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Optomagnetic read-out enables easy, rapid, and cost-efficient
qualitative biplex detection of bacterial DNA sequences
Rebecca S. Bejhed, Teresa Zardán Gómez de la Torre, Peter Svedlindh and Mattias Strömberg
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There is an increasing need to develop novel bioassay methods for low-cost, rapid, and easy-touse multiplex detection of pathogens in various fields ranging from human infectious disease diagnosis, drinking water quality control, to food safety applications. Due to their unique advantages,
magnetic and optomagnetic bioassay principles are particularly promising for biodetection platforms that will be used in developing countries. In this paper, an optomagnetic method for rapid
and cost-efficient qualitative biplex detection of bacterial DNA sequences is demonstrated. Within less than two hours, the assay gives an answer to whether none, both, or only one of the bacterial DNA sequences is present in the sample. The assay relies on hybridization of oligonucleotidefunctionalized magnetic nanobeads of two different sizes to rolling circle amplification (RCA)
products originating from two different bacterial targets. The different bead sizes are equipped
with different oligonucleotide probes, complementary to only one of the RCA products, and the
read-out is carried out in the same sample volume. In an optomagnetic setup, the frequency modulation of transmitted laser light in response to an applied AC magnetic field is measured. The presented methodology is potentially interesting for low-cost screening of pathogens relating to both
human and veterinary medicine in resource-poor regions of the world.
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1 Introduction
Novel bioassay methods for low-cost, rapid, and easy-touse multiplex detection of pathogens are increasingly
demanded in diverse fields ranging from human infectious disease diagnostics [1, 2], drinking water quality
control [3–5] to food safety applications [6–8]. Most of
today’s commercial instruments for pathogenic target
deoxyribonucleic acid (DNA) detection rely on fluorescence read-out, often in combination with target amplification through PCR. This enables a high degree of multiplexing and excellent sensitivity, however, at the expense
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of a high risk of false positives, relatively costly equipment, and the need for specially trained personnel. In contrast, magnetic [9, 10] and optomagnetic bioassay principles [11–13] offer unique advantages in terms of very low
background signals and associated low-cost equipment
and are therefore promising for biodetection platforms to
be used in developing countries [14]. Particularly relevant
applications could, for instance, be in-field, rapid and
cost-efficient qualitative multiplex monitoring of pathogens. If one or more positive answers are obtained, samples could be sent to a central laboratory for further analysis, such as identification of strains, etc.
In this paper we present an optomagnetic method for
rapid and cost-efficient qualitative biplex detection of
bacterial DNA sequences. Within less than two hours, the
assay gives a qualitative answer to whether none, both, or
only one of the bacterial DNA sequences is present in a
sample. The assay begins with a padlock probe ligation
and rolling circle amplification (RCA) protocol (about
70 min) for highly specific target recognition and isothermal enzymatic amplification. The resulting two types of

