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Abstract In this review we discuss conventional methods

of performing biological assays and molecular identifica-

tion and highlight their advantages and limitations. An

alternative approach based on magnetic nanotechnology is

then presented. Firstly, magnetic carriers are introduced

and their biocompatibility and functionalisation discussed,

with spotlights on functionalisation via self assembled

monolayers and on methods of reducing nonspecific

binding. In addition an introduction is provided to the basic

physical concepts behind the various types of sensors used

to detect magnetic labels. Finally, progress in the field of

magnetic biosensors and the outlook for the future are

discussed.
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Abbreviations

AFM Atomic force microscope

AMR Anisotropic magnetoresistance

CIP Current in-plane

CPP Current perpendicular-to-plane

dNTPs Deoxynucleotide triphosphates

FM Ferromagnet

FET Field effect transistor

FRET Fluorescence resonance energy transfer

GMR Giant magnetoresistance

MR Magnetoresistance

MRI Magnetic resonance imaging

lTAS Microscopic total analysis systems

MTJ Magnetic tunnel junction

NHS N-Hydroxysuccinimide

PCR Polymerase chain reaction

PEG Poly(ethylene) glycol

PSV Pseudo-spin-valve

QDs Quantum dots

RT Room temperature

SAM Self assembled monolayer

SEM Scanning electron microscopy

SQUID Super-conducting quantum interference device

SV Spin-valve

TMR Tunnelling magnetoresistance

1 Introduction

The last decade has seen an enormous surge of work being

carried out on biomagnetism and magnetic biosensors

based on molecular recognition processes. Recent reviews

focussing on applications of magnetic nanoparticles in

biomedicine [129], their synthesis [142] and functionali-

sation [16] and their detection by magnetic sensors [109]

underpin these efforts. New avenues of research and clin-

ical methods have been successfully established, such as

magnetic actuation, hyperthermia treatment, targeted drug

delivery and the use of magnetic particles as MRI contrast

agents, but also well established sequencing methods in

genetics or bioassays based on fluorescent detection have

been challenged. Without any doubt advances have been

made in modern bioassays, nevertheless there is still space

for improvement related to the speed of detection, costs
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and specificity. It is exactly here where magnetic sensor

based bioassays propose to make a difference.

2 Bioassay technologies

2.1 Microarrays

DNA microarrays (also known as gene chips or DNA chips)

[149] are most commonly used to detect the presence,

activity or variation of thousands of genes simultaneously,

using only picolitres of reagents. Such microarrays identify

hybridisation of a particular fluorescently or radioisotopi-

cally labelled probe (a short stretch of single-stranded

DNA) to the analyte sequence by observation of a spatially

resolved optical signal.

There are two variants of DNA microarray technology,

depending on the size of the probe molecule, as measured in

pairs of DNA bases making up the double helix, or base

pairs (bp). For ‘traditional’ DNA microarrays, probes are

presynthesised complementary DNA (cDNA) sequences

around 500–5000 bp long, and are immobilised to a glass or

plastic plate either covalently or by electrostatic attraction

between the plate and the phosphate backbone of the DNA.

The cDNA probes are added to predetermined sites on the

microarray plate to define features about 100 lm across by

contact printing or spotting (complete presynthesised

probes are deposited onto the sites by pins or piezoelectric

nozzles in a robot). For DNA oligonucleotides (20–200 bp),

the microarray plate is functionalised with chemical linkers

which covalently bond the short DNA sections to the plate

via a silane or an aliphatic amine (NH2) group. In this case,

the features can be created either by conventional synthesis

followed by immobilisation, or alternatively by in situ

probe synthesis. Primers are added to all sites and then the

array is washed with a solution containing one kind of

nucleotide, which is added to the primers by using light to

remove a blocking chemical group (deprotection) on the

end of the last base. Successive repetitions of the process

assemble the complete probes, which for photodeprotection

are around 25 bp long. Selective illumination of the features

is accomplished by photolithographic masks [45] or in

maskless fashion by micromirror arrays [156]. State of the

art microarrays of this type, known as DNA chips,1 contain

around 500,000 features for spotted arrays, 800,000 features

for masklessly fabricated arrays and 1.6 million features or

more for masked arrays (Fig. 1). Recently, direct inkjet

printing has been used to alternately add nucleotides and a

chemical deprotection agent to the sites to build up the

probes base by base to a length of about 60 bp [69]. How-

ever, using a phosphoramidite–tetrazole (P–T) chemistry

[30], researchers at Agilent Technologies (Inc.) have been

able to synthesise 150–175 bp oligonucleotides in situ with

a stepwise yield of 99.5% and error rate of 1 bp in 250–300

[133]. A five-nozzle print head (the four bases plus the P–T

solution) capable of producing single-picolitre droplets has

been developed which can deposit 976,000 30 lm features

in a 1 9 1 cm area (or *5 million features on a standard

microarray plate).

To perform an assay, the analyte is introduced and

allowed to hybridise, followed by a washing step to remove

unhybridised analyte. Then, a fluorescent label functional-

ised with one of the same probes is injected, which binds to

the now immobilised analyte. This type of detection is

known as a sandwich assay; alternatively, the fluorophore

can be attached to the analyte itself and the last hybridisa-

tion step can be omitted. The array is then scanned by a laser

and imaged by a CCD camera, and the probe is identified by

the coordinates of the fluorescing feature. Microarrays are

commonly used for gene expression studies; with spotted or

cDNA microarrays the above procedure is usually done

simultaneously with two samples from different sources

(e.g. DNA from normal and mutant cells) which are labelled

with two different fluorescent dyes, such as Cy5 (green) and

Cy3 (red). The two samples are both hybridised to the array,

which is scanned with red and green lasers and the two

resulting CCD images are combined to show which genes

are expressed most in the normal cells, which in the mutant

cells, and which are equally expressed in both. These types

of studies can only provide relative levels of expression, but

with the development of oligonucleotide arrays, probes

were designed to provide an estimate of the absolute levels

of gene expression. Microarrays have been used in the last

Fig. 1 Two Affymetrix microarray GeneChips� fabricated by pho-

tolithographic synthesis on quartz substrates, with matchstick for

comparison. The Human Genome U133 chip (left) contains 1 million

DNA probes. Magnified post-hybridisation images of probe spots

(insets) show relative levels of expression of two analytes labelled

with different (red and green) fluorophores. High intensity spots

(yellow) indicate expression of both analytes. Reproduced from

http://commons.wikimedia.org/wiki/

1 ‘Traditional’ DNA microarray technology is widely considered to

have been developed at Stanford University, whereas the ‘DNA chip’

was pioneered by Affymetrix Inc. under their GeneChip� trademark,

although a recent article by Ekins and Chu [37] seems to provide

commonly forgotten facts about the origins of microarrays. This paper

will refer to the two kinds interchangeably.
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decade to study gene expression in Saccharomyces yeast

[28] and in human leukaemia [55] and B-cell lymphoma [1].

