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a b s t r a c t

The volume amplified magnetic nanobead detection assay [Strömberg, M., Göransson, J., Gunnarsson, K.,
Nilsson, M., Svedlindh, P., Strømme, M., 2008. Nano Letters 8, 816–821] was investigated with respect to
bead size, bead surface coverage of probe oligonucleotides, bead concentration and rolling circle ampli-
fication (RCA) time, with the objective to improve the understanding of the microscopic mechanisms
influencing the assay. The most important findings for future biosensor development were the follow-
eywords:
ioassay development
rownian relaxation
adlock probes
olling circle amplification

ing: (i) small beads exhibit a much reduced tendency to cross-link several RCA products, thus enabling
use of both complex magnetisation turn-on and turn-off detection strategies, whereas larger beads only
allow for turn-off detection; (ii) small beads exhibit faster immobilisation kinetics, thus reducing the time
for diagnostic test completion, and also immobilise in larger numbers than larger beads. Finally, (iii) by
demonstrating qualitative dual-target detection of bacterial DNA sequences using 130 and 250 nm beads,
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icroscopic mechanisms

the bioassay was shown to

. Introduction

Today, magnetic nanoparticles, commonly referred to as mag-
etic beads, are used in many research and technology areas

ncluding biotechnology, biomedicine and drug discovery (Saiyed et
l., 2003). Biofunctionalised magnetite beads find, due to their mag-
etic properties and biocompatibility, many promising applications

n biodiagnostic and therapeutic methodologies such as bioassays
nd magnetic separation, as contrast agents in magnetic resonance
maging, as well as in drug-delivery and hyperthermia cancer treat-

ent (Salata, 2004; Mornet et al., 2004; Osaka et al., 2006; Liu,
006; Majewski and Thierry, 2007). Magnetic bead-based bioassays
ften involve labelling magnetic beads with probe biomolecules
nd upon interaction with the target, either the static or dynamic

agnetic bead properties are detected. Furthermore, magnetic

iosensor schemes are either classified as substrate-based (sensor
n chip) or substrate-free. In the former biosensor category, if target
s present, probe biofunctionalised magnetic beads bind directly to

∗ Corresponding authors. Tel.: +46 18 471 0000.
E-mail addresses: mats.nilsson@genpat.uu.se (M. Nilsson),

aria.stromme@angstrom.uu.se (M. Strømme), peter.svedlindh@angstrom.uu.se
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w for multiplexed detection.
© 2008 Elsevier B.V. All rights reserved.

he sensor surface, thereby inducing a signal change. Examples of
xisting chip-based systems are Hall effect (Sandhu et al., 2007) and
agnetoresistive micro-biosensor platforms (Freitas et al., 2007).
ne substrate-free method is the Brownian relaxation biosensor

cheme (Connolly and St Pierre, 2001), which makes use of the
ecrease in the bead Brownian relaxation frequency caused by
he hydrodynamic size increase upon probe–target coupling. This
iosensor format has, e.g. been tested in immunoassays (Astalan et
l., 2004; Hong et al., 2007). Furthermore, as pointed out in Wang
2005), signal amplification is necessary for achieving ultrasensi-
ive miniaturised bioassays. Moreover, high sensitivity methods
re needed for detecting disease diagnosis markers present at
ery low levels during early stages of disease progress (Wang,
005). While the polymerase chain reaction has revolutionised
enetic testing, it is somewhat restricted owing to its complexity,
otential contamination risk and cost. Another, more practically
onvenient target detection and amplification strategy exhibiting
igh specificity and selectivity is padlock probe target recogni-
ion (Nilsson et al., 1994; Landegren et al., 2003) followed by

olling circle amplification (RCA) (Fire and Xu, 1995; Liu et al.,
996).