© 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

469

Biotechnology
Journal

Biotechnol. J. 2015, 10, 469–472
www.biotecvisions.com

www.biotechnology-journal.com

RCA products in the form of macromolecular coils of
ssDNA (here denoted DNA coils) with a repeating
sequence motif are mixed with magnetic beads (exhibiting Brownian relaxation behavior) of two different sizes,
each functionalized with a detection oligonucleotide
complementary to only one type of DNA coil. It should be
noted that the padlock probe ligation reaction constitutes
highly specific target recognition since both the 5′ and 3′
ends of the linear padlock probe are designed to bp next
to each other on the target strand. After an incubation
step of 20 min and transfer to a disposable cuvette, the
coil-bead sample is measured using an optomagnetic system (measurement time about a few minutes) in which
the sample, while being subjected to an alternating current (AC) magnetic field (perpendicular to the optical
path), is illuminated by a laser beam and the transmitted
light is collected by a photodetector. The field-induced
sample response is measured as the second harmonic
component, V2 = V2′ + V2′′, of the output voltage from the
photodetector, normalized with respect to the total intensity of transmitted light, V0. We consider two data analysis approaches; firstly V2′/V0 and secondly the phase angle
response, ζ = arctan (V2′/V2′′), vs. frequency of the AC
magnetic field. Beads bound to DNA coils will respond
differently than free beads, which will be reflected in the
shape of the curves. We are able to show that each combination of presence/absence of the two targets has a distinct phase angle signature, thereby enabling a straightforward qualitative biplex read-out. It should be noted that
in previous work [15] we demonstrated biplex detection of
bacterial DNA sequences using a commercial and portable
AC susceptometer device (DynoMag) for read-out in terms
of measuring the AC magnetization of the sample. In the
current work we have achieved major advancements in
terms of performing the read-out in a device having considerable potential to be made at a much lower cost than
the DynoMag system (about a factor of 100 times lower).
Furthermore, the optomagnetic system is considerably
easier to miniaturize and is also much more compatible
with microfluidics for automated sample preparation.

2 Materials and methods
Sequences of targets, padlock probes, and detection
oligonucleotides can be found in Supporting information,
Table S1.

2.1 Conjugation of detection oligonucleotides
to magnetic nanobeads
Two 200-μL batches of oligonucleotide-functionalized
magnetic beads were prepared according to protocols
described in detail in Supporting information, Section S1.
Detection oligonucleotide for Escherichia coli (EC) was
conjugated to 250-nm beads (nanomag-D avidin, Micro-
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mod), and detection oligonucleotide for Vibrio cholerae
(VC) was conjugated to 100-nm beads (Brownian nanofluid (BNF)-Starch avidin, Micromod, Germany). The two
bead batches were further diluted with PBS to a final concentration of 400 μg/mL, after which they were mixed at
a volume to volume ratio of 1:2 to get final approximate
concentrations of 130 and 270 μg/mL of 250- and 100-nm
beads, respectively.

2.2 Padlock probe target recognition, ligation,
and rolling circle amplification
Target recognition and RCA were performed essentially
as previously described in ref. [15], for details see Supporting information, Section S2.

2.3 Optomagnetic setup
The optomagnetic setup comprises a Blu-ray laser source,
a photodetector, a pair of electromagnets, a sample holder, a current source, a data acquisition (DAQ) unit, and a
computer; for details, see Supporting information, Section
S3. A schematic illustration of the setup is shown in Supporting information, Fig. S1. An AC magnetic field is
applied using the electromagnets, and the frequency
modulation of the photodetector voltage signal is measured using a lock-in amplifier with the magnetic field frequency as the reference. The magnetic beads respond to
the applied AC field by the formation and disruption of
chain-like superstructures. The modulation of transmitted light by this chain formation/disruption dynamics is
measured as the second harmonic component of the photodetector voltage signal, divided into its in- and out-ofphase components. Theory behind the optomagnetic
measurement principle can be found in Supporting information Section S4 as well as in ref. [16]. In particular, Supporting information, Fig. S2 shows the relation between
the AC magnetic and the optomagnetic sample response.

2.4 Sample preparation and read-out
Fifteen μL of bead solution was gently mixed with 15 μL
of DNA coil solution of different compositions and concentrations. The solution was incubated for 20 min at
55°C, after which it was diluted with 30 μL of a 50–50
buffer mixture (50 v/v % of 1 × PBS pH 7.4 and 50 v/v % of
hybridization buffer). The final solution was transferred to
a cuvette and measured using the optomagnetic setup in
the frequency range 1–200 Hz with an AC magnetic field
amplitude of 2.58 mT.

3 Results and discussion
Panels A and B in Fig. 1 show in- (V2′/V0) and out-of-phase
(V2′′/V0) vs. frequency spectra for four selected DNA coil
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concentration combinations, respectively. It can be
observed that all four curves have clearly distinct signatures, different in shape and/or peak frequency. For no
DNA coils present (EC 0, VC 0) a comparably narrow V2′
peak is seen at a frequency corresponding to one inbetween the two individual free-bead peaks, which could
be considered as the sum of the peaks for 250- and 100-nm
beads. When measuring on samples with only 250-nm
beads and EC-coils (see Supporting information,
Fig. S3A), the free-bead peak is located at 15 Hz, whereas the free-bead peak for 100-nm beads (see Supporting
information, Fig. S3B) is located at 40 Hz. It is reasonable
to assume that the result from measuring on a sample
containing both bead sizes would be represented by a
peak at a frequency somewhere in between those two values. When DNA coils in high enough concentration are
present, the free-bead peak is suppressed in favor of the
formation of a new bound-bead peak at a lower frequency. This V2′ peak is tentatively explained by the formation
of chains by beads bound in DNA coils. As can be seen in
Supporting information, Fig. S3A and B, the bound-bead
peak for 250-nm beads in EC coils appears at 5 Hz whereas the bound-bead peak for 100-nm beads in VC coils
appears at a slightly higher frequency. Using this information, the interpretation of the curve shapes and peak
frequencies of Fig. 1B is straightforward. For the sample
EC 1, VC 1, the peak represents the sum of the two boundbead peaks and is thus located at 5 Hz. For sample EC 1,
VC 0, the measured V2′ spectrum represents the sum of
the contributions from EC coils with bound 250-nm beads
and free 100-nm beads. Accordingly, the curve shows one
peak at 37 Hz representing the free 100-nm beads and a
signature of one low-frequency peak representing the
response from EC coils with bound 250-nm beads. For the
sample EC 0, VC 1, the V2′ curve is a sum of the response
from free 250-nm beads and VC coils with bound 100-nm
beads. Since these two peaks overlap much more than for
the case of the EC 1, VC 0 sample, the resulting curve is
much narrower. In the EC 0, VC 1 curve, a small residual
peak at 50 Hz can be seen, corresponding to the response
from a small amount of free 100-nm beads. The explanation for the residual free 100-nm bead peak being located
at a somewhat higher frequency compared to the measured free-bead peak at 40 Hz could be explained in terms
of the existence of a small part of the bead size distribution (corresponding to beads with the smallest sizes) having few or no oligonucleotides, therefore unable to bind to
DNA coils.
In recent studies [16] we have demonstrated that the
phase angle analysis method is superior to the turn-off
approach (decrease of V2′ peak amplitude upon increasing
DNA coil concentration) with regards to SDs of the measured samples. Thus, we proceeded by considering the
phase angle ζ = arctan (V2′/V2′′) vs. frequency spectrum. In
Fig. 2, the ζ vs. frequency spectra belonging to the four
samples in Fig. 1 are shown (see Supporting information,

Figure 1. Biplex detection of EC and VC DNA coils, generated through target recognition by padlock probe ligation followed by RCA (see protocols
in Supporting information Section S2), using 250- and 100-nm magnetic
beads functionalized with detection oligonucleotides for EC and VC,
respectively (see protocol in Supporting information, Section S1).
Fifteen μL of DNA coil solution (both EC and VC) and 15 μL of bead suspension (mixture of the two sizes) were incubated for 20 min at 55°C and
diluted with 30 μL of a buffer mixture prior to measurements in an optomagnetic system. In this setup the sample contained in a disposable
cuvette, while being subjected to an AC magnetic excitation field (perpendicular to the optical path), is illuminated by a laser beam and the transmitted light is collected by a photodetector. Four combinations of DNA
coil concentrations were measured upon; 0–0, 0–1, 1–0, and 1–1, where
the first figure represents the concentration of EC coils and the second figure represents the concentration of VC coils in nM. The second harmonic
component, V2 = V2′ + V2′′, of the photodetector voltage output signal was
measured as a function of frequency of the applied magnetic excitation
field. Panel A shows the normalized in-phase component, V2′/V0, and panel B show the normalized out-of-phase component, V2′′/V0, where V0 is the
total intensity of transmitted light. The curves are based on the average of
triplicate measurements.

Fig. S4C for all samples). With this analysis method the
four concentrations result in curves with clearly distinct
signatures. Additionally it should be noted that, accord-
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Figure 2. Biplex detection of EC and VC DNA coils using 250- and 100-nm
magnetic beads functionalized with EC and VC detection probes, respectively, according to Supporting information, Section S1. The DNA coils
were generated according to protocols given in Supporting information,
Section S2. Fifteen μL of DNA coil solution (both EC and VC) and 15 μL of
beads (mixture of the two sizes) were incubated for 20 min at 55°C and
diluted with 30 μL of a buffer mixture prior to measurements in an optomagnetic system. The figure shows phase angle vs. frequency spectra for
four different combinations of DNA coil concentrations; 0–0, 0–1, 1–0, 1–1
(in nM), where the first figure represents EC and the second figure represents VC. The phase angle is defined as ζ = arctan (V2′/V2′′) where V2′ and
V2′′ is the in-phase and out-of-phase components of the second harmonic
of the photodetector voltage output signal. Each curve is based on triplicate measurements with error bars corresponding to one SD.

ing to Supporting information, Fig. S4C, a DNA coil concentration of 0.5 nM gives the same response as obtained
for the 1-nM coil concentration; an observation that further confirms the qualitative assay characteristics of our
method. Important to emphasize is that in ref. [16] (Supporting information, Fig. S7) we have shown using 250-nm
beads that the phase angle spectrum of a negative control
sample does not significantly differ from that of a sample
containing 500 pM of DNA coils non-complementary to
the beads. This implies that in the biplex assay the binding of beads to complementary DNA coils is not significantly influenced by the presence of non-complementary
DNA coils.

4 Concluding remarks
We have demonstrated qualitative biplex detection of
E. coli and V. cholerae DNA sequences in an optomagnetic measurement setup. Within less than two hours an
answer can be obtained. The presented methodology is
potentially interesting for low-cost screening of pathogens
relating to both human and veterinary medicine in
resource-poor regions of the world.

472

[1] Wiemer, D., Loderstaedt, U., von Wulffen, H., Priesnitz, S. et al., Realtime multiplex PCR for simultaneous detection of Campylobacter
jejuni, Salmonella, Shigella and Yersinia species in fecal samples. Int.
J. Med. Microbiol. 2011, 301, 577–584.
[2] Barletta, F., Mercado, E. H., Lluque, A., Ruiz, J. et al., Multiplex realtime PCR for detection of Campylobacter, Salmonella, and Shigella.
J. Clin. Microbiol. 2013, 51, 2822–2829.
[3] Momtaz, H., Dehkordi, F. S., Rahimi, E., Asgarifar, A., Detection of
Escherichia coli, Salmonella species, and Vibrio cholerae in tap
water and bottled drinking water in Isfahan, Iran. Bmc Public Health.
2013, 13, 13:556.
[4] Thompson, D. E., Rajal, V. B., De Batz, S., Wuertz, S., Detection of Salmonella spp. in water using magnetic capture hybridization combined with PCR or real-time PCR. J. Water Health 2006, 4, 67–75.
[5] McEgan, R., Rodrigues, C. A., Sbodio, A., Suslow, T. V. et al., Detection of Salmonella spp. from large volumes of water by modified
Moore swabs and tangential flow filtration. Lett. Appl. Microbiol.
2013, 56, 88–94.
[6] Zhao, H. K., Wang, W. J., Zhao, P., Zhang, H. B. et al., Simultaneous
detection of Salmonella, Listeria monocytogenes and Shigella in
poultry samples by triplex PCR. J. Bacteriol. Mycol. 2014, 1, 1–5.
[7] Alves, J., Marques, V. V., Pereira, L. F. P., Hirooka, E. Y. et al., Multiplex PCR for the detection of Campylobacter spp. and Salmonella
spp. in chicken meat. J. Food Safety 2012, 32, 345–350.
[8] Thakur, S., Brake, J., Keelara, S., Zou, M. et al., Farm and environmental distribution of Campylobacter and Salmonella in broiler
flocks. Res. Vet. Sci. 2013, 94, 33–42.
[9] Llandro, J., Palfreyman, J. J., Ionescu, A., Barnes, C. H. W., Magnetic biosensor technologies for medical applications: A review. Med.
Biol. Eng. Comput. 2010, 48, 977–998.
[10] Koh, I., Josephson, L., Magnetic nanoparticle sensors. SensorsBasel. 2009, 9, 8130–8145.
[11] Baudry, J., Rouzeau, C., Goubault, C., Robic, C. et al., Acceleration of
the recognition rate between grafted ligands and receptors with
magnetic forces. Proc. Natl. Acad. Sci. USA 2006, 103, 16076–16078.
[12] Park, S. Y., Handa, H., Sandhu, A., Magneto-optical biosensing platform based on light scattering from self-assembled chains of functionalized rotating magnetic beads. Nano Lett. 2009, 10, 446–451.
[13] Ranzoni, A., Schleipen, J. J. H. B., van Ijzendoorn, L. J., Prins, M. W.
J., Frequency-selective rotation of two-particle nanoactuators for
rapid and sensitive detection of biomolecules. Nano Lett. 2011, 11,
2017–2022.
[14] Yager, P., Domingo, G. J., Gerdes, J., Point-of-care diagnostics for
global health. Annu. Rev. Biomed. Eng. 2008, 10, 107–144.
[15] Strömberg, M., Zardán Gómez de la Torre, T., Nilsson, M., Svedlindh, P. et al., A magnetic nanobead-based bioassay provides sensitive detection of single- and biplex bacterial DNA using a portable
AC susceptometer. Biotechnol. J. 2014, 9, 137–145.
[16] Bejhed, R. S., Zardán Gómez de la Torre, T., Donolato, M., Hansen,
M. F. et al., Turn-on optomagnetic bacterial DNA sequence detection using volume-amplified magnetic nanobeads. Accepted in
Biosens. Bioelectr., 2015, 66, 405–411.

© 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ISSN 1860-6768 · BJIOAM 10 (3) 339–500 (2015) · Vol. 10 · March 2015

Systems & Synthetic Biology ·
Nanobiotech · Medicine

3/2015
Aggregation
Screening
Purification

Cover illustration

Protein
Stabilization
www.biotechnology-journal.com

Special issue: Protein Stabilization
This Special issue edited by Marina Lotti and Francesco Secundo includes contributions
on protein stability concerning protein production and purification, screening for more
stable proteins and the impact of protein aggregation. The articles were presented at
the 10th International Conference on Protein Stabilisation (7–9 May 2014) in Stresa
(Lake Maggiore, Italy).
The cover illustrates the difficult balance between stability and other properties of the
proteins. Image: © styf Fotolia.com

Biotechnology Journal – list of articles published in the March 2015 issue.
Editorial: Protein stabilization –
crossroad for protein-based processes and products
Marina Lotti and Francesco Secundo
http://dx.doi.org/10.1002/biot.201500064

Research Article
High yields of active Thermus thermophilus proline
dehydrogenase are obtained using maltose-binding protein
as a solubility tag
Mieke M.E. Huijbers and Willem J.H. van Berkel

Review
Robust enzyme design: Bioinformatic tools
for improved protein stability
Dmitry Suplatov, Vladimir Voevodin and Vytas Švedas

http://dx.doi.org/10.1002/biot.201400150

http://dx.doi.org/10.1002/biot.201400229
Research Article
Arginine dipeptides affect insulin aggregation
in a pH- and ionic strength-dependent manner
Mariam M Nuhu and Robin Curtis

Review
Proteins without unique 3D structures: Biotechnological
applications of intrinsically unstable/disordered proteins
Vladimir N. Uversky

http://dx.doi.org/10.1002/biot.201400374
Review
A multiscale view of therapeutic protein aggregation:
A colloid science perspective

http://dx.doi.org/10.1002/biot.201400190
Research Article
Salts employed in hydrophobic interaction chromatography
can change protein structure – insights from protein-ligand
interaction thermodynamics, circular dichroism spectroscopy
and small angle X-ray scattering
Andras Z. Komaromy, Chadin Kulsing, Reinhard I. Boysen
and Milton T. W. Hearn

Lucrèce Nicoud, Marta Owczarz, Paolo Arosio and
Massimo Morbidelli

http://dx.doi.org/10.1002/biot.201400465

http://dx.doi.org/10.1002/biot.201400858

Review
Fluoro amino acids: A rarity in nature, yet a prospect
for protein engineering

Biotech Method
Tethered ribozyme ligation enables detection
of molecular proximity in homogeneous solutions
Bella Katzman, Maria Vyazmensky, Olga Press,
Micha Volokita and Stanislav Engel

http://dx.doi.org/10.1002/biot.201400551
Research Article
Mechanical stability analysis of the protein L immunoglobulinbinding domain by full alanine screening using molecular
dynamics simulations

Corinna Odar, Margit Winkler and Birgit Wiltschi

http://dx.doi.org/10.1002/biot.201400587
Review
Single-walled carbon nanotubes as near-infrared optical
biosensors for life sciences and biomedicine
Astha Jain, Aida Homayoun, Christopher W. Bannister,
and Kyungsuk Yum

http://dx.doi.org/10.1002/biot.201400168

Anna V. Glyakina, Ilya V. Likhachev, Nikolay K. Balabaev,
Oxana V. Galzitskaya

http://dx.doi.org/10.1002/biot.201400231

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biotechnology-journal.com

Biotech Method
Isothermal microcalorimetry accurately detects bacteria,
tumorous microtissues, and parasitic worms in a label-free
well-plate assay

Research Article
Changed loading conditions and lysate composition improve
the purity of tagged recombinant proteins with tacn-based
IMAC adsorbents

Olivier Braissant, Jennifer Keiser, Isabel Meister,
Alexander Bachmann, Dieter Wirz, Beat Göpfert,
Gernot Bonkat and Ingemar Wadsö

Chunfang Zhang, Dale Fredericks, Darant Longford,
Eva Campi, Tamsin Sawford and Milton T. W. Hearn

http://dx.doi.org/10.1002/biot.201400494
Biotech Method
Optomagnetic read-out enables easy, rapid, and cost-efficient
qualitative biplex detection of bacterial DNA sequences
Rebecca S. Bejhed, Teresa Zardán Gómez de la Torre,
Peter Svedlindh and Mattias Strömberg

http://dx.doi.org/10.1002/biot.201400615
Biotech Method
An improved ARS2-derived nuclear reporter enhances the
efficiency and ease of genetic engineering in Chlamydomonas

http://dx.doi.org/10.1002/biot.201400463
Research Article
Increased antioxidant capacity in tomato by ectopic expression
of the strawberry D-galacturonate reductase gene
Iraida Amaya, Sonia Osorio, Elsa Martinez-Ferri,
Viviana Lima-Silva, Veronica G. Doblas,
Rafael Fernández-Muñoz, Alisdair R. Fernie,
Miguel A. Botella and Victoriano Valpuesta

http://dx.doi.org/10.1002/biot.201400279

Elizabeth A. Specht, Hussam Hassan Nour-Eldin,
Kevin T. D. Hoang and Stephen P. Mayfield

http://dx.doi.org/10.1002/biot.201400172

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biotechnology-journal.com

