnetic field of desired
strength is obtained at each frequency.

The main optical setup consists of a fiber-coupled
laser diode and an output fiber that couples the
transmitted light into a photodetector. The signal of
the shunt resistor of the coil with its axis aligned
parallel to the polarization direction of the incoming
laser light and the output of the photodetector are fed
into the reference and signal channel of a lock-in
amplifier. Due to the cylindrical symmetry of the
nanorods, the lock-in is set to measure the signal at
the second harmonic of the reference frequency.
Measurements of the signal phase and amplitude are
carried out as a function of frequency and magnitude
of the rotating magnetic field.

For elongated particles, the optical polarizability
depends on the orientation of their principal axis
relative to the direction of the electric field. Thus, it is

expected that optical observation of nanorod rotation
in principle can also be carried out by plain Co nano-
rods. While analytic expressions can be derived for the
anisotropic polarizability of ellipsoids,47 the extinction
cross sections of cylindrical particles can only be
obtained by approximation. Here, we again employ
the discrete dipole approximation33 to calculate the
spectral variation of the extinction cross sections Cext
and the transmissions T = exp(�nsCext)

47 of plain Co
nanorods dissolved in toluene solution (refractive in-
dex 1.496) for parallel (Tpar), perpendicular (Tperp), and
random (Trand) orientations of the long cylinder axis
relative to the polarization of the incoming light. As the
perpendicular orientation can be obtained via two
degrees of freedom, the random transmission is given
by Trand = (Tpar þ 2Tperp)/3.

48 Because the Co nanorods
are stabilized by a surfactant layer of hexadecylamine
(HDA), the calculations also include a 2 nm thick
molecular shell with a refractive index of 1.5. These
simulated transmission spectra (dashed lines in Figure 7)

Figure 4. Calculated phase lag of nanorods following a rotating magnetic field. (a) Dependence on the Co core length for
different states of the nanorods. These states are obtained from plain Co nanorods (black line) by subsequently adding a Au
layer (blue line), an antibody (Ab) functionalization (green line), a partial antigen (Ag) shell (20% coveragewith 5 nm sized Ag
resulting in an effective layer thickness of 1 nm, orange line), and a full Ag coverage (5 nmAg layer thickness in total, red line).
The left axis represents the absolute phase lags, while the right axis indicates relative phase changes on Ag binding with
respect to the Ab-functionalized state (20% Ag coverage, dark green; 100%Ag coverage, violet). (b) Dependence on the field
frequency of a nanorod with 80 nm Co core length. The different nanorod states and axes are identical to part (a).

Figure 5. Effect of including multidispersity of the Co core/
Au shell nanorods on the calculated phase lag difference to
antibody-coated nanorods for two distinct amounts of
bound analyte antigen molecules.

Figure 6. Schematic main PlasMag setup, including two
orthogonally arranged pairs of Helmholtz coils, a fiber-
coupled laser diode and a photodetector for transmission
measurements. The photodetector output is measured by a
lock-in amplifier. The sample cuvette is placed in the center
of the coil setup.
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are compared to measured spectra (solid lines) of Co
nanorods with a length of 90 nm at a particle density n =
1.8 � 1017/m3 (4 μg/mL). The optical path length s

through the cuvette amounts to 1 cm. For the measured
spectra, a homogeneous dc magnetic field with a magni-
tude of 15 mT is applied parallel and perpendicularly to
the polarization direction of the incoming light, which is
generated by a halogen lamp and analyzed by a spectro-
meter. Themeasured curves are also corrected for a linear
time dependence caused by particle precipitation.

The simulated and measured spectral variations of
the orientation-dependent transmissions of plain Co
nanorods are in good qualitative agreement. In con-
trast to the localized plasmon resonance expected for
Au-coated nanorods, the transmission of plain Co
nanorods does not vary substantially within the rele-
vant spectral range, so the light source does not need
to be trimmed to a certain wavelength.