Recently, we demonstrated a novel non-fluorescence high
ensitivity biomolecule detection method combining padlock
robe target recognition and RCA with the Brownian relaxation

http://www.sciencedirect.com/science/journal/09565663
mailto:mats.nilsson@genpat.uu.se
mailto:maria.stromme@angstrom.uu.se
mailto:peter.svedlindh@angstrom.uu.se
dx.doi.org/10.1016/j.bios.2008.06.043
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iosensor scheme; the volume amplified magnetic nanobead
etection assay (Strömberg et al., 2008). A limit of detection (LOD)
f 4 pM was achieved and the system was optimised mainly with
espect to the sample preparation conditions. Briefly, the assay
elies on padlock probe target recognition followed by RCA for a
ertain time, the RCA-time, giving an ensemble of DNA macro-
olecules (RCA-coils) (∼1 �m size for a RCA-time of 1 h), which in

urn are detected by oligonucleotide tagged magnetic nanobeads
inding to the RCA-coils by base-pair hybridisation. This causes a
ramatic change in the bead Brownian relaxation frequency due to
he strongly increased bead hydrodynamic volume, now essentially
orresponding to the size of an RCA-coil. We denote this bead bind-
ng process bead immobilisation since upon binding to RCA-coils,
eads are no longer free in solution and their Brownian relaxation

s strongly hindered. Upon immobilisation, the magnitude of the
maginary part of the frequency-dependent complex magnetisa-
ion (m = m′ − im′ ′) at the Brownian relaxation frequency (fB) for
on-immobilised beads, the m′ ′ high frequency peak (HFP) level,
ecreases. Single RCA-coils containing immobilised beads exhibit
relaxation peak, which we denote the low frequency peak (LFP).

he HFP level was used as read-out principle in (Strömberg et al.,
008).

In the present work, we investigate in more detail how exper-
mental parameters such as bead size, bead concentration, bead
urface coverage of probe molecules and RCA-time affect the bioas-
ay system with the objective to further develop the bioassay
rinciple. Central issues in the study are to find out if other read-out
rinciples than the turn-off type detection is possible depending
n bead size and to evaluate immobilisation characteristics for var-
ous bead sizes. Finally, multiplexing possibilities are evaluated by
ualitatively performing dual-target detection of bacterial DNA-
equences.

. Materials and methods

.1. Oligonucleotide detection probe-tagged bead synthesis using
PDP coupling chemistry and analysis of oligonucleotide coupling
ield

Three aqueous suspensions of monodisperse amino-
unctionalised cluster-type magnetic beads (nanomag®-D NH2;

icromod Partikeltechnologie GmbH) having bead diameters of
0, 130 and 250 nm were used in this study. The oligonucleotide
urface functionalisation procedure was similar to that presented
arlier (Strömberg et al., 2008) but with some modifications as
utlined in the supplementary material, section A. Table 1 lists
ynthesis conditions and properties for the probe-tagged bead
atches as well as specifies detection probe sequences for each
atch.

.2. Padlock probe target recognition and RCA

The procedures for performing target recognition and RCA were
imilar to those described in Strömberg et al. (2008) except for using
ther target and padlock probe sequences (cf. Table 1).

.3. Sample preparation and characterisation

A SQUID magnetometer was used to measure the frequency-

ependent complex magnetisation (1000–0.5 Hz) and saturation
agnetisation of each sample. In all ac magnetisation measure-
ents, the drive amplitude of the ac field was 2 Oe. In order to

btain the saturation magnetisation of each sample, the diamag-
etic contribution from the sample holder was subtracted. The
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aturation magnetisation was used to calculate the actual amount
f beads in a sample.

.3.1. Characterisation of batches of probe-tagged beads and
on-functionalised beads

30 �l of the batch solution of probe-tagged beads or of
on-functionalised beads was vortexed during 1 min at room tem-
erature and thereafter mounted in the SQUID for measurements
f the complex magnetisation and the saturation magnetisation at
10 K.

.3.2. Characterisation of samples having RCA-coils with
mmobilised probe-tagged beads
.3.2.1. Investigation of detection sensitivity (magnetisation spectrum
s. RCA-coil concentration). 25 �l of the solution of probe-tagged
eads was added to 25 �l of solution having different concentra-
ions of RCA-products (0–300 pM after addition of probe-tagged
eads) where the 0 pM sample was used as negative con-
rol sample. This mixture was gently homogenised at room
emperature and 30 �l was extracted for immediate character-
sation in the SQUID. The characterisation began with 30 min
f incubation at 343 K (most optimal sample preparation pro-
edure according to Strömberg et al., 2008), thereafter the
omplex magnetisation spectrum was measured at 310 K and
nally the saturation magnetisation was determined at the same
emperature. For clarity, the base-stacking calculated melting
emperatures (BioMath) at the detection conditions (NaCl con-
entration 500 mM, MgCl2 concentration 0 M and oligonucleotide
oncentration 10 nM) for the detection probes were all 336 K.
owever, since each bead has been functionalised with sev-
ral oligonucleotides, the resulting melting temperature of the
ead–RCA–product hybrids was larger than 336 K due to cooper-
tive binding effects.