Although microarrays have the advantage of being

massively parallel, there can be problems with their accu-

racy for sequencing applications due to the logarithmic

increase with probe length in the probability of obtaining

probes which have incorrect or missing nucleotides.

Also, the selectivity of microarrays depends on factors

such as the ratio of the concentration of analyte in the

sample to the binding constant for the particular reaction,

requiring extremely rigid user protocols [18]; extensive

user expertise is also needed to interpret the fluorescence

images, so it is difficult to both automate and extend the

detection capability. Considerable image processing is also

necessary, as to make measurements robust against inten-

sity variations across the feature area, each feature must

consist of at least 50 pixels, each of which must be scanned

individually by a laser spot which must itself be size-

matched to the pixel to avoid blurring of the image.

2.2 Sanger sequencing

Since it was invented by Sanger in 1975 [147, 148], chain

termination or Sanger sequencing has been the ‘gold

standard’ of DNA sequence decoding for its reliability and

accuracy. The unknown sequence (the analyte) must first

be purified and amplified, either by cloning in bacteria or

by PCR [118]. A modern Sanger-based capillary electro-

phoresis instrument can sequence a read of up to 700–

1000 bp from each of 768 DNA samples in parallel in an

hour to PHRED 20 standard (a figure of merit for sequence

data quality equivalent to 99.4% read accuracy) [102].

The Sanger method’s accuracy means that it is still the

main generator of high quality sequence information, par-

ticularly for de novo sequencing applications; despite this,

it suffers from a number of problems. It shares the same

problems as PCR, namely extreme sensitivity to contami-

nation by (for example) RNA and foreign DNA, and to

binding of the primer sequence to more than one site,

leading to reading of more than one subsequence. It cannot

also resolve secondary structure in the DNA (i.e. loops),

which causes spurious bands to appear in the fingerprint

and requires careful sample preparation. It is limited to

reads of no more than 1000 bp because of the geometrical

decrease with read length in the probability that the ter-

minators will be incorporated, as well as the fact that gels

and capillaries have a finite practical size and resolution.

Although the sequencing itself is fast, the process of pre-

paring samples for sequencing is long and exacting.

Finally, the requirement to provide a separate gel lane or

capillary for each analyte makes it difficult and expensive

to extend the detection capability and throughput to the

levels required for whole genome sequencing.

2.3 Beyond the Sanger method

The limitations of the Sanger method in terms of speed and

cost therefore motivate the search for a technology that will

maintain its accuracy, but with the potential for massively

parallel functionality and throughput of hundreds of mil-

lions of bases per sequencing run. Such next-generation

sequencing methods fall into two categories: sequencing-

by-synthesis, which determine the sequence of the target

base by base as it forms from the component nucleotides,

and signature-based sequencing, which identify the

sequence from a measurement of the target as a whole,

which is then referenced against a database of signatures

from known sequences. The main bottleneck to any DNA

sequencing technology, now or in the future, is sample

preparation; specifically, the production of enough copies

of high-quality, pure target DNA to allow detection with

high signal-to-noise ratio. This has been done in the past by

PCR; new sequencing efforts depend on the ability to

massively parallelise PCR. The most enthusiastically

adopted approach is clonal amplification, which simply

involves spatially localising each of the sequences to be

identified on a solid substrate and then performing a series

of conventional amplification steps. This creates a large

number of isolated islands of DNA known as ‘polonies’

[113], each containing only one sequence. Clonal amplifi-

cation methods include confining the templates with

acrylamide gel which prevents diffusion of DNA [113] and

BEAMing (beads, emulsion, amplification, magnetic) [33]

in which an aqueous solution–oil emulsion is used to split a

mixture of functionalised magnetic beads, free nucleotides,

and a library of templates into millions of isolated droplets

(ideally one bead and template per droplet) in which the

template is amplified on the bead and collected for

sequencing by magnetic separation.2

2.3.1 Pyrosequencing

The pyrosequencing application was first reported by Ny-

ren in 1987 [123] and demonstrated for DNA sequencing in

1996 [143]. The DNA fragment to be sequenced is hybri-

dised to a sequencing primer and immobilised to the sub-

strate, then incubated with a cocktail of the enzymes DNA

polymerase, ATP sulphurylase, luciferase and an enzyme

such as apyrase which breaks down free nucleotides. The

four base nucleotides are then added in a predetermined

order; if the added nucleotide can form a base pair to the

analyte, it is incorporated by the DNA polymerase and

pyrophosphate is released. The ATP sulphurylase converts

the pyrophosphate to ATP, which binds to the luciferase to

2 For more information on amplification methods and related issues,

we refer to [154] and references therein.
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generate light. If the added nucleotide cannot bind to the

analyte, it is quickly broken down by the apyrase. The next

base can therefore be added and the process repeated.

Although this method is both fast and accurate, and highly

suitable for multiplexed assays, the reagents are expensive

and must be frequently refreshed. Pyrosequencing also has

some inherent limitations which usually restrict it to

determination of sequences of 30–40 bases, although

Margulies et al. [102] reported in 2005 a method now

known as ‘454’ involving a pyrosequencing reaction in an

array formed from wells 44 lm in diameter and 55 lm

deep etched into the ends of a bundle of 1.6 million optical

fibres. By adsorbing the DNA onto 28 lm beads (and the

sulphurylase and luciferase onto smaller beads), the team

were able to extend the maximum read length of this

sequencing-by-synthesis method to over 100 bp. This

enabled them to sequence the 580,069 bp Mycoplasma

genitalium genome at a throughput of 25 million bp in 4 h

with an accuracy of 99.96%, compared to the published

sequence for this genome [46]. The short read length in

itself does not prohibit sequencing of entire bacterial gen-

omes; in fact, the ease of oversampling afforded by the

throughput of this system compared to Sanger sequencing

allows for greater accuracy with much less effort. Read

length has recently been increased to around 240 bp by

researchers at 454 Life Sciences, and error rates decreased

from 4% to 0.5%; however, this read length is still much

shorter than those required to span homopolymer repeats

(e.g. AAAAA...) in large (i.e. mammalian) genomes, and

error rates of even 0.01% will still lead to hundreds of

thousands of errors in the highly non-random human

genome.

