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On-chip measurements of Brownian relaxation vs. concentration of 40 nm
magnetic beads

Frederik Westergaard Østerberg,a) Giovanni Rizzi, and Mikkel Fougt Hansenb)

Department of Micro- and Nanotechnology, Technical University of Denmark, DTU Nanotech, Building 345B,
DK-2800 Kongens Lyngby, Denmark

(Received 21 September 2012; accepted 16 November 2012; published online 20 December 2012)

We present on-chip Brownian relaxation measurements on a logarithmic dilution series of 40 nm

beads dispersed in water with bead concentrations between 16 lg/ml and 4000 lg/ml. The

measurements are performed using a planar Hall effect bridge sensor at frequencies up to 1 MHz.

No external fields are needed as the beads are magnetized by the field generated by the applied

sensor bias current. We show that the Brownian relaxation frequency can be extracted from fitting

the Cole-Cole model to measurements for bead concentrations of 64 lg/ml or higher and that the

measured dynamic magnetic response is proportional to the bead concentration. For bead

concentrations higher than or equal to 500 lg/ml, we extract a hydrodynamic diameter of 47(1) nm

for the beads, which is close to the nominal bead size of 40 nm. Furthermore, we study the signal

vs. bead concentration at a fixed frequency close to the Brownian relaxation peak and find that the

signal from bead suspensions with concentrations down to 16 lg/ml can be resolved. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4769796]

I. INTRODUCTION

Magnetic beads have proven useful for biosensing as

most biological samples are non-magnetic such that mag-

netic beads can be manipulated and detected independently

of the sample chemistry. Furthermore, magnetic biosensors

rely on magnetic methods for detecting the magnetic beads,

which provide an electrical signal that can be directly read

out. Among the typical methods for detecting magnetic

beads are inductive methods,1 fluxgates,2 superconducting

quantum interference device (SQUID) magnetometers,3,4

and magnetoresistive sensors.5–7 There are pros and cons for

each method; for instance, SQUID magnetometers are very

sensitive but are costly, require cryogenics and are not easily

integrated with a sample preparation system. Magnetoresis-

tive sensors are not as sensitive as SQUID magnetometers

but they can be operated at room temperature, they are small

in dimensions, they are potentially inexpensive and they can

be integrated in lab-on-a-chip systems. Thus, magnetoresis-

tive sensors are attractive for use in lab-on-a-chip magnetic

biosensing platforms.

Magnetic beads have been used for biosensing in sur-

face-based8 and volume-based1,9,10 assays. In a surface-

based assay, the surfaces of both the sensor and the beads are

functionalized such that the presence of the analyte results in

specific binding of the beads to the sensor surface. In a

volume-based assay, only the beads are functionalized prior

to detection and the analyte modifies the hydrodynamic size

of the beads, either due to its size11 or by inducing bead

agglutination.1 The dispersion of hydrodynamic sizes for a

magnetic bead ensemble can be characterized via Brownian

relaxation measurements, which were first proposed for bio-

sensing by Connolly and St Pierre.12

For volume-based bioassays, the limit of detection is

sensitive to the bead concentration: for a high bead concen-

tration, only a small fraction of the beads are affected by a

given amount of analyte, whereas the opposite is the case for

a low bead concentration. On the other hand, a low bead con-

centration results in a smaller dynamic range of analyte

concentrations that can be detected. Thus, the bead concen-

tration is an important parameter for the sensitivity and

dynamic range for volume-based biosensing. For any read-

out principle for volume-based bioassays, it is therefore im-

portant to know its dependence on the bead concentration

and the range of bead concentrations for which the magnetic

dynamics can be reliably characterized.

In this study, we investigate the dependence of the on-

chip measurements of the dynamic magnetic bead signal on

the concentration of beads with a nominal diameter of

40 nm. The study is carried out using so-called planar Hall

effect bridge (PHEB) sensors13 currently being investigating

for volume-based magnetic biodetection.10 The sensors are

integrated in a microfluidic system and do not rely on any

external magnetic fields. We determine the lower limit of

bead concentrations required for obtaining reliable measure-

ments of the dynamic magnetic Brownian relaxation

response and we also investigate the lowest bead concentra-

tion that can be detected by the present sensors.

II. THEORY

The magnetic field sensors used in the study are based

on the anisotropic magnetoresistance (AMR) effect, which

causes the resistivity to be largest when the current and

applied magnetic field are parallel and lowest when they are

orthogonal. The sensor geometry is composed of four seg-

ments to form a Wheatstone bridge as shown in Fig. 1. Here,

the potential difference Vy in the y-direction is measured

upon injection of a current I in the x-direction. The sensor

a)Electronic address: Frederik.Osterberg@nanotech.dtu.dk.
b)Electronic address: Mikkel.Hansen@nanotech.dtu.dk.
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consists of a ferromagnetic layer exhibiting the AMR effect,

which is pinned along the positive x-direction by an antifer-

romagnetic layer. This ensures that the magnetization of the

sensor is single domain and has a fixed orientation in the ab-

sence of external magnetic fields. It has recently been shown

that the signal from the bridge structure shown in Fig. 1 is

identical to that from a regular planar Hall effect sensor

cross, except for a geometrical amplification.13 To distin-

guish this particular geometry from other AMR sensor geo-

metries, we have named sensors with this geometry planar

Hall effect bridge sensors.

For low magnetic fields, the sensor signal is linear and

given by13

Vy ¼ IS0Hy; (1)

where S0 is the low-field sensitivity and Hy is the magnetic

field in the y-direction.

Measurements on magnetic bead suspensions are carried

out without application of external magnetic fields. Instead,

the magnetic beads are magnetized by the sensor self-field

arising from the bias current passed through the sensor. For

an alternating bias current IðtÞ ¼ IACsinð2p ftÞ, both the bias

current and the field from the beads will oscillate at the fre-

quency f of the bias current. As the sensor response due to

the presence of magnetic beads is proportional to I2, these

will give rise to a signal oscillating at 2 f. The dynamic mag-

netic response of the magnetic beads is described by their

complex susceptibility v ¼ v0 � iv00, where v0 and v00 are

the in-phase and out-of-phase magnetic susceptibilities of

the beads, respectively. We have previously shown that the

dynamic magnetic bead response for beads magnetized by

the self-field can be detected using lock-in technique10,14,15

and that the second harmonic in-phase and out-of-phase sen-

sor signals V02 and V002 for a PHEB sensor are given by10

V02 ¼ �2�3I2
ACS0c1v

00; (2)

V002 ¼ �2�3I2
ACS0ðc0 þ c1v

0Þ; (3)

where c0 is a constant that depends on the sensor stack and

sensor geometry and c1 is a constant that depends on the sen-

sor geometry and distribution of beads. Thus, the in-phase

second harmonic sensor signal is proportional to the out-of-

phase magnetic bead susceptibility and the out-of-phase sec-

ond harmonic sensor signal depends linearly on the in-phase

magnetic bead susceptibility.

A. Brownian relaxation of magnetic of beads

When a magnetic bead is placed in a magnetic field, the

magnetization of the bead will align with the field either by

internal flipping of the magnetic moment (N�eel relaxation16)

or by a physical rotation of the bead (Brownian relaxation17).

For the beads used in this study, the N�eel relaxation time is

much longer than the Brownian relaxation time, which there-

fore dominates the relaxation dynamics of the beads. Brown-

ian relaxation is characterized by the Brownian relaxation

frequency,

fB ¼
kBT

6pgVh

; (4)

where kBT is the thermal energy, g is the viscosity of the liq-

uid in which the bead is suspended, and Vh is the hydrody-

namic volume of the bead. The Brownian relaxation

frequency is the frequency at which the phase-lag between

the magnetic moment of the bead and the applied field is

largest, meaning that a peak will appear in the out-of-phase

magnetic susceptibility at f ¼ fB.

The complex susceptibility of a monodisperse ensemble

of beads is described by the Debye theory.18 The complex

susceptibility of an ensemble of polydisperse beads is usu-

ally described by the empirical Cole-Cole model,19

v ¼ v0 � v1
1þ ðif=fBÞ1�a þ v1; (5)

where v0 and v1 are the DC and high-frequency susceptibil-

ities, respectively, and 0 � a � 1 is a measure of the polydis-

persity (a ¼ 0 for a monodisperse sample). The Cole-Cole

model has been used for analyzing the data in the present

work to extract fB, a, and the DC and high-frequency

susceptibilities.

III. EXPERIMENTAL

The geometric variables of the sensor are defined in

Fig. 1. Each of the four branches in the sensor bridge used in

the present study has a length of l ¼ 300 lm and a width of

w ¼ 20 lm and was fabricated as follows: First, an 800 nm

thick oxide was grown on a silicon wafer by wet oxidation.

Then, the sensor stack Ta(3 nm)/Ni80Fe20(30 nm)/Mn80Ir20

(20 nm)/Ta(3 nm) was deposited in a Kurt J. Lesker Co.

CMS-18 sputter system and defined by lift-off. During depo-

sition, a magnetic field of 20 mT was applied to define the

easy direction of the magnetization along the positive

x-direction in Fig. 1. Electrical contacts to the sensors of

Ti(5 nm)/Au(100 nm)/Pt(100 nm)/Ti(5 nm) were deposited

by e-beam evaporation and defined by lift-off. Subsequently,

FIG. 1. Picture of sensor with definitions of dimensions. The bias current I
is applied through the arms in the x-direction, while the potential difference

Vy is measured across the y-direction. The length l and width w of a bridge

segment are also shown.
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a protective coating of Ormocomp (Micro Resist Technology

GmbH, Germany) with a thickness of 800 nm was spin-

coated and patterned by UV lithography. This coating

ensured that the sensors could be operated at voltages up to

10 V without failure or bubble formation when the sensor

was exposed to ionic solutions.

During measurements, the chip was mounted in a click-

on fluidic system14 providing electrical contacts to the chip

and defining a fluidic channel of dimensions length-

�width� height¼ 5 mm� 1 mm� 1 mm (Fig. 2(a)). To

align the chip with the channel and electrical contact, the

chip was placed in an aluminum well (Fig. 2(b)). The tem-

perature of the aluminum well was kept constant at (25.00

6 0.01) �C during all measurements using a Peltier element.

The set-up was neither magnetically nor electrically

shielded.

Electrical measurements on the sensor were carried out

using an HF2LI lock-in amplifier (Zurich Instruments, Switzer-

land) operating at a fixed voltage amplitude of 3.2 V corre-

sponding to a current amplitude of IAC¼ 21 mA. The 1st

harmonic sensor response was measured vs. applied field result-

ing in a low-field sensor sensitivity of S0¼�531 V/(T A).

Measurements were performed on nominally 40 nm

magnetic beads with a COOH functional surface group

(Ocean Nanotech, AR, USA). In this study, the bead concen-

tration was varied from c¼ 16 lg/ml to c¼ 4 mg/ml in a

2-fold logarithmic dilution series. In the experiments,

the bead concentration was varied in the following order:

c [mg/ml]¼ 1, 0.25, 0.063, 0.5, 0.125, 0.031, 0.016, 4, 2.

Measurements on bead suspensions were carried out in

ambient magnetic field where the 2nd harmonic sensor

response was measured as a function of the frequency of the

applied bias voltage. Each frequency sweep consisted of

20 points equally distributed on a log scale between

f¼ 986.9 kHz and 37.7 Hz. After each measurement at f, a

reference measurement was carried out at fref ¼ 4667 Hz,

which is near the expected Brownian relaxation frequency

for the beads used in the experiments. Each of the above

sweeps took a total time of 7 min and 20 s to complete. For

each bead concentration, a cycle of 9 frequency sweeps,

numbered 1–9, was performed. First, two sweeps (1 and 2)

were performed without beads and were used as reference.

At the start of sweep 3, beads were injected into the fluidic

channel for 1 min at a flow rate of 30 ll/min. Then, the flow

was stopped for the remaining part of sweep 3 and left stag-

nant in the following four sweeps (sweeps 4–7). At the start

of sweep 8, the beads were washed out at a flow rate of

800 ll/min and sweep 9 was performed to confirm that the

signal returned to its initial level from sweeps 1 and 2.

IV. RESULTS

A. Frequency sweeps

Figure 3 shows the in-phase (top) and out-of-phase (bot-

tom) second harmonic sensor signals as a function of the

bias current frequency for sweep 7, which is started 29 min

after injection of the beads. Only measurements for the seven

highest bead concentrations (63 lg/ml-4 mg/ml) are shown,

as the lower concentrations are indistinguishable from

c ¼ 63 lg/ml on this scale. The solid lines in the figures are

curve fits of the Cole-Cole model to the measured data.

From Fig. 3, it is seen that the curve shape is independent

of the concentration and that it scales with the bead

concentration.

Figure 4 shows the Brownian relaxation frequencies fB
extracted from curve fits of the Cole-Cole model vs. bead

concentration. The fits of the in-phase and out-of-phase data

were carried out simultaneously with a single set of parame-

ters. For each concentration, the values of fB were found sep-

arately for sweeps 5–7. The error bars on each of the

fB-values in Fig. 4 correspond to the standard deviation

reported by the least-squares fitting routine. It is also seen

FIG. 2. (a) Fluidic system with 20 spring-loaded electrical contact pins. (b)

Picture of chip in set-up prior to mounting of the fluidic system.

FIG. 3. In-phase (top) and out-of-phase (bottom) signals vs. bias frequency

for the indicated bead suspension concentrations. The solid lines are fits of

the Cole-Cole model to the measurements.
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that for the four highest concentrations, the extracted fre-

quencies coincide with a mean Brownian relaxation fre-

quency of 4.4(0.1) kHz corresponding to a hydrodynamic

diameter of 47(1) nm. Down to c ¼ 63 lg/ml the mean

Brownian relaxation frequency is still 4.4 kHz, but the stand-

ard deviation increases to 0.8 kHz. The average value of the

Cole-Cole parameter a was found to 0.05(0.01) for the fits

shown in Fig. 4. This supports the conclusion that the curve

shape is independent of the bead concentration for the inves-

tigated samples.

B. Signal at f ’ fB vs. bead concentration

Figure 5 shows the in-phase second harmonic sensor

signal of the reference points measured at fref ¼ 4667 Hz

normalized with c plotted vs. time t after injection of the

bead suspension. The figure also shows the sweep numbers

for each of the bead concentrations. Sweeps 1 and 2 are car-

ried out without beads; the bead suspension is injected at the

start of sweep 3 resulting in a signal increase and during

sweeps 4–7, the signal is almost constant. During sweep 8

(not shown), the beads are washed away and the data

obtained during sweep 9 shows that the signal returns to its

baseline level from sweeps 1 and 2. From Fig. 5 it is

observed that the signal-to-noise ratio increases with

increasing bead concentration. It is also seen that a level

near 460 nV/(mg/ml) is reached for all bead concentrations,

except for the two lowest concentrations that are clearly at a

lower level. From Fig. 5, it is also noticed that the signal

rise after injection depends on the bead concentration.

When the bead concentration is high, the signal reaches its

steady-state value faster.

Figure 6 shows the mean values of the twenty reference

points obtained during sweep 7 (last sweep before washing)

as a function of the bead concentration. The error bars indi-

cate three times the standard deviation of the mean (rmean).

The line is a linear fit to the data with the intercept fixed to

zero and a slope of 460(2) nV/(mg/ml). Analysis of the refer-

ence measurements obtained during sweeps 2, where the

mean value defined the zero signal level in the subsequent

measurements, resulted in a noise level (taken as 3 rmean) of

3.1 nV, which is shown as the horizontal dashed line in Fig.

6. It is seen that the signals from all the measured bead con-

centrations are significantly above the sensor noise level.

V. DISCUSSION

A. Frequency sweeps

From the frequency sweeps plotted in Fig. 3, it is seen

that the shape is independent of the bead concentration, and

hence that the signal scales with the concentration. This was

also confirmed by the similar values of fB and a obtained

from the Cole-Cole fits for c � 63 lg/ml. For the two lowest

concentrations, the signal-to-noise ratio was too low to

extract reliable values of fB and a. The obtained a-value of

0.05 indicates that the bead suspension is nearly monodis-

perse. It is important for volume-based biodetection that the

bead suspension is close to monodisperse as this results in a

well defined peak in the in-phase sensor signal, which

FIG. 4. Brownian relaxation frequencies extracted from sweeps 5–7 plotted

against bead concentration. The length of the error bars corresponds to the

standard deviations obtained from the fitting.

FIG. 5. In-phase 2nd harmonic sensor signal of reference points measured at

fref ¼ 4667 Hz normalized with bead concentration plotted as a function of

the time t after injection of the bead suspension.

FIG. 6. Mean value of the 20 reference points measured during sweep 7 vs.

bead concentration. The error bars are given as 3 rmean. The solid line is a

linear fit to the data points with the intercept fixed at 0. The horizontal

dashed line indicates the noise level plus 3 rmean for a measurement without

any beads.
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potentially allows for distinguishing the peak from isolated

beads from a peak at lower frequencies due to beads bound

to the target analyte.

The extracted Brownian frequencies are found to

4.4(0.8) kHz for c � 63 lg/ml and 4.4(0.1) kHz for

c � 500 lg=ml. The mean values are identical within the

uncertainties, but the standard deviation increases as the

bead concentration decreases due to the lower signal-to-

noise ratio. This means that if the hydrodynamic diameter

needs to be extracted accurately for the present beads, a

bead concentration of at least 500 lg/ml should be used.

B. Signal at f ’ fB vs. bead concentration

Figure 5 shows the reference points measured at f ’ fB
vs. time for several bead concentrations. The values are nor-

malized with the bead concentration and adjusted such that

the injection of beads is initiated at t¼ 0 min. From this plot

it is observed that the signals stabilize near 460 nV/(mg/ml)

for all concentrations except for the two lowest, which do

not reach this level. Figure 5 also shows that the signal

returns to its baseline level after the beads are washed away,

which allows for reusing the sensor.

From Fig. 5 it is seen that the rate by which the signal

changes after the beads have been injected depends on the

bead concentration such that a faster equilibration is found

for higher bead concentrations. The equilibration arises from

the fact that the bead suspension is injected into the channel

containing water and that the liquid exchange near the chan-

nel wall is slower due to the parabolic velocity profile. The

detailed origin of the faster equilibration for higher bead con-

centrations is still unknown, but we hypothesize that it could

be due to cooperative phenomena, e.g., hydrodynamic inter-

actions between the beads20 or electrostatic repulsion

between the beads due to their surface charges, which accel-

erate the equilibration when the bead density is high.

Figure 6 shows the average of the in-phase signal for the

20 reference points measured during sweep seven plotted vs.

bead concentration. From the plot it is seen that the signal is

proportional to the bead concentration with a slope of 460(2)

nV/(mg/ml). It is also seen that all the measured concentrations

are significantly different from reference measurement without

beads on a 3 rmean level. The lowest bead mass concentration

measured was 16 lg/ml, which corresponds to a particle con-

centration of 0.2 nM. When used in a volume-based bioassay,

a lower bead concentration will increase the sensitivity and

lower the dynamic range. Hence, one approach to increase the

sensitivity could be to use larger magnetic beads such that the

same magnetic signal can be obtained from fewer beads. How-

ever, in our system, beads that are larger than about 100 nm

tend to sediment to the bottom of the fluidic channel and as the

sensors are more sensitive to beads near the sensor surface,

such sedimented beads will contribute significantly to the sig-

nal. The investigation of the choice of beads and optimization

of the bioassay sensitivity is one focus of our future research.

VI. CONCLUSION

Based on the presented data, it is concluded that Brownian

relaxation frequencies can be extracted using planar Hall effect

bridge sensors for bead concentration as low as 64 lg/ml.

However, a higher bead concentration results in more reliable

determination of the Brownian relaxation frequency. The

mean Brownian relaxation frequency for c � 500 lg/ml was

4.4(0.1) kHz, which corresponds to a hydrodynamic diameter

of 47(1) nm, which agrees well with the nominal size of

40 nm. The study also demonstrated that the shape of the

dynamic signal is independent of the bead concentration and

the amplitudes of the signals are proportional to the bead con-

centration once steady-state is reached. Monitoring the time

dependence of the signal during bead injection showed that the

signal reaches a steady state faster for higher bead concentra-

tions. Finally, it can be concluded that the presence of beads

can be detected for bead concentrations as low as 16 lg/ml.
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