.3.2.2. Investigation of probe-tagged bead immobilisation kinetics.
he probe-tagged bead solution and the solution of RCA-coils were
ixed as described above, but only one particular RCA-coil con-

entration was chosen. After extraction of 30 �l of the mixture,
he HFP and LFP levels of m′ ′ were recorded as a function of time
0–250 min) at constant temperature. The time decay of the m′ ′

FP level reflects the probe-tagged bead immobilisation kinet-
cs.

. Results and discussion

.1. Comparing dynamical magnetic properties of
on-functionalised and oligonucleotide probe-tagged beads of
ifferent sizes

Dynamical magnetic properties of bare and probe-tagged beads
ave been discussed in previous work (Strömberg et al., 2007a,b,
008) and are here only reported in the supplementary material,
ection B.

.2. Effects of varying the oligonucleotide surface coverage for
0 nm beads; “turn-on” and “turn-off” detection

Fig. 1 shows complex magnetisation spectra for samples with
arious RCA-coil concentrations, where batch I was used in (a) and
b) and batch II in (c) and (d). In both cases, target 1 and padlock

robe 1 were used. The 0 pM curves (negative controls) correspond
o samples free of RCA-products. Comparing panels (a) and (b)
ith panels (c) and (d) in Fig. 1, it can be observed that increas-

ng the oligonucleotide surface coverage on the beads improves
he bead immobilisation efficiency. This effect is explained by
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Table 1
Synthesis conditions and properties of the oligonucleotide functionalised bead batches (upper half); sequences of padlock targets, padlock probes and detection probes (lower half)

Original bead
size (nm)

Batch no. SPDP excess relative to total
number of amine groups

Purification steps
after SPDP addition

Oligonucleotide
excess relative to
number of beads

Oligonucleotide
surface coverage

Purification steps after
iodoacetamide
addition

Batch dilution
factor

Total batch dilution
factor in final samples

40a I 5.5 1 1,000 3 1 1 2
40a II 5.5 1 500 14 1 1 2
40a III 5.5 1 500 14 1 2 4
40a IV 5.5 1 500 6 1 1.5 3
40a V 5.5 1 500 6 1 2 4
130a VI 11 6 10,000 18 3 5 10
250a VII 11 6 61,350 54 3 4 8
250a VIII 11 6 30,725 e 3 10 20
250c IX 22 6 122,700 e 3 – –
130b X 22 6 20,000 e 3 – –
250c and 130b XId – – – – – 1 2

Name Sequence

Target 1 5′-GCAACAGTTCTTTATAATCCCGCTGTAATTAGCCCAGAAGAA-3′

Padlock probe 1 5′-GGGATTATAAAGAACTGTTGCCTCGACCGTTAGCAGCATGATTCCGAGATGTACCGCTATCGTGTTGATGTCATGTGTCGCACTTCTTCTGGGCTAATTACAGC-3′

Detection probe 1f SH-5′-TTTTTTTTTTTTTTTTTTTTGTTGATGTCATGTGTCGCAC-3′-FITC
Target 2 5′-CCCTGGGCTCAACCTAGGAATCGCATTTG-3′ (Vibrio cholerae sequence)
Padlock probe 2 5′-TAGGTTGAGCCCAGGGACTTCTAGAGTGTACCGACCTCAGTAGCCGTGACTATCGACTTGTTGATGTCATGTGTCGCACCAAATGCGATTCC-3′

Detection probe 2f SH-5′-TTTTTTTTTTTTTTTTTTTTGTTGATGTCATGTGTCGCAC-3′-FITC
Target 3 5′-TTGTAAAGCACTTTCAGTTGTGAGGAAGGT-3′ (Vibrio vulnificus sequence)
Padlock probe 3 5′-ACTGAAAGTGCTTTACAACTTCTAGAGTGTACCGACCTCAGTAGCCGTGACTATCGACTCTGGACCTTAATCGTGTGCGACCTTCCTCACA-3′

Detection probe 3 SH-5′-TTTTTTTTTTTTTTTTTTTTCTGGACCTTAATCGTGTGCG-3′-FITC

a Detection probe 1.
b Detection probe 3.
c Detection probe 2.
d IX and X mixed in volume amounts 1:3.
e Not analysed.
f Note that these probes are identical.
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Fig. 1. Complex magnetisation vs. frequency at 310 K for 40 nm beads and RCA-coil concentrations ranging from 0 to 300 pM, where batch I was used in (a) and (b) and batch
II in (c) and (d). In both cases, target 1 and padlock probe 1 were used. The upper and lower figure panels show the real and imaginary parts of the complex magnetisation,
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espectively. Probe-tagged beads and RCA-coils are illustrated by red solid spheres w
hrough data points are guides for the eye. (For interpretation of the references to c

he fact that a higher surface coverage of oligonucleotides yields
ore possibilities for a bead to hybridise to an RCA-coil. Another

mportant observation is that, when using 40 nm beads, discrimi-
ation between positive and negative samples can be made using
oth the m′ ′ HFP and LFP levels, which will be referred to as the
turn-off” and “turn-on” detection, respectively. The turn-off effect
elates to the decrease in the m′ ′ HFP level due to immobilisa-
ion of free beads in the RCA-coils, i.e. the number of free beads
ecreases in the solution medium. The turn-on effect relates to the

ncrease in the m′ ′ LFP level when the number of beads immo-
ilised in coils increases. In our previous work using only 130 nm
ized beads (Strömberg et al., 2008) discrimination between a neg-
tive and a positive sample could only be performed using turn-off
etection. Using smaller beads opens up the possibility for dis-
rimination in both the m′ ′ HFP and LFP levels, and in some cases
n improved discrimination in the m′ ′ LFP levels is observed. To
xemplify, the LOD in Fig. 1(b) is 100 pM in both the turn-off and
he turn-on region, while the LOD in Fig. 1(d) is 33 pM in the
urn-off and turn-on region, but with an improved discrimina-
ion between the various coil concentration curves in the turn-on
egion. The finding that both turn-on and turn-off detection is
ossible with small enough beads, whereas for large beads only
urn-off detection is possible, give some indications of how beads
ith different sizes immobilise to RCA-coils. The possibility of
urn-on detection is also attractive for future biosensor develop-
ents.
Due to the comparably low oligonucleotide coupling yield for

he 40 nm beads, other surface coverages than for batches I and II
ere not investigated.
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ark-grey curved lines on surface and light-grey/black coils, respectively. Solid lines
this figure legend, the reader is referred to the web version of the article.)

.3. Effects of decreasing the concentration of 40 nm beads

Table S1 (supplementary material, section C) shows RCA-coil
oncentration, total number of RCA-coils and ratio between total
umber of beads and RCA-coils for the samples in Fig. 1(c) and
d), while Table S2 (supplementary material, section C) lists bead
mmobilisation characteristics for different bead sizes. One notices
hat the ratio between the total number of beads and RCA-coils
s large, for instance it equals 442 for 33 pM RCA-coil concentra-
ion. This explains why a distinct discrimination cannot be made
etween the negative control sample and a positive sample with a
ery low RCA-coil concentration. In Fig. 1(c) and (d), for 14 oligonu-
leotides per bead, the LOD is 33 pM. On the other hand, in the
00 pM sample, around 11 beads are immobilised per coil, which is
ubstantially more than for the 300 pM samples containing 130 and
50 nm beads, i.e. 3 and 0.14 immobilised beads per coil, respec-
ively (cf. Table S2 in supplementary material, section C).

Fig. 2 shows the low frequency regions of the m′ ′ spectra
0.5–20 Hz) for samples with various RCA-coil concentrations (tar-
et 1 and padlock probe 1); batches IV and III were used to obtain the
esults shown in panel (a) and (b), respectively. As can be observed,
sing a lower concentration of beads has a positive effect on the
′ ′ LFP levels. There is an excellent correlation between the m′ ′ LFP

evels and the RCA-coil concentration, which was not observed pre-

iously (Strömberg et al., 2008). Lowering the bead concentration
esults in higher m′ ′ LFP levels but also a larger spacing between the
urves, i.e. the detection sensitivity is improved. This is expected
ince using a smaller amount of beads yields a higher percentage
f immobilised beads for each coil concentration. However, there
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Fig. 2. The low-frequency regions of the imaginary part of complex magnetisation
vs. frequency at 310 K for positive samples with 40 nm beads and RCA-coil concen-
trations ranging from 0 to 300 pM (target 1 and padlock probe 1 were used). Batches
IV and III were used in (a) and (b), respectively. Probe-tagged beads and RCA-coils
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re illustrated by red solid spheres with dark-grey curved lines on surface and light-
rey/black coils, respectively. Solid lines through data points are guides for the eye.
ote the different m′ ′ scales used in (a) and (b). (For interpretation of the references

o color in this figure legend, the reader is referred to the web version of the article.)

s no significant improvement of the LOD comparing batches IV
Fig. 2(a)) and II (Fig. 1(d)). This is explained by the fact that the
atch dilutions do not differ sufficiently much to induce a signifi-
ant change of the LOD. The LOD in Fig. 2 is 33 pM in (a) and 11 pM
n (b). Since the magnetic moment per bead is comparably small
or the 40 nm beads, batch dilution by more than a factor 2 was not
ossible without yielding too poor signal to noise ratio.

.4. Effects of varying the RCA-time for 40 nm beads

The effect of varying the RCA-time has been discussed in pre-
ious work (Strömberg et al., 2008) and the present results are
herefore presented in the supplementary material, section D.
s expected, increasing the RCA-time yields a higher degree of
ead immobilisation. However, doubling the RCA-time from 60 to
20 min does not noticeably improve the immobilisation perfor-
ance.

.5. Effects of using large beads in low concentrations (250 nm
eads)
Panels (a) and (b) in Fig. 3 show complex magnetisation spectra
or samples with RCA-coil concentrations ranging from 0 to 300 pM
batch VII; target 1 and padlock probe 1 were used). The m′ ′ pro-
le for the 300 pM sample is featureless and small in magnitude,
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ndicating that almost 100% of the beads are immobilised in the
oils. The LOD for this concentration series is 11 pM, which is not as
ood as for the 130 nm beads investigated earlier (Strömberg et al.,
008), despite the fact that the concentration of beads is substan-
ially smaller than in Strömberg et al. (2008). This observation is
entatively explained by the coil immobilisation capacity for larger
eads being lower than for smaller beads due to sterical effects. Fur-
hermore, no distinct low frequency peaks can be observed even
or the highest RCA-coil concentrations despite the fact that the

′ ′ HFP levels are so low. Beads are immobilised but in a different
anner comparing with the immobilisation for the smaller sized

eads. Most likely, small beads immobilise in the interior of the
oils resulting in well separate coils with beads having a relax-
tion frequency around 1 Hz. The 250 nm beads on the other hand
ave a tendency to cross-link several coils, thus forming coil aggre-
ates with relaxation frequencies below the low frequency limit of
he ac magnetisation measurements (0.5 Hz). Another observation

ade for large beads is that immobilisation of 250 nm beads gives
much larger signal change than observed for the corresponding

mmobilisation of 40 nm beads.
Panels (c) and (d) in Fig. 3 show complex magnetisation spec-

ra for positive samples with RCA-coil concentrations ranging from
to 300 pM (batch VIII; target 1 and padlock probe 1 were used).

t can be seen that the m′ ′ HFP levels have decreased (panel (d))
or all RCA-coil concentrations, the curve spacing has increased
ompared to that in Fig. 3(b) and the LOD is improved to 4 pM,
hich is the same limit as obtained for 130 nm beads (Strömberg

t al., 2008). Moreover, in Fig. 3, it can be noticed that the HFPs are
lightly shifted towards higher frequencies for increasing RCA-coil
oncentrations. A possible explanation for this is that the presence
f RCA-coils decreases the number of free bead aggregates and/or
he tendency for free beads to aggregate. The underlying physical

echanisms can be that the coils increase the separation between
ree beads by acting as physical barriers between the beads. In addi-
ion, coil hybridisation probability for aggregates of probe-tagged
eads is most likely larger than for single beads due to a larger
umber of probe molecules per entity.

.6. Immobilisation kinetics and immobilisation characteristics
or different bead sizes

In a positive sample, i.e. when there is a match between the
ligonucleotides on the bead surface and the sequence in the RCA-
oils, the beads and coils approach each other through random
iffusive motion and bind by hybridisation (Strömberg et al., 2008).
hen a bead is close enough to a coil hybridisation site, the hybridi-

ation occurs instantaneously, i.e. the bead and coil diffusion is the
ate determining step in the immobilisation process. In Strömberg
t al. (2008), the kinetics was investigated only for 130 nm beads,
nd here immobilisation kinetics for two other bead sizes will be
valuated.

Fig. 4 shows the m′ ′ HFP level vs. incubation time for three
00 pM positive samples (target 1 and padlock probe 1) with dif-
erent bead sizes; 40 nm (batch V), 130 nm (batch I in Strömberg et
l., 2008) and 250 nm (batch VII). The m′ ′ HFP level is almost con-
tant in time for the 40 and 130 nm beads and starts well below
he corresponding negative control levels, which are around 0.35,
.20 and 0.40 emu/g for the three sizes, respectively. This indi-
ates that most of the 40 and 130 nm beads immobilise during
he bead/coil mixing process and before the magnetic measure-
ent begins, i.e. their immobilisation kinetics are very fast. This is
xpected because of their small size giving rise to large diffusion
onstants (Stokes–Einstein relation). However, the immobilisation
inetics for the 250 nm beads is unexpectedly slow compared to
hat of the 40 and 130 nm beads. The m′ ′ HFP level starts slightly
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Fig. 3. Complex magnetisation vs. frequency at 310 K for samples with 250 nm beads and RCA-coil concentrations ranging from 0 to 300 pM, where batch VII was used in
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a) and (b) and batch VIII in (c) and (d). In both cases, target 1 and padlock probe 1
omplex magnetisation, respectively. Probe-tagged beads and RCA-coils are illustrat
espectively. Solid lines through data points are guides for the eye. (For interpretatio
f the article.)

elow the negative control level and decays slowly with time as it
pproaches the equilibrium m′ ′ HFP level of the system. Most likely,

s the results suggest, immobilisation kinetics is not only depen-
ent on bead diffusion constant, which is directly related to bead
ize, but also on the fact that smaller beads due to steric reasons
ore easily find unoccupied hybridisation sites in the coils.

ig. 4. High frequency peak level of the imaginary part of the complex magnetisa-
ion vs. incubation time at 310 K for three different samples containing a RCA-coil
oncentration of 100 pM (target 1 and padlock probe 1 were used) and beads of
he displayed sizes; 40 nm (batch V), 130 nm (batch I in Strömberg et al., 2008) and
50 nm (batch VII). Solid lines through data points are guides for the eye.
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Supplementary material, section C, provides a more detailed dis-
ussion of immobilisation characteristics for different bead sizes.
maller beads exhibit faster immobilisation kinetics and occupy
CA-coils in larger amounts than larger beads. This makes small
eads a better candidate for achieving a bioassay with improved
haracteristics.

.7. Effects of reducing the concentration of 130 nm beads and
dding a genomic background, sedimentation characteristics

In supplementary material, section E, the effects of reducing
he concentration of 130 nm beads and adding genomic back-
round material are discussed in detail (cf. Fig S3). The detection
ethod is shown to work well even in presence of a large excess

f background material added after ligation and RCA and the
esults even suggest a LOD approaching the 1 pM level. The results
lso indicate that the genomic background material decreases
he bead sedimentation rate and/or bead adsorption tendency.
igation and RCA have earlier been proven to perform robustly
oth in 0.05% pig feces and 12.5% whole blood (Jarvius et al.,
006).

.8. Dual-target detection of biologically relevant targets (130
nd 250 nm beads)
In this section, we qualitatively demonstrate for the first time
imultaneous turn-off detection of two kinds of bacterial DNA
equences, Vibrio cholerae and Vibrio vulnificus, using a dual-size
etection batch consisting of 250 and 130 nm beads. For obtaining
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Fig. 5. Complex magnetisation vs. frequency at 310 K showing the results from a
dual-target experiment involving Vibrio cholerae (250 nm beads, target 2 and padlock
probe 2) and Vibrio vulnificus (130 nm beads, target 3 and padlock probe 3) DNA
sequences (batch XI used). The curves indicated by blue circles, red squares and green
squares show the responses for samples consisting of both V. cholerae and V. vulnificus
targets, only V. vulnificus and only V. cholerae targets, respectively. In all samples, the
probe-tagged bead concentration is 45 and 490 pM for 250 nm beads and 130 nm
beads, respectively. Figure panels (a) and (b) show the real and imaginary parts of
the complex magnetisation, respectively. RCA-coils arising from V. Cholerae and V.
Vulnificus targets are illustrated as red/black and light-grey/black coils, respectively.
Probe-tagged beads matching V. Cholerae and V. Vulnificus RCA-coils are illustrated
as blue solid spheres with red curved lines on surface and green solid spheres with
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Acknowledgements
ark-grey curved lines on surface, respectively. Solid lines through data points are
uides for the eye. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

he dual-size batch (XI), 250 and 130 nm beads (batches IX and X)
ere mixed in volume amounts 1:3.

Fig. 5 shows complex magnetisation spectra presenting the
esults from a dual-target experiment with V. cholerae (target 2 and
adlock probe 2, 250 nm beads) and V. vulnificus (target 3 and pad-

ock probe 3, 130 nm beads) DNA sequences. The real and imaginary
arts of the complex magnetisation are shown in panels (a) and (b),
espectively. In all samples, the probe-tagged bead concentration
s 45 and 490 pM for 250 nm beads and 130 nm beads, respectively.

e have here only characterised samples with high RCA-coil con-
entrations in order to qualitatively demonstrate that our bioassay
llows for multiplexing. In a real situation, the RCA-coil concentra-
ions may have all kinds of intermediate values. Furthermore, the
esults would have been easier to interpret if the free bead peak
verlap was smaller, i.e. if the bead sizes differed more. Theoreti-

ally, in this case, quantitative analysis could be based on measuring
he m′ ′ HFP levels at the two free bead relaxation frequencies. How-
ver, this was not practically possible in this study due to the upper
requency limit of the used SQUID magnetometer being as low as

F
o
a

oelectronics 24 (2008) 696–703

kHz. However, in the case of quantitative multiplexing, overlap-
ing free bead peaks should not be a problem since the composite
′ ′ signal can be deconvoluted in a similar manner as in Goldman

t al. (2004), where multiplexed toxin analysis using four colours of
uantum dot fluororeagents was performed. As can be seen in Fig. 5,
he HFPs are located at 7 and 100 Hz for the 250 and 130 nm bead
opulations, respectively. If both targets are present, two relaxation
eaks are detected. If only one of the targets is present, only one HFP
an be observed, mainly arising from free beads having the oppo-
ite detection probe. In panel (a), it can be seen that the dual-target
urve exhibits the smallest magnitude of the three curves, which
s expected since this curve corresponds to the sample having the
ighest amount of immobilised beads.

Finally, a third relaxation process located around 1 Hz has to be
aken into account to model the results of positive samples; the
elaxation of the RCA-coils containing immobilised beads. Conse-
uently, the measured magnetisation profile is a superposition of
hree peaks. However, when using beads of relatively large sizes
s in this case, the height of the relaxation peak corresponding
o RCA-coils containing immobilised beads is small enough not
o significantly interfere with the 7 Hz peak corresponding to free
robe-tagged 250 nm beads. This observation is consistent with the
iscussion in Section 3.6, where it was concluded that large beads
orm RCA-coil aggregates exhibiting a relaxation frequency outside
he frequency range of the experiment.

. Conclusion and outlooks

The effects of bead size, bead surface coverage of probe oligonu-
leotides, bead concentration and RCA-time on the performance
f the volume amplified magnetic nanobead detection assay
Strömberg et al., 2008) have been evaluated, yielding several
esults of importance for future biosensor development. Summaris-
ng, the three most fundamental and important results are as follows:
i) using 40 nm beads, both turn-off and turn-on detection strate-
ies are possible whereas only turn-off type detection is possible
ith larger beads. This observation is most likely an effect of differ-

ntly sized beads immobilising to RCA-coils in different manners;
arge beads cross-link RCA-coils to form coil aggregates with char-
cteristic frequencies outside the experimental frequency range. (ii)
he immobilisation kinetics is faster for smaller beads and smaller
eads immobilise in larger numbers to coils than larger beads. The
aster immobilisation kinetics for small beads will be of importance
or biosensor development, since the time needed to complete a
iagnostic test is an essential parameter for the test performance.
iii) The bioassay can be used for multiplexed detection, which fol-
ows from the qualitative demonstration of dual-target detection
f two kinds of bacterial DNA sequences using 130 and 250 nm
eads.

Changing the read-out format by developing a miniaturised
latform based on a magnetoresistive sensor (Freitas et al., 2007)
r a micro-Hall probe (Sandhu et al., 2007; Mihajlovic et al.,
005), is expected to considerably improve the LOD. Moreover,
y introducing a sensor that covers a broader frequency inter-
al than that of the SQUID, a larger range of bead sizes can be
mplemented thus allowing for improved multiplexed detection
trategies.
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