2.3.2 Four-colour sequencing

The main disadvantage of pyrosequencing in terms of

speed (though not necessarily throughput) is that the

pyrophosphate luminescence signal appears the same

whichever base hybridises to produce it, meaning that

‘454’ and similar technologies will always need to add the

four bases individually. A sequencing run could be done

more quickly in parallel by adding all four bases at the

same time. Four-colour methods achieve this using four

different fluorophores, each of which identifies one of the

bases. A commercially available system of this type was

developed by Solexa (now Illumina); its 1G Analyzer uses

a slide as the substrate and amplifies templates by alternate

double-stranding and denaturing of the templates [14]. The

fluorescent label is attached to its nucleotide by a highly

developed ‘reversible terminator’,3 which blocks other

nucleotides from being incorporated by polymerase to the

growing complementary template, but which can be

removed under mild conditions after each round of fluo-

rescence imaging. Applied Biosystems offer a slightly

different product which amplifies using clonal amplifica-

tion on beads. The SOLiD system, based on work by

Church et al. [155], uses DNA ligase to incorporate fluo-

rescently labelled oligomers, which are composed of ran-

dom bases except in a specific ‘query’ region, which has

one of the four possible base substitutions. Ligation-based

annealing offers improved discrimination against non-

complementary or missing nucleotides compared to poly-

merase incorporation, and does not require extensive

engineering of the properties of both the terminators and

the polymerase, but other factors limit the template length

to only 20 bp for now.4 A promising third variation on

four-colour sequencing has been developed by VisiGen

Biotechnologies [157], based on single-pair FRET. This

phenomenon allows emission from one fluorophore (the

donor) to excite a second with an overlapping absorbance

spectrum (the acceptor) by a long-range dipole–dipole

coupling. Because FRET is sensitive to molecular rear-

rangements at the 1–10 nm scale, it has proved very pop-

ular in detecting DNA hybridisation, particularly when the

acceptor is insensitive at the wavelength required to excite

the donor. VisiGen exploit this effect by using a donor on a

modified DNA polymerase to report both incorporation and

identity of dNTPs labelled by four different acceptors. By

making arrays of polymerase molecules, each of which will

sequence a single template, VisiGen estimate sequencing

speeds of 1 Mbase/sec per array, although extensive

modification of both polymerase and nucleotides is

required.

2.4 Signature-based bioassays

The methods described above are massively parallel and

can be fast and accurate, but further improvements are

required, such as longer templates which are essential for

bridging long homopolymer repeats, a particular problem

for the human genome. However, identification by syn-

thesis techniques is not suitable for detection of pathogens

or disease markers. Furthermore, the onerous sample

preparation techniques, including amplification and purifi-

cation of the sample, do not match well with the require-

ments of clinical diagnosis or biodetection in the field,

which must measure a panel of analytes in a variety of

media (e.g. groundwater, urine, saliva etc.). Therefore, very

recent efforts have concentrated on developing multiplexed

biodetection techniques which rely on large combinatorial

3 Illumina’s terminators and method of removing them is proprietary,

but for information about a similar technology we refer to [76].

4 For a review of highly parallel synthesis-based assays, see [42] and

references therein.
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libraries of complete biomolecular probes. However, such

methods must find a way to distinguish individual binding

events, and obtain a detection signal from each which

specifically identifies it. This presents a formidable prob-

lem for both encoding and detection.

Some biomolecular identification methods use a spa-

tially indexed array of probes (as in a microarray) and

attempt to detect the binding events directly. Such label-

free methods include measuring the deflection of func-

tionalised nanoscale cantilevers [71] due to the extra mass

of biomolecules (in the attogram range) or the change in

the conductivity of a suspension of analyte, as molecules

bind via an oxidation reaction to probes immobilised

between the electrodes of an electrochemical cell [27, 38].

A variation on this amperometric detection is cyclic vol-

tammetry, which applies a sawtooth voltage across the

working and counter-electrodes to induce cycles of oxi-

dation and reduction; frequently an electrically active

molecule [165] or metal nanoparticle [130] is attached to

probe or analyte to increase the signal. Capacitance and

impedance measurements in solution [15] have been used

for electrical detection of DNA hybridisation, and recently

a thin-film FET has been used to detect DNA hybridisation

via the change in gate capacitance of the FET, as natively

negatively charged DNA binds to probes immobilised on

the gate electrode [40].

However, a different approach to bioassay technology

has adopted microfabricated labels of sub-micron to sub-

millimetre size, each of which carries a detectable signa-

ture specific to the single species of probe with which it is

functionalised [125]. Identification of the target or analyte

then occurs by detecting the presence or absence of some

minimum number of a particular population of labels

during binding. Such labels act as a mobile substrate for the

probes, and promise very high throughput when combined

with microfluidic flow cells [39], allowing for three-

dimensional, solution-phase hybridisation kinetics and

providing a convenient way to confine reactions and

transport reagents. Labels of this type have been realised in

several forms, including ensembles of Raman tags [23] or

encapsulated quantum dots (QDs)5 [34, 62], identified by

their specific emission wavelengths. ‘Barcode’-like labels

have been developed in the forms of fluorescent polysty-

rene microspheres selectively photobleached with encoding

patterns by a high-power laser [21] and nanowires con-

taining regions of low and high reflectivity metal [120]

(Fig. 2a, b). Other, image-based labels include polymer

particles graphically encoded by sequences of extruded

dots [41, 137] (Fig. 2c) or by the diffraction patterns of

overlapping etched gratings [10, 50].

Generally, the designers of labels intended for high-

throughput, multiplexed detection have concentrated on

optical encoding and detection methods like those previ-

ously mentioned. Fluorescent encoding in particular has

become the current dominant technology in the field of

molecular identification. However, fluorescent encoding

suffers from a number of disadvantages; strategies to

minimise autofluorescent background impose constraints

on the portability of the detection system and sample

preparation. For example, total internal reflectance fluo-

rescence (TIRF) detection [4] diverts the majority of the

excitation light by total internal reflection through the edge

of the substrate and collects only the emitted fluorescence

in transmission; this method requires both an intense,

collimated light source (usually a laser) and a transparent

substrate. Fluorescent molecules also tend to be expensive

and subject to photobleaching over time; QDs have long

fluorescent lifetimes but remain difficult to manufacture

and passivate reliably [108]. More fundamentally, multi-

plexing is limited both by spectral overlap between fluo-

rophores and by interference between binding signatures

used to verify probe functionalisation of the labels and

hybridisation between the probes and the targets, and

encoding signatures used to identify the probe (and thus the

target). Graphical methods solve this problem by using

fluorescence only for hybridisation confirmation, but still

require imaging of the label with an expensive and non-

miniaturisable high-resolution CCD, with the associated

disadvantages of non-real-time image analysis and data

storage issues known from microarray methods.

3 Magnetic labels for bioassays

The first magnetic bead-based bioassay was suggested by

Kriz et al. in 1996 [81], in which an inductive coil was

used to measure the change in magnetic permeability of a

gel due to specific binding of functionalised beads. In

contrast, Baselt et al. [11] suggested in the same year that

specific binding of beads could be detected by the deflec-

tion of piezoresistive cantilevers in a magnetic field, and by

magnetic microsensors in 1998 [12]. This section will

introduce magnetic beads and nanoparticles, and provide

an overview of the preparation required to functionalise

their surfaces for biomolecular attachment.

3.1 Commercial microbeads

There are hundreds of functional magnetic microbeads

available from companies such as Invitrogen, Micromod

and BangsLabs with a plethora of chemical and biological

5 QDS are colloidal nanocrystals of substances such as CdSe, CdS,

ZnSe, CdTe and PbSe, which emit highly monodisperse radiation

when stimulated by UV light [108].
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surface coatings including amine, carboxyl, epoxide,

hydroxyl, streptavidin, polythymine (for polyadenylated

DNA), proteins A or G and a variety of antibodies. These

microbeads are usually superparamagnetic, to avoid

agglomeration, and consist of magnetic nanoparticles

(commonly Fe3O4, Fe2O3 or CrO2) dispersed in a silica or

polymer matrix. As such they provide a convenient mobile

substrate for performing biochemical reactions. As labels,

magnetic beads possess several advantages. First, their

magnetic properties are very stable over time and are

generally not affected by reagent chemistry or exposure to

light. Second, magnetic background in biological samples

is minimal, since these are composed predominantly of

diamagnetic molecules, and even large (B 10 T) magnetic

fields are compatible with biochemical processes. Finally,

the stray magnetic fields from the beads, as well as exter-

nally applied field gradients which can be used to generate

forces on the beads to remotely manipulate them, are not

screened in an aqueous biological environment. These

properties have therefore made magnetic beads a very

popular choice of label/carrier for researchers working in

lTAS due to the ease with which miniaturised magnetic

detectors can be fabricated and integrated into detection

systems using well-characterised techniques from the

semiconductor processing industry. Another attractive

feature of magnetic beads from the point of view of bio-

logical applications is the fact that they can be made

fluorescent by the incorporation of QDs or dyes into the

bead matrix, enabling direct comparison and cross-refer-

encing with exclusively fluorescence-based methods of

biodetection [119].

These beads have found application in a variety of

immunoassays, molecular and cell biology applications

including use in standard separation and purification pro-

cedures. However, none of these applications require

careful control of the magnetic characteristics, and as a

result, commercial beads typically have a wide distribution

in sizes and saturation magnetisations, even within the

same batch. This makes them unsuitable for quantitative

magnetic assays based on measuring the number of bound

beads or as distinguishable labels based on their magnetic

moment. Our simulations have shown that only four or five

commercial magnetic beads of different size can be dis-

tinguished magnetically [64]. Despite these drawbacks,

their wide availability has made them a popular choice for

testing of magnetic biosensor platforms.

3.2 Magnetic nanoparticles

Researchers working in biomedicine and on biosensor

platforms have therefore begun to examine the potential of

magnetic nanoparticles, on the scale of 5–150 nm, for

biological labelling, drug targeting, hyperthermia and as

MRI contrast agents. For a recent review of magnetic

nanoparticles employed in these and other biomedical

applications the interested reader is directed to [16]. There

are a plethora of synthesis and coating strategies, and these

are covered in more detail in a recent review article [142].

Therefore, here we will only touch on the basic concepts of

magnetic nanoparticles for use in biomedicine.

Despite the often more favourable magnetic character-

istics of cobalt and manganese ferrites, these are not well

established due to concerns over their toxicity. However, if

encapsulated or coated appropriately this toxicity can be

significantly reduced, meaning they are a hot prospect for

future development. Magnetite (Fe3O4) and maghemite

(Fe2O3) are the most used precursors for magnetic nano-

particles, partly due to the ease with which they are formed.

The most established method is co-precipitation from a

basic aqueous solution (NaOH or NH3�H2O) reaction of

Fe2? and Fe3? salts [106, 115]. The size and shape of these

nanoparticles can be tuned by controlling the pressure,

Fig. 2 a 4.5 lm Long metallic barcodes produced by sequential

electrochemical deposition of Ag and Au. Under illumination by

430 nm UV, Ag segments show much higher contrast than Au

segments. The nanowires in the image have between 0 and 9 Ag

segments. b SEM image of a nanowire barcode, showing the 550 nm

Au segments between Ag segments of length 240, 170, 110 and

60 nm (top to bottom). Reprinted from [120]. c Functionalised

encoded microparticles fabricated by continuous-flow lithography in

PEG. Scale bar represents 100 lm. Reprinted from [137]
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temperature, pH and ratio of the salts [159]. Depending on

the application, the size of the nanoparticle is important,

e.g. particles \ 30 nm exhibit larger specific absorption

rate values for hyperthermia applications [74]. However,

their surface properties are as, if not more, important.

The surface needs to provide:

– Biocompatibility—non-toxic or fully encapsulate any

toxic material.

– Monodispersity—the particles should be stable and not

aggregate in specific solvents.

– Functionalisation—the particles need to have a high

efficiency for binding target molecules or being taken

up by specific cells.

– Non-specific binding should be minimised—for the

case of DNA, electronegative groups such as COOH

have proved useful.

The first step is usually to coat the nanoparticles with a

polymer of some kind, often dextran or oleic acid which

allows the nanoparticles to be stored in a stable suspension.

These coatings can then either be further functionalised or

swapped via a ligand exchange reaction. For instance, Lee

and Harris [94] used ozone to cleave the oleic acid double

bond forming carbonyl and carboxyl surface groups to

increase the solubility in polar solvents. Another group [54]

has shown that polydentate di- and tri-alpha-hydroxyacids,

such as tartaric and citric acids exhibited stronger binding

to Fe3O4 nanoparticles than simple alcohols/carboxylic

acids that were prone to dissociation.

Another method is to use a core–shell strategy where the

magnetic nanoparticle is encapsulated in a silica [70] or

gold shell. Further functionalisation of gold coated nano-

particles and other surfaces usually proceeds via the growth

of self assembled monolayers.

3.3 Self assembled monolayers

To grow a self assembled monolayer (SAM) we need an

(usually) anionic ligand molecule, which will generally take

the form of an alkane chain with a soft/hard ‘head group’

chosen to bind strongly with a soft/hard metallic surface and

will often displace other adventitious surface absorbates to

form a regular, reproducible structure. The other end of the

alkyl chain has a ‘terminal functional group’ that can then

be further modified by covalent chemistry.

The most well-studied systems involve alkanethiols

grown on Au surfaces [8, 9, 78, 79, 104, 117, 122], although

sulphur also shows a strong affinity towards the other noble/

coinage metals, including Ag [9], Pt, Cu, Hg and Pd. Au is

most often chosen due to its inertness and resilience to

oxidation—so we shall start by discussing this system.

Although there are several reports of other SAMs forming

on various metals, including disulphides on both Au and Ag

[63, 66], isocyanides on Au and Pt [66, 104] and carboxylic

acids bind selectively to metal oxides (hard–hard pairings),

including Al [9, 92] and Ni [13, 138, 144, 160]. A few

groups have electrodeposited Ni–Au composite nanowires

and functionalised the different segments simultaneously

with a mixture of carboxylic acid and thiol chains [92]. This

opens the door for greater flexibility, such as having a

fluorescent label for tracking and a biological probe on

different sections of the same tag. Organosilanes have also

been of interest, particularly in the semiconductor industry,

and may offer covalent attachment with a SiO2 [101, 124] or

Ta2O5 [128] surface, although this has not been conclu-

sively shown and it is currently believed that most of the

covalent chemistry occurs between adjacent monomers

forming lateral siloxane (–Si–O–Si–O–) bonds.

3.3.1 Thiol and disulphide SAM functionalisation of gold

A range of methods are used to coat nanoparticles with Au,

either as a core–shell model [171] or as composite gold/

iron–oxide nanoparticles [152]. Microcarriers incorporat-

ing gold surfaces include electrodeposited nanowires [121]

and our own magnetic barcodes—both polymer-encapsu-

lated [68] and electrodeposited [127]. Much work has been

done with thiolated single-stranded DNA (ssDNA) binding

to Au by other researchers [107, 135], and within our group

to attach probe DNA to planar tags containing a gold plate

[68]. Both thiols and disulphides can be deposited from

solution or in ultra-high vacuum conditions, [122] and very

little is conclusively known about the absorption mecha-

nism, but it is expected that the chemisorbed S atom fills

the holes between three Au atoms on a (111) surface to

provide the maximum coordination environment forming a

ð
ffiffiffi

3
p
�

ffiffiffi

3
p
ÞR30� constructed SAM. The absorption mech-

anism for thiols and disulphides is subtly different and has

important consequences. From a mixed solution thiols are

physisorbed preferentially (*75:1) due to their lower ste-

ric hindrance [7]. However, chemisorption proceeds more

readily for disulphides than thiols, because there is a large

energy barrier that must be overcome for thiols to lose a

hydrogen atom and form a thiolate anion. The thiolate is

readily formed in the case of disulphides from the disso-

ciation of the S–S bond, and is remarkably thermally stable

once chemisorbed, having an activation energy of desorp-

tion of *28 kcal/mol [122]. Final analysis of the SAMs

formed from either the thiol or disulphide shows no

chemical difference, which suggests that the thiolate anion

is eventually formed for thiols as well. However, this is

only the case for SAMs deposited from solution, suggest-

ing that the presence of adventitious oxygen may aid the

deprotonation of the physisorbed thiol.

Our group has used a disulphide molecule (fabricated in

house [127]) with NHS head groups to grow a monolayer
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on gold capped electrodeposited pillar tags (Fig. 3). The

same monolayer has been grown by other groups using a

two-step method [47, 80, 132, 166]. First they deposit an

11-mercaptoundecanoic acid, (MUA), to form the SAM

and then use an 1-(3-dimethylaminopropyl)-3-ethylcarbo-

diimide/NHS activation method to immobilize biomole-

cules. The advantage of this method is that the NHS group

is labile and will readily hydrolyse in water/air at room

temperature (RT).

3.3.2 Non-specific binding

Non-specific binding is a recurring problem in hybridisa-

tion assays and there are two main factors attributed to

increased non-specific binding to SAMs—hydrophobicity

of the monolayer and electrostatic interactions (particularly

in the case of carboxylic acids that can form ionic bridges

with the phosphate backbone of DNA [158]). To combat

this, several groups have researched using a mixture of

SAMs [47, 89, 91], using a hydroxyl terminated SAM that

provides a hydrophilic background, with a 2–10% popu-

lation of the SAM to be used for covalent binding. Using

hydrophilic PEG chains has been shown to reduce non-

specific binding compared to simple alkyl chains [47, 89].

It is also important to note that they found that reducing the

content of the binding SAM was not significantly detri-

mental to the overall yield for their applications. In fact

Lahiri et al. [91] found that a 2% incorporation of the

binding SAM was enough to bind 60% of the carbonic

anhydrase protein compared to that bound using only the

binding SAM. This was believed to be due to geometric

factors and the size of the protein molecule, which covers

over 60 thiolates in the SAM. Whitesides’ group [6, 8]

have reported interesting results on the growth of mixed

SAMs on Au from solutions containing a mixture of thiols

with different length alkane chains. They found that the

relative absorption processes were under thermodynamic

control rather than kinetic. Simply put—the more soluble

(i.e. stable) the SAM molecule is in the solvent, the less

abundant it is in the monolayer deposited on the surface.

3.3.3 Tridentates

The exact binding mechanism of SAMs is not understood

conclusively, but covalent bonding is unlikely [99, 126],

and as such SAMs can be displaced by other thiols, an

event known as ligand exchange. This is particularly

problematic when further functional steps involve thiol

groups that could interfere with the SAM itself, decreasing

yield and reproducibility. In reaction schemes where this is

the case it is favourable to use molecules with three thiol

‘legs’ to increase the binding strength of the SAM, which

no longer shows any significant ligand exchange [169]. The

surface area occupied by these tridentates is also compa-

rable to the single-thiol compounds, experiments suggest

25–30 Å2 only.

3.4 Epoxide chemistry

The epoxy group owes its increased reactivity to its highly

strained three-membered ring structure, effectively

increasing the electrophilicity of the least substituted car-

bon. Epoxides react strongly with nucleophiles, and can be

catalysed by either acid or base. A two-step functionali-

sation procedure was developed by researchers in South-

ampton, who added a JeffamineTM spacer in MeCN at

65�C with overnight stirring [25]. They found that although

shorter spacers attached with a higher yield, the proceeding

step benefited significantly from being further from the

surface. Another group have converted the surface of the

Fig. 3 Schematic of the self-assembled monolayer with functional

NHS head groups, reactive to primary amines, such as NH2 modified

ssDNA

Fig. 4 SU8 functionalisation schemes (top) direct nucleophilic attack

of the epoxide ring; (bottom) oxidation to hydroxyl groups as in [75]
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polymer SU8 (Microchem) to hydroxyls using sulphuric

acid with a K2Cr2O7 catalyst with the reaction shown in

Fig. 4 [75].

Epoxides are stable in water at neutral pH, and for

efficient nucleophilic attack a high pH is recommended—

pH 9 for amines and pH 11 for hydroxyls [65]. Direct

coupling of ssDNA (with and without 50 amine modifica-

tion) onto SU8 and subsequent hybridisation has been

reported [103] using a 1 M potassium phosphate buffer

(pH 7.4). The researchers believed this to be covalent

bonding, but were unclear whether this was with the

epoxide groups since pre-treatment with ring opening

reagents, such as ethanolamine, did not influence the

results. Wang et al. have reported a highly efficient scheme

for oxidation of the surface epoxides to hydroxyls (similar

to that shown in the bottom panel of Fig. 4). They used a

cerium (IV) ammonium nitrate (CAN) catalyst (0.1 M) in

1 M HNO3 to soak the SU8 for 16 h [13].

4 Magnetic bead-based biosensors

Research in this area has developed along three general

directions: first, synthesis of magnetic beads with desired

magnetic properties that can be functionalised with a high

degree of specificity as discussed above. The second has

focused on development of high-precision on-chip elec-

trostatic or magnetic field gradient architectures (‘stri-

plines’) capable of manipulating functionalised single

magnetic beads, as well as the microfluidic circuits for

controllable transfer of biomolecular probe–bead

complexes to desired areas on the biochip. The third area,

on which this review will concentrate, is development of

biocompatible solid-state sensors for quantitative detection

of single magnetic beads.

Since the work by Kriz et al. [81] much work on mag-

netic bead assays has been carried out [109], the majority

of which employ magnetoresistive or Hall sensors. Other,

non-local detection methods have been employed for

magnetic beads, notably inductive sensing systems with

more sophisticated detection electronics [93] and AC sus-

ceptibility measurements [29], which measure the change

in the Brownian relaxation of the beads as analyte mole-

cules bind and increase the bead’s hydrodynamic radius.

In their approach to actual biomolecular identification,

magnetic biosensors tend to mimic previous technologies;

arrays of sensors have been proposed [12], the surface of

each of which is functionalised with a different probe

molecule, just as in the conventional microarray. Sandwich

or binding assays are also extensively used, performed in

the same way with the simple substitution of a magnetic

bead for the fluorescent label [27, 48, 58, 150].

4.1 Hall effect biosensors

Discovered in 1879 [61], the classical Hall effect is a

manifestation of the Lorentz force acting on charge carriers

in a material exposed to a perpendicular magnetic field and

carrying an in-plane current. Hall effect devices have been

used as magnetic field sensors both in the laboratory and in

industry (mostly for position and proximity sensing) for

decades. The most common geometry is the Hall cross

Fig. 5 a SEM image showing Hall crosses with and without a 1.2 lm

bead; both sensors are biased with I0 = 40 lA. b AC Hall voltage vs.

time for the two Hall crosses in (b). ~B0 ¼ 2:13 mT rms at 622 Hz and

B1 = 6.1 mT. c The Hall crosses in (a) are now configured as a

gradiometer, where I0 = 30 lA and I1 = 31.45 lA; the resulting AC

Hall voltage vs. time is shown in (d), where ~B0 is increased to

2.35 mT. e Typical Langevin response of a superparamagnetic bead

with a sketch of the physical principle of the detection method, where
~B0 and ~M are rms values of the AC applied field and resulting AC

magnetisation respectively. Reprinted from [110]
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(Fig. 5a, c), a four-terminal device in which the current is

injected through two terminals and the voltage measured

orthogonal to the current flow through the remaining two.

In zero magnetic field this voltage is zero; in the presence

of a perpendicular magnetic field B, the resulting Lorentz

force causes charge carriers to accumulate along the sides

of the device parallel to the current I. This charge accu-

mulation in turn generates an additional electric field per-

pendicular to the current flow and thus a voltage across the

sensing terminals. This Hall voltage, VH is given by

VH ¼ RHIB; ð1Þ

where the Hall coefficient RH = 1/ne for a two-dimensional

electron gas (2DEG) system with 2D electron density n and

e ffi �1:6� 10�19 C is the electronic charge.

Magnetic bead detection using Hall crosses is usually

performed using an AC phase-sensitive method [17], which

exposes bead and sensor to a small perpendicular AC field
~B0 and measures the Hall voltage at the first harmonic with

a lock-in amplifier. A larger DC field B1 is then applied in

the same direction; due to the Langevin behaviour of su-

perparamagnetic beads, an increase in the DC magnetisa-

tion of the bead lowers both its susceptibility (the slope of

its magnetisation curve) and its AC magnetisation as

shown in Fig. 5e. This manifests itself as a drop in the Hall

voltage when B1 is applied, but only if a bead is present

over the sensor, as the linear behaviour of the Hall sensor

itself means that its AC magnetisation is the same

regardless of its DC magnetisation state. Figure 5a illus-

trates work done by Mihajlović et al. [110], and shows an

InAs quantum well-based Hall cross with 1.0 9 0.9 lm

sensing area with a single 1.2 lm diameter paramagnetic

bead and an identical, empty cross; Fig. 5b shows a com-

parison of the responses of the two sensors. Only the cross

below the bead shows the expected drop in the Hall volt-

age, whereas the empty cross is unaffected. A potential

weakness of this method is the large offset from the direct

response of the sensors to the AC field, which is typically

orders of magnitude greater than the signal due to the bead;

the traces in Fig. 5b are obtained using a zero offset on the

lock-in amplifier. A potential solution uses two crosses as

before in a gradiometer configuration, as seen in Fig. 5c, in

which a reference current I1 is applied to the empty cross in

the opposite direction to the active sensor bias current I0.

By adjusting I1 to zero the AC Hall voltage in the absence

of the DC field, the offset is nulled effectively as seen in

Fig. 5d. However, the measurement noise is visibly

increased, as now both crosses contribute.

Phase-sensitive detection using InSb Hall crosses has

also been demonstrated by Sandhu et al. [146], in which

2.8 lm diameter beads were detected using an AC exci-

tation field now applied in-plane and a perpendicular DC

field applied by a permanent magnet. In this measurement

geometry, the Hall voltage is again measured at the first

harmonic, but now increases when the DC field is applied if

a bead is present over the sensor.6 Comparison with con-

current magnetoresistive [12] and previous Si based Hall

sensors [17], detecting similar particles, indicated that the 5

9 5 lm InSb Hall crosses displayed improved signal-to-

noise characteristics as well as being capable of detecting

smaller superparamagnetic particles due to the shorter

distance between sensor and bead (*250 nm). Improved

devices with a higher magnetic field sensitivity were

reported in Ref. [162] in which an array of such Hall

crosses indicated the feasibility for multiplexed detection,

while a 30 9 30 lm InSb sensor successfully detected

200 nm diameter particles. A recent comparative study on

different materials suitable for Hall biosensors [145] con-

cluded that sensors based on semiconductor heterojunc-

tions, such as InAs-AlGaSb, show the highest sensitivity,

particularly for the case that beads can be localised to the

edges of the device which permits quantitative bead

detection [83].

In summary, the Hall cross is attractive for biosensor

applications due to compatibility with semiconductor

industry materials and processes, simple and easily fabri-

cated geometry, and potentially high sensitivity and mag-

netic field resolution, although it is not clear how well it

would be able to detect ferromagnetic beads, which have

hysteretic magnetisation behaviour.

4.2 Magnetoresistance-based biosensors

First measured by Lord Kelvin in 1857 [161], magnetore-

sistance (MR) is simply the change in the resistance of a

material due to the application of a magnetic field. The size

of the effect, the MR ratio, is always defined to be

MR ¼ Dq
q
¼ Rmax � Rmin

Rmin

� �

; ð2Þ

where q is the material’s resistivity and Rmax and Rmin are

the maximum and minimum measured resistances.

Whether Rmax is attained at high, low or zero applied

field depends on the origin of the particular kind of

magnetoresistance exhibited by the material (or the sum of

several kinds). Bead detection based on MR follows

closely ideas from Baselt and Miller (Fig. 6) in which

the beads and sensors are exposed to external magnetic

fields, in the plane of the sensor [97] or out-of-plane [12],

which induces a magnetic dipole in the bead aligned to the

applied field. In the out-of-plane case, the resulting stray

6 It should be noted that this experimental procedure differs from that

proposed in [17] for this geometry, which demands Hall voltage

detection at the second harmonic, and requires a much lower DC field

(4.6 mT as compared to 32 mT).
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field from the bead projected onto the plane of the sensor

follows a radially symmetric pattern with the maximum

just within the ‘shadow’ of the bead and zero field directly

below it. In contrast, the field in the in-plane case is mostly

unidirectional and is opposite in sense to the applied field.

In either case, the presence or absence of the bead modifies

the effective applied field experienced by the sensor, and

consequently alters the sensor’s magnetoresistance,

providing a detection signal in the form of a voltage

change (in the case that the sensor is supplied with constant

current).

Bbead ¼
3mzq

ðq2þz2Þ5=2 ðHz; cylindrical coords:Þ

� m
4pz3

� �

ðHx;Cartesian coords:Þ

8

<

:

ð3Þ

However, the stray field from the bead declines rapidly

with distance from the centre of the bead, as seen from

Eq. 3 (cgs units) [36, 112] and so most MR sensors attempt

to measure a large number of beads to obtain a high signal-

to-noise ratio, usually through mass coverage of the sensor

surface by a monolayer of beads. Unfortunately, such

averaged detection methods are unsuitable for reading of

bead libraries, where each bead is supposed to be func-

tionalised with a different DNA sequence, and so must be

sensed individually. Recent efforts have therefore moved

toward single-bead detection by MR sensors size-matched

or smaller [163], which ushers in the possibility of very

fast, high-throughput assays suitable for applications such

as affordable whole-genome sequencing. Such schemes are

vulnerable to inaccuracy if beads are lost; an elegant

approach suggested by Tondra et al. [164] and reported by

Lagae et al. [90] and Graham et al. [56] involves directing

the bead onto the sensor by magnetic field gradients gen-

erated by microfabricated current lines.

4.2.1 Anisotropic magnetoresistance biosensors

The resistance of a device made of ferromagnetic material

can depend on the angle between the magnetisation and an

applied current. Known as anisotropic magnetoresistance

(AMR), this effect can be described by the relation

qðhÞ ¼ qM? þ qMk � qM?

� �

cos2ðhÞ; ð4Þ

where qM? and qMk are the resistivities with the magneti-

sation perpendicular and parallel to the current, respec-

tively, and h is the relative angle between the current and

magnetisation directions. According to this relation, the

resistance is high when the magnetisation lies parallel to

the current and low when the current and magnetisation are

perpendicular, as generally qMk[ qM?.

The AMR effect offers much scope for tailoring the

shape of the device to constrain both the flow of current

through it and the magnetisation to obtain a desired resis-

tance response.7 Accordingly, the two biosensors reported

which use AMR are a cross [35, 36] very similar to the Hall

crosses previously mentioned and a ring [112]. The former

consists of two crossed 60 9 10 lm bars of 200 Å thick

Ni80Fe20 or permalloy (Py). A voltage is generated per-

pendicular to the current direction in response to an in-

plane magnetic field, as the magnetisation of the active area

rotates with respect to the current. By analogy with the Hall

effect, this manifestation of AMR is known as the planar

Hall effect, although the origin is quite different. The

introduction and removal of droplets of magnetic beads

produces voltage drops due to the field from the beads

opposing the applied field. This mass-coverage sensor

detects the combined fields of *1.5 monolayers of 2 lm

beads, and is interesting because it can be operated without

any external field. As the sense current flows along the

10 lm wide central bar, it generates a relatively uniform

field of *4–6 Oe, which can magnetise the beads. The

current must be relatively high (10–15 mA) but the stray

field from the monolayer of 2 lm Micromer� -M beads

(Micromod) in response is around 1.5 Oe, or 25% of the

‘applied’ field. The change in field is easily detected by this

sensor design given the case of mass coverage and very

low experimental noise (*250 nV) even under DC fields

and currents.

The ring-shaped AMR sensor (outer diameter 5 lm,

inner diameter 3.2 lm) is also fabricated in 200 Å thick Py

and is designed to detect single beads; the bead

(a 4:3 lm Ni70Fe30 sphere) is positioned over the ring using

a modified atomic force microscope (AFM) cantilever. In a

perpendicular field of 35 Oe, which is much smaller than

that required to magnetise the Py in this direction, the

induced radial field from the bead is used to rotate the

magnetisation of the ring away from its circumferential

zero-field configuration. This raises the AMR level relative

to an identical reference ring which forms the opposite arm

of a Wheatstone bridge; a standard lock-in technique

Fig. 6 Measurement geometry

for MR bead sensing for beads

externally magnetised out of the

sensor plane

7 An example is the ‘barber-pole’ sensor [82], which constrains the

current to travel always at 45� to the dominant magnetisation

direction in order to linearise the AMR.
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measures the resulting AC voltage imbalance in the bridge

at the second harmonic.

In both of these sensor designs, the available signal is

limited by the small size of the AMR effect (*2% at RT

[53]). Much greater MR values and better signal-to-noise

may be attained by biosensors based on the giant magne-

toresistance (GMR) and tunnelling magnetoresistance

(TMR) effects.

4.2.2 Giant magnetoresistance biosensors

In systems composed of magnetically independent ferro-

magnetic regions separated by ultrathin (i.e. spin-conserv-

ing) non-magnetic spacers, measurements of the field-

dependent resistivity can yield MR ratios at RT well in

excess of 100%. This GMR effect was reported by Baibich

et al. in 1988 in Fe/Cr superlattices [5], and independently

in 1989 by Binasch et al. [19] in antiferromagnetically

coupled Fe/Cr/Fe trilayers. However, the discovery by

Dieny et al. in 1991 [32] of GMR in various uncoupled

ferromagnetic/non-magnetic/ferromagnetic thin films

inspired much research into design and optimisation of

GMR multilayers,8 particularly for hard disc read heads

[131]. What was dubbed the spin-valve (SV) is easy to

fabricate and relies on the GMR effect. This depends on

spin-dependent scattering of electrons at the interfaces of

the ferromagnetic layers, and thus on the relative align-

ments of the layer magnetisations. In the SV, ensuring that

the magnetisation of one layer is free to rotate with the

applied field while the other remains relatively pinned is

now usually done by depositing an antiferromagnetic layer

such as FeMn or IrMn next to the ‘pinned’ layer, in order to

constrain its magnetisation via exchange coupling. For the

simpler trilayer system, now called the pseudo-spin-valve

(PSV), this can be done by controlling the relative thick-

nesses or compositions of the two layers. The highest

sensitivity to the layer alignments and greatest MR is

achieved when the sense current travels from top to bottom

of the GMR stack, a geometry known as current perpen-

dicular-to-plane (CPP). However, in practice devices based

on this principle pose technological difficulties, because the

CPP resistance of the device tends to be much lower than

the contact resistance of the current/voltage leads. Most

GMR sensors therefore use a current in-plane (CIP)

geometry in which the electrons travel parallel to the layer

interfaces; the MR is lower as only a proportion of the

electrons experience any interface scattering, but both

fabrication and measurement are simplified.

GMR biosensors, both sandwich- and spin-valve-based,

fall mainly into two categories, using either mass-coverage

or single-bead detection. The former kind include the first

work done on GMR bead sensing [12]. Envisioned as a

portable detection system for biological warfare agents, an

array of 80 9 5 lm GMR multilayer strips on a 2.5

9 2.5 mm chip was used to detect 2.8 lm M-280 Dyna-

beads� (Dynal Biotech/Invitrogen) in a concept known as

bead array counter (BARC). Each sensor would be func-

tionalised with a different DNA probe and sandwich bio-

assays would be performed. BARC-II chips followed

[111], in which the 64 sensors were arranged in groups of

eight, each covering one DNA probe ‘sensing zone’, which

were used to identify a DNA oligomer taken from the

microbe Franciscella tularensis (FT). Analyte made of

biotin-conjugated single-stranded FT DNA was introduced

to a chip containing two zones each of DNA from FT,

Yersinia pestis (YP), Botulinum neurotoxin B (BB) and a

biotin-conjugated positive control (PC) designed to provide

a measure of maximum signal. The signal from the FT-

functionalised sensors was ten times that of the YP and BB

zones and 75% of the positive control. Development con-

tinued on BARC-III chips, in which each GMR strip has

been expanded into a serpentine trace covering a 200 lm

diameter circle, to match the size of pin-spotted DNA

probe sites [140].

Although these experiments showed that solid-state MR

biosensing could provide selective detection of DNA tar-

gets, they did not address quantitatively the dependence of

the sensor response on the number of beads on the sensor,

or by extension the concentration of the target DNA. Fur-

ther work on GMR mass-coverage bead sensors was per-

formed by a group at the University of Bielefeld [150], who

systematically measured sensor signal versus bead cover-

age for three different types of beads, as determined by

SEM [151]. They showed a linear increase with coverage,

despite polydispersity and clustering of the beads. Their

sensors are a single strip of GMR superlattice material

patterned into a spiral with a diameter of 75 lm, to cover

one pin-spotted DNA spot, as shown in Fig. 7a. The same

group also performed a DNA hybridisation assay with

these sensors and compared their performance to fluores-

cence detection, in which curiously the concentration of

probe DNA (rather than the target DNA) was varied in five

steps from 16 pg/ll to 10 ng/ll and the same volume of

each was spotted onto the sensors. Because the spots spread

out to *1 mm in diameter, the average value of seven to

eight spots covered by specific probe DNA was taken and

compared to unspecifically functionalised reference sen-

sors. A standard sandwich assay was then performed by

incubating the sensors with biotinylated complementary

DNA for 12 h and then with either streptavidin-functio-

nalised 0.35 lm magnetic beads or a fluorescent marker.

8 Carefully designed multilayer spin-valves can have MR of over

20% [67]. Simple trilayer systems like those described here have MR

percentages of B 10%.
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The results, reproduced in Fig. 7c, show that while the

magnetic assay is more sensitive at low concentrations than

fluorescence, it shows a clear tendency to saturation. The

magnetic results also do not reproduce the fluorescence

results well except at very low and very high probe con-

centrations; the sensor output also increases by only a

factor of three for a probe concentration range of three

orders of magnitude. These reasons led Megens and Prins

[109] to comment that the test measures the likelihood of

DNA attachment, rather than the concentration of DNA in

the sample.

Further work on mass-coverage GMR sensors has

reported several successful magnetic bead-based bioassays

including work by Freitas et al. on detection of DNA from

genes associated with cystic fibrosis [59]. Their detection

platform used a number of 2 9 6 lm SV sensors, which are

functionalised with DNA probes containing a 50 bp region

specific to the cystic fibrosis transmembrane regulator gene

(CFTR). The 250 nm Nanomag�-D beads (Micromod)

were magnetised in-plane by a planar permanent magnet as

well as fields produced by 1 lm thick Al tapered current

lines either side of the sensor. The system was soon

improved by making the sensors U-shaped and larger to

accommodate more beads, with similarly shaped striplines

around them driven by an AC current [43, 44, 105]

(Fig. 8a, inset). The group earlier reported real-time mea-

surements of the progress of binding of functionalised

beads to the sensor in liquid, as is required for a real

application [56, 57]. By using optical microscopy, they

were even able to correlate the signal to the arrangement of

beads on the 2 9 6 lm sensors. Using just the 15 Oe DC

in-plane magnetic field produced by the permanent magnet,

the signals from one, two and four 2 lm Micromer�-M

beads could be easily distinguished.

Detection of a single bead was achieved by Llandro

et al. [98], who positioned a 4.5 lm diameter M-450

Dynabead� in solution over a Py/Cu/Co PSV ring 4 lm in

diameter with a 300 nm linewidth (MR *1.4%). The ring

was separated from the bead by a 150 nm thick layer of

polymethylmethacrylate to protect the ring from the liquid,

which reduced the maximum possible stray field reaching

the ring. Measurements of the ring’s GMR revealed an

increase in the Py layer’s switching field of 5 ± 0.2 Oe; by

cycling the external field from saturation into the field

window created by the increase, it was possible to com-

pletely prevent the ring switching in the presence of the

bead. This was suggested as a route to digital identification

of encoded beads, whereby the applied field required to

null the ring’s response would identify the bead by its

magnetic moment.

Single bead sensing has also been reported by Wang

et al., in whose experiments a single 2.8 lm Dynabead�

Fig. 7 SEM images of spiral

GMR sensors after incubation

with functionalised beads,

showing level of bead

attachment to sensors with

a non-complementary and

b complementary DNA.

c Relative sensitivities

(normalised to detection signal

of non-complementary DNA) of

bioassays based on fluorescent

(grey diamonds) and magnetic

(black circles) labelling and

detection. Reprinted from [151]

Fig. 8 Biological detection limit for single stranded DNA sequences

encoding for the genomic region of the 16S ribosomal sub-unit of

E. coli. The straight lines connecting the experimental data points are

guides to the eye. Inset: Optical micrographