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The recent development of bio-conjugated magnetic nanoparticles offers many opportunities for applications in
the field of biomedicine. In particular, the use of magnetic nanoparticles for biosensing has generated wide-
spread research efforts following the progress of various magnetic field sensors. Here we demonstrate sub-
strate-free biosensing approaches based on the Brownian rotation of ferromagnetic nanoparticles suspended in
liquids. The signal transduction is through the measurement of the magnetic ac susceptibility as a function of
frequency, whose peak position changes due to the modification of the hydrodynamic radius of bio-conjugated
magnetic nanoparticles upon binding to target bio-molecules. The advantage of this approach includes its rela-
tive simplicity and integrity compared to methods that use substrate-based stray-field detectors.
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1. Introduction

There has recently been an increased interest in mag-
netic nanoparticles due to both fundamental scientific
research and potential applications, such as in magnetic
data storage, actuators and sensors [1]. Magnetic nano-
particles, either ferromagnetic or superparamagnetic, can
also be conjugated with biological surfactants via layer-
by-layer electrostatic assembly [2], encapsulation in polymer
matrices [2], or material growth in protein-capsid temp-
lates [3]. These bio-conjugated magnetic nanoparticles
generate opportunities for applications in many biomedi-
cal fields [4], such as targeted drug delivery, magnetic
purification or separation, magnetic hyperthermia and
contrast enhancement of magnetic resonance imaging
(MRI). In particular, the use of magnetic labels for
sensing applications has been the subject of extensive
research efforts due to their advantages over other types
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of biosensors {5,6]. The strong interaction between
magnetic nanoparticles and an external magnetic field
enables manipulation and sensitive detection of those
particles for such sensor applications. Furthermore, the
shelf-life of magnetic nanoparticles can be long compared
to that of other materials for biosensing, such as fluore-
scent and radioactive materials.

In most biomagnetic sensing schemes, the basic idea is
similar to that of conventional immunoassay techniques.
Magnetically labeled biomolecules are cross-linked to a’
substrate via target molecules. The biological affinity
selection includes the complementary bindings of ligand-
receptor, antibody-antigen, or complementary DNA chains.
After washing-off unbound molecules the presence of an
immobilized target is verified via the detection of the
magnetic stray field by means of substrate-based sensors,
such as giant magnetoresistance [7], anisotropic magneto-
resistance [8], tunneling magnetoresistance [9], Hall effect
[10], fluxgate [11] or superconducting quantum interference
(SQUID) devices [12, 13]. An alternative substrate-free
sensing approach, which was proposed by Connolly and
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St. Pierre [14], relies on detecting the modification of the
Brownian rotation of magnetic nanoparticles [15] when
they bind to selective targets in liquid solution [16, 17].

In this work we discuss our recent results of utilizing
the Brownian rotation of bio-conjugated magnetic nano-
particles in liquid for substrate-free biosensors. We used
dynamic magnetic susceptibility as a function of frequency
of the applied ac magnetic field to demonstrate the proof-
of-principle of the biosensing scheme. Both magneto-
electric and magneto-optic techniques were adapted for
the ac susceptibility measurement. Compared to the more
conventional substrate-based detection, only one binding
event for each target molecule is required and the addi-
tional information such as sensor integrity and the size of
target molecules can be obtained through this substrate-
free approach. ’

2. Theory and Experiment

Nanoparticles (coated with a surfactant) suspended in a
liquid exhibit both random rotational diffusive motion and
translational motion due to thermal fluctuations. For the
rotational diffusion (Brownian relaxation) of bio-conju-
gated magnetic nanoparticles with magnetic core radius r
and surfactant shell thickness ¢, the relaxation time is
given by: [18, 19] '
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where 77 is the dynamic viscosity of the liquid and T is
temperature. For. small particles with small enough relative
energy barrier, the magnetic moment directions within
particles themselves can be changed due to the thermal
fluctuations. This is called Néel relaxation and the corre-
sponding relaxation time can be expressed as:

AFE
=T CXp(m) s ,(2)

where 7 is generally on the order of 10°-107'° sec and
"AE is an energy barrier, which depends on the magnetic
anisotropy constant and the particle’s magnetic volume.
Since the Brownian and Néel relaxation processes are
almost independent of each other, the effective relaxation
rate is - given as T;flf= 7 + 7, . Figure 1 shows the
Brownian, Nézl, and effective relaxation times as a
function of magnetic core diameter for cobalt ferrite
(CoFe,0O4) and magnetite (Fe;0,) nanoparticles with dif-
ferent surfactant shell thicknesses. The effective relaxation
depends strongly on the particle’s hydrodynamic size for
the Brownian regime, and the particle’s magnetic size and
magnetic anisotropy for the Néel regime. Notice that
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Fig. 1. Relaxation times of nanoparticles as a function of mag-
netic core diameter. Dotted lines are Néel relaxation time for
CoFe,0, and Fe;O, magnetic cores. Dashed lines are Brown-
ian relaxation for magnetic particles with different non-mag-
netic surfactant thicknesses in aqueous solution. The solid line
is the effective relaxation time for Fe30, nanoparticle with a 5-
nm surfactant shell.

compared to bulk material the anisotropies are generally
higher and the saturation magnetizations tend to be lower
due to surface and finite-size effects for nanoparticles
[20].

For magnetic nanoparticles with large enough magnetic
core size, the magnetization is blocked inside the nano-
particle. Therefore, in this case, the Brownian relaxation
in the frequency domain can be measured directly by the
imaginary part of the ac magnetic susceptibility as a
function of frequency @ expressed as: [14]

(@D

X (@)= 5
1+ (@71)

3
where % is the static susceptibility and 7is the effective
relaxation time of the nanoparticies. Note that " has a
maximum when @ = 1/7. For nanoparticles with poly-
dispersity, Eq. (3) should become an integral over the
particle size distribution function [19].

For the experimental demonstration of the biosensing
scheme we used avidin-coated magnetite (Fe;O4) nano-
particles [21] and water-soluble cobalt ferrite (CoFe,QO,)
nanoparticles. For the biological measurements, the nano-
particle sample was diluted with phosphate buffer saline
(PBS, pH = 7.0) solution. The magnetic hysteresis and ac
magnetic susceptibility of a 100-ul aliquot of the solution
were measured in a Physical Property Measurement System
(PPMS) [22]. The PPMS uses a magneto-electric scheme
for ac magnetic susceptibility measurement. It detects the
amplitude and phase of the sample’s magnetic response
using two detection coils while applying a small ac mag-
netic field to the sample with an ac drive and compen-
sation coils. The field frequency was varied between 10
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Hz and 10 kHz and an ac field amplitude of 10 Oe was
applied for all the measurements. We also used a magneto-
optic method [23] for the ac susceptibility measurement.
This technique is based on the detection of the rotation of
linearly polarized light upon transmission through an opti-
cally anisotropic colloidal suspension of magnetic nano-
particles. We used the ac susceptibility determined mag-
neto-optically as a function of the frequency (10 Hz~5
kHz) of an ac applied magnetic field (10 Oe) to verify
that the results agree with those obtained via the commer-
cial PPMS.

3. Results and Discussion

A room temperature magnetization curve of avidin-
coated Fe;O, nanoparticles diluted with PBS solution
exhibits paramagnetic behavior, as shown in Fig. 2. The
transmission electron microscope (TEM) image of a
nanoparticle, in the inset, shows a Fe;O,4 core (the darkest
contrast) of ~10 nm diameter covered by a 20-30 nm
thick avidin shell. The particle concentration in the fluid
was ~6 mg/ml (~2 x 10" particles/ml). The paramagnetic
behavior (zero remanence, zero coercivity) in Fig. 2 is
due to single-domain nanoparticles rotating freely in the
liquid in order to align with the external magnetic field.
The magnetic moment of each nanoparticle can be esti-
mated by fitting, the magnetization curve to the classic
Langevin model given by:

“4)

M = M{coth(m— —M}
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where M is the saturation magnetization and m is the
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Fig. 2. Normalized magnetization of avidin-coated Fe;O4
nanoparticles in a PBS solution at room temperature as a func-
tion of applied magnetic field. Solid line is a calculated fit to
the Langevin function. The inset shows a TEM image of the
nanoparticle. Adapted from Ref. [19].
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magnetic moment of each particle. From this fit the
magnetic moment for each nanoparticle is 2.0 x 10* g,
which corresponds well to the value 2.8 x 10* ug estimat-
ed for a spherical single-domain magnetite nanoparticle
with 10-nm diameter (using the bulk value for magnetite
of M, =480 G).

Figure 3 shows the real and imaginary part of the ac
susceptibility as a function of frequency measured mag-
neto-electrically using the PPMS and also magneto-opti-
cally. The sample was a mixture of aqueous solution of
14-nm CoFe,O4 nanoparticles (10 uf) and 50% poly-
ethylene glycol (PEG) (190 ul), which corresponds to

" about 2 x 10'* nanoparticles. The dipolar interaction bet-

ween magnetic nanoparticles was negligible due to their
low volume fraction (12 ppm) and the large inter-particle
distances. For the magnetic ac susceptibility measurements
with the PPMS, a modulation field of 10 Oe was applied
in the frequency range between 10 Hz and 10 kHz. The
magneto-optic data has a good correspondence to the data
acquired by the PPMS (see Fig. 3). The:peak frequency
of the imaginary part of the ac susceptibility and the
corresponding inflection frequency of the real part in both

sets of experimental data are the same. Furthermore, the

technique detects much fewer particles (within a confined
region of beam path) in a relatively short time.

Figure 4 shows the imaginary part of the ac suscepti-
bility of the avidin-coated magnetite nanoparticles as a
function of frequency. At room temperature there is a
peak in the ac susceptibility at 210 Hz. However, the peak

12

100 ¢ o Magneto-Electric

@ Magneto-Optic

% (ug/Oe)
V (mV)

100
Frequency (Hz)

Fig. 3. Real and imaginary part of the ac magnetic suscepti-
bility as a function of frequency for a mixture of aqueous solu-
tion of CoFe,04 nanoparticles (10 ul) and a composition of
water (160 ul) and 50% polyethylene glycol (PEG) (20 ).
Open symbols correspond to the measurements with a com-
mercial magneto-electric setup (PPMS), and the experimental
points measured with the magneto-optic setup are shown by
solid symbols.
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Fig. 4. Imaginary part of the ac magnetic susceptibility as a
function of frequency for avidin-coated magnetic particles sus-
pended in a PBS solution. Solid symbols correspond to the
measurements at 300 K, open symbols - at 250 K, which is
below the freezing point of the carrier liquid. Solid line is a fit
using a convolution of Egs. (3) and (5) and utilizing the 250-K
data as background. The inset shows the log-normal size dis-
tribution used for the best fit. Adapted from Ref. [19].

disappears when the PBS solution is cooled below its
freezing point (> 250 K). Since the freezing of the liquid
immobilizes the nanoparticles at 250 K, this implies that
the low frequency peak at room temperature is main-
ly due to the Brownian relaxation of the magnetization.
The solid line shows a fit to a model that takes the size
dispersion of the particles into account. Most nanoparticle
systems have a log-normal size distribution given by [24]:

©)
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20,

where 7,, is the median hydrodynamic radius, and o, is the
standard deviation of In r. A fit to the convolution of Eqgs.
(3) and (5) [19] using the 250-K data as a background
suggests a + 12% (o, = 0.26) distribution of the hydro-
dynamic radius of the nanoparticles that exhibit the
Brownian relaxation. Notice that the size distribution for
the magnetic core radii can be significantly wider. The
inset of Fig. 4 shows the log-normal size distribution
function for the best fit. Note that the high frequency
responses at the two different temperatures are similar
regardless of the presence of the low frequency peak.
This is probably due to the existence of some unblocked
superparamagnetic particles, since the median diameter of
the magnetic core (~10 nm) is near to the crossover
between the Brownian and Néel-dominated relaxation
régimes [15].
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Fig. 5. Imaginary part of the ac magnetic susceptibility of an
avidin-coated magnetic particle before (solid circles), after
(open circles) binding to S-protein, and after (open squares)
binding to biotinylated T7 bacteriophage. Adapted from Ref.
[19].

In order to demonstrate the biosensing scheme, we add-
ed commercially available biotinylated S-protein [25] to
the avidin-coated magnetite nanoparticle solution. The
specific interaction of biotin and avidin protein has been
well characterized in the literature with a large affinity
constant on the order of a femtomole [26]. When biotinyl-
ated S-protein is added to the avidin-coated magnetite
nanoparticles, the peak frequency decreases from 210 to
120 Hz, as shown in Fig. 5. Since S-protein does not
exhibit any magnetic properties, this frequency shift has
to be induced by the increased hydrodynamic size of the
nanoparticles due to the interaction of biotinylated S-protein
with the avidin-coated magnetic nanoparticles. Since Eq.
(3) has a maximum when @ = 1/7, the peak frequency of
the ac magnetic susceptibility is inversely proportional to
the particle volume (@, < 1/r*). Assuming the median
diameter of the avidin-coated magnetite particles is ~50
nm, as determined from the TEM measurements, this
relation implies that the total particle diameter (core +
shell) after S-protein binding is ~60 nm. Such size increase
corresponds well to the size of the S-protein (~4 nm).
This result demonstrates the feasibility of using the frequ-
ency peak of the ac susceptibility to monitor the attach-
ment of a target molecule to magnetic nanoparticles, and
even to obtain information about the size of the target
molecule. This approach thus provides a bio-sensing scheme
that uses the Brownian relaxation of magnetic nanoparticles
in a liquid.

To further test the biosensing scheme, we pretreated the
biotinylated S-protein with S-peptide displayed T7 bac-
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Table 1. Comparison of the different biosensing schemes
based on (i) magnetoresistance and Hall effects, (ii) SQUID,
and (iii) new substrate-free detection using the Brownian
relaxation of magnetic nanoparticles.

MR and Hall SQUID  Substrate-free
Sensor Sensor Sensor

Number of Bindings 2 lor2 1
Sensitivity Low-Mid High Mid
Sensing Target Size No No Yes
Magnetic Separation after No Maybe Yes
Sensing

Portable Device Yes No Yes

teriophage particles so that the biotinylated S-protein will
be anchored to the surface of the T7 bacteriophage due to
the specific interaction between the S-peptide and S-
protein. Subsequently such biotinylated T7 bacteriophage
particles were added to the magnetic nanoparticle solution.
The resulting ac susceptibility measurements are shown
in Fig. 5. Interestingly, the addition of biotinylated T7
bacteriophage results in the suppression of the suscepti-
bility peak. This indicates that the magnetic nanoparticles
are immobilized upon binding to the T7 bacteriophage,
which is similar to the effect of freezing of the liquid in
Fig. 4. The large phage particles with 415 copies of biotin
molecules per phage effectively crosslink the avidin-coated
magnetite nanoparticles, and thus causes their aggregation
and immobilization.

The main advantage of the sensing scheme using the
magnetic ac susceptibility is that the modification of
Brownian relaxation offers an opportunity to distinguish
between various possible targets. This is shown in Fig. 5
by changes in the frequency response upon binding to
S-protein and biotinylated T7 bacteriophage. In the first
case, the binding reaction results in a modified Brownian
relaxation due to the increased hydrodynamic radius, while
in the latter case the cross-linking of the magnetic nano-
particles with the bacteriophage suppresses the Brownian
relaxation. Note that Weitschies et al. observed, via SQUID
relaxometry, the change of Brown-to-Néel relaxation due
to the immobilization of magnetic nanoparticles by bio-
logical binding activity [13, 27]. Although SQUID-based
biosensors offer high sensitivity, they generally require
more complex instrumentation than other sensing schemes
due to the need for cryogens. Our sensing scheme operates
at room temperature. Also, compared to other substrate-
based sensors, it can be combined with subsequent mag-
netic high field-gradient separation since the particles
remain in solution. Furthermore, since the magnetic nano-
particles exhibit a characteristic frequency peak even before
binding to a target, our sensing scheme has an inherent
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check for its integrity. Table 1 summarizes a comparison
of substrate-based stray field sensing, SQUID based sens-
ing, and our substrate-free sensing scheme.

4. Conclusion

We have experimentally demonstrated a substrate-free
biomagnetic sensing scheme using the Brownian relaxation
of magnetic nanoparticles suspended in liquid. The bind-
ing of target molecules to magnetic nanoparticles changes
the ac magnetic susceptibility response as a function of
the frequency of an applied magnetic field. We performed
the ac susceptibility measurements by magneto-optic as
well as magneto-electric techniques. The advantage of
this substrate-free sensing approach includes the addi-
tional information about the target size, the inherent
integrity due to the presence of response signals with and
without target molecules, and the possibility of sub-
sequent magnetic separation.
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