Typical results of the raw signals for transmission
measurements carried outwith the PlasMag setup for a
rotating magnetic field are shown in Figure 8a (black
line). The red line denotes the reference signal indica-
tive of the rotating magnetic field component parallel
to the polarization axis (voltage drop across the small
Helmholtz coil's shunt resistor). Thus, the phase lagjof
the nanorod's long axis orientation relative to the
rotating magnetic field refers to the time difference
between the reference maximum and the minimum of
the photodetector output with respect to the period of
the rotating field. Phase lag measurements in rotating
magnetic fields on nickel nanorods have also been
presented recently by Guenther et al.49

Figure 8b shows the dependence of the nanorod
phase lag on rotating field frequency for three different
field magnitudes (straight lines, 53 nm medium nano-
rod length, 6 nmmediumdiameter, lauric acid (LA) as a
ligand, tetrahydrofuran (THF) as solvent). As expected,

the phase lag roughly follows the arctan (ω) depen-
dence. Also, in accordance to the model, higher mag-
netic field magnitudes lead to lower phase lags due to
the larger magnetic torque. When modeling the fre-
quency dependence of the phase lag for single nano-
rods, phase lags much smaller than themeasured ones
are obtained (dotted lines in Figure 8b, right y-axis;
viscosity of THF η = 0.48 mPas 3 s, 2 nm thick LA ligand
shell, Co nanorod saturation magnetization MS =
1440 kA/m). The reason is given by the formation of
agglomerates. According to single particle tracking
microscopemeasurements,50 themean hydrodynamic
diameter of the particle agglomerates for this solution
is dh = 310 nm assuming spherical shape. This value
was also confirmed by fluxgate MRX measurements.
Therefore, in order to model the expected phase lag, a
solution of spherical agglomerates with dh = 310 nm is
assumed. Hexagonally closely packed Co nanorods
with a core diameter of 6 nm and a separation of
10 nm (i.e., rod diameter þ 2 � ligand shell thickness)
correspond to a magnetic filling factor of about 1/3 of
the hydrodynamic volume. Thus, for the model, we
assume a spherical magnetic core volumewith 213 nm
diameter. With these values for dh and dc, the mean
magnetization of the magnetic core is reduced until
the calculated phase lag behavior approximately
agrees to the measurements, which is achieved at
1/1000 of the saturation magnetization of Co (dashed
lines in Figure 8b). Keeping in mind that single hex-
agonal rod arrays (“domains”) can assemble into
mostly compensatedmagnetic states (i.e., neighboring
rods with alternating magnetization directions51) and
that several of these domains with different orienta-
tions can form a single agglomerate, such a strong
magnetization decrease of an agglomerate relative to a
single particle is a reasonable assumption. Additional
characterization of the structural andmagnetic proper-
ties of nanorod agglomerates is currently in progress.

Magnetic dipole�dipole interactions are the main
reason for the agglomeration of the particles in sus-
pension. These interactions fall off with increasing
mean distance between two particles and at some
point decrease below the thermal energy, which can
be regarded as a stability limit of the particle
dispersion.52 For our base Co nanorods with optimum
dimensions (i.e., 80 nm length, diameter 6 nm) aligned
collinearly by a magnetic field, the magnetic di-
pole�dipole interaction is equal to the thermal energy
at a concentration of about 5mg/mL (simplifiedmodel
calculating the interaction between two particles only
and translating the obtained limiting distance to a
mean particle concentration assuming a cubic unit
volume per particle; Co nanorods magnetized to sat-
uration; room temperature = 295 K). Thus, we could
expect that despite the large magnetic moment of our
nanorods, it should still be feasible to prepare stable
dispersions at the relevant particle concentrations. The

Figure 7. Comparison of simulated (dashed lines) and
measured (solid lines) transmission spectra of Co nanorods
for three different orientations of their long axis with
respect to the direction of polarization of the incoming
light. For the experimental curves, a static magnetic field of
15 mT strength is used for alignment control.
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reason we still observe agglomeration in our measure-
ments can be attributed to the synthesis procedure,
during which the particles are periodically brought in
close contact during separation steps applying a cen-
trifuge. We are currently investigating alternative fab-
rication routes as well as improved stabilization
protocols in order to avoid agglomeration and obtain
colloidal suspensions consisting of single particles.

With our current setup in rotating magnetic field
mode, we can resolve plain magnetic nanorod con-
centrations down to about 1 μg of Co per mL (defined
by an upper accepted limit of the phase measure-
ment's standard deviation <0.5�). For nanorods with a
mean length of 80 and 6 nm diameter, this corre-
sponds to a nominal particle concentration of ∼100
pM. However, due to particle agglomeration and sedi-
mentation, the nanorod concentration contributing to
the measurement signal can be expected to be much
lower. To estimate the actual sensitivity of our setup,
we look at the measured amplitude for rotating nano-
rods in relation to the dc offset signal. For the same
phase lag standard deviation limit applied above,
extinction factors down to 1 � 10�4 can be resolved.
Applying the transmission relation T = Ipar/Iperp =
exp(�nsΔCext),

47 we obtain a measurable concentra-
tion limit for ideally dispersed Co nanorods of about
n = 20 fM. Here, s is the optical path length through the
sample cuvette (1 cm), Ipar (Iperp) denote the measured
intensity for nanorods aligned parallel (perpendicular)
to the polarization of the incoming light, and ΔCext
represents the respective calculated extinction cross
section difference for Co nanorods with 80 nm length
and 6 nm diameter in toluene solution. For Co nano-
rods with the same geometry covered by a 5 nm thick
Au shell, the extinction cross section difference at the
longitudinal plasmon resonance wavelength is calcu-
lated to be larger by a factor of 75, which accords to an
expected measurable core�shell nanorod concentra-
tion limit of ∼0.3 fM. For analyte binding to a nano-
probe surface coverage of 20%, we have calculated an

expected phase lag change of∼3�, which is well above
the employed standard deviation limit of 0.5�. For
analytes with 5 nm size, this surface coverage corre-
sponds to about 70 molecules bound per nanoprobe.
Since the ratio of free to bound analyte molecules
depends on a number of factors (e.g., binding affinity),
we conclude that, with our current setup, the max-
imum analyte detection limit is of the order of 20 fM.
This value can be improved further by switching to
scattering geometry and applying more sensitive
photomultiplier tubes.

CONCLUSIONS

Our optical, magnetic, and hydrodynamic modeling
of nanoprobes for the “PlasMag” biosensing principle
reveals core�shell nanorods with a Co core length of
80 and 6 nm diameter coated by a 5 nm thick Au shell
as most suitable. To address the most sensitive mea-
surement regime, the PlasMag measurement setup
should be capable to source rotating magnetic fields
with magnitudes up to 10 mT and frequencies up to
3 kHz. Here, the expected maximum signal (i.e., phase
lag change of nanoprobes relative tomagnetic field on
analyte binding) for full analyte coverage amounts to
∼14�, while typical signals for partial analyte loading
are∼3�4�. Alternatively to the rotating magnetic field
mode, it is also possible to apply linear ac magnetic
fields as excitation. Compared to the rotating field
mode, the optimal field frequency is reduced by a
field-magnitude-dependent factor of up to two at
10 mT for the same particle geometries.
While the PlasMag principle has been demon-

strated by measurements on plain Co nanorod sus-
pensions in organic solvents, particle agglomeration
still presents a major challenge. Alternative stabiliza-
tion protocols following synthesis as well as applica-
tion of different ligands to overcome this issue are
currently in progress. Also, the targeted Au shells
around the Co nanorods are expected to help in
stabilizing the dispersions, enhance the optical signal

Figure 8. PlasMag transmission measurements on plain Co nanorod solutions in a rotating magnetic field. (a) Typical raw
photodetector signal (black line) and reference representing one component of the rotating magnetic field (red line). (b)
Dependence of the phase lag on rotating field frequency for three different field magnitudes (solid lines) and comparison to
models (dashed/dotted lines; details given in the main text).
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by 2 orders of magnitude, and allow functionaliza-
tion of antibodies to the nanorods by standard
thiol chemistry. Furthermore, nanoporous alumina
template-assisted fabrication of core�shell nanorods

by subsequent atomic layer deposition of platinum53

as plasmon resonance supporting shell material and
iron oxide54 as magnetic core material is presently
under investigation.

EXPERIMENTAL METHODS
Co Nanorod Synthesis. The cobalt nanorods are synthesized

according to Wetz et al.;32 briefly the coordination compound
[Co{N(SiMe3)2}2], lauric acid (LA), and hexadecylamine (HDA)
are mixed in an organic solvent in a Fischer�Porter pressure
vessel in the interior of a glovebox. The vessel is closed and
transferred to a vacuum linewhere after evacuation it is charged
with H2 under magnetic stirring. After charging, the vessel is
closed and transferred to an oil bath already preheated to the
reaction temperature for various time intervals. After the end of
the reaction, the reactor is transferred in a glovebox and the
solid is decanted. The supernatant is removed, and toluene is
added in order to dissolve the superlattices of nanorods and the
nanoparticles formed. By modification of the conditions em-
ployed (reaction time, temperature, H2 pressure, Co/LA/HDA
ratio, solvent), themean length can be tuned from25 to 180 nm.
The nanocrystals are purified by centrifugation in order to
separate the spherical nanoparticles from the nanorods. Follow-
ing drying of the rods, they are redispersed in organic solvents
such as toluene or THF (tetrahydrofuran) under further addition
of ligands like HDA or LA.

Conditions for nanorods of 53 nm mean length: [Co{N(Si-
Me3)2}2] (0.379 g, 1 mmol), HDA(0.241 g, 1 mmol), and LA (0.2 g,
1 mmol) were dissolved in 20mL of dry toluene in a Fisher�Porter
reactor. The reaction mixture was placed under 3 bar of H2 and
heated for 24 h at 120 �C in an oil bath under magnetic stirring.

Conditions for nanorods of 90 nm mean length: [Co{N(Si-
Me3)2}2] (0.758 g, 2 mmol), HDA(0.482 g, 1 mmol), and LA (0.4 g,
1 mmol) were dissolved in 40 mL of dry anisole in a Fish-
er�Porter reactor. The reaction mixture was placed under 3 bar
of H2 and heated for 6 h at 150 �C in an oil bath under magnetic
stirring.

Optical Extinction Calculations. The discrete dipole approximation33

is employed in order to calculate the optical extinction spectra of
different nanorod configurations. For each calculation, the lattice
size is reduced until the obtained relative variation of the resulting
extinction cross sections at each wavelength of the incoming light
decreasebelow1%.Absolute comparisons of the approximation to
exact solutions according to the Mie theory have been carried out
for spherical particles with different diameters. Due to the limited
computational power, such systematic differences in extinction
cross sections are allowed up to a limit of 3%. The calculations are
carried out using the complex refractive index values for Au andCo
byPalik,55,56 and thenanorod is immersed inwater asmediumwith
a real refractive index of 1.333.

PlasMag Setup. The rotating magnetic field is generated by
two perpendicular Helmholtz coils which are sourced by the
two channels of an audio power amplifier (ATEC LAB power
amplifier FPþ14000BP). The input signal for the amplifier is
generated by LabVIEW and sourced by a soundcard (E-MU
Systems model 0404). Each coil is fed with a sinusoidal current,
and the two currents possess a relative phase shift of 90�. For
our perpendicular coil arrangement, this results in a rotating
magnetic field under the condition that there is no phase shift
between the current and the resulting magnetic field, which
was verified experimentally. The magnetic field is controlled by
measuring the current through each coil via the voltage drop
across precision shunt resistors (Isabellenhuette RUG-Z, 0.5 Ω),
which allows adjusting the amplitudes and relative phases of
the left and right output channel of the power amplifier until a
circular rotating magnetic field of desired strength is obtained
at each frequency. Fieldmagnitudes of 10mT can be generated
up to amaximum frequency of 430Hz, 5mT fields up to 1130Hz,
while frequencies higher than 2 kHz are possible for field

magnitudes of 2.5 mT and below. In principle, higher magni-
tudes and frequencies can be obtained by setting up discrete
resonant circuits.

The optical setup consists of a polarization maintaining
fiber-coupled laser diode (OECA LQ7i-1060-25/BF2-FCSPC) with
high polarization extinction ratio (30 dB) at 1060 nm, a collima-
tor for sourcing the laser light into the sample cuvette and an
output fiber that couples the transmitted light into a photo-
detector (New FocusModel 2011) via a focuser. The output fiber
can also be positioned at a 90� angle with respect to the
incoming light for measuring in scattering geometry. The
optical components are positioned onto a benchtop vibration
isolation platform and decoupled from the Helmholtz coils to
avoid interference.

The signal of the shunt resistor of the coil with its axis
aligned parallel to the polarization direction of the incoming
laser light and the output of the photodetector are fed into the
reference and signal channel of a lock-in amplifier (Signal
Recovery DSP 7265). The second harmonic phase and ampli-
tude are recorded in dependence of frequency and magnitude
of the rotating magnetic field.

Spectrometer. Transmission spectra in static magnetic fields
are measured by a Trax 550 spectrometer from JYHoriba.

Analysis of Hydrodynamic Particle Size. The NanoSight LM10
microscope with single particle tracking software was usedwith
the ORCA Flash 2.8 videomicroscopy camera from Hamamatsu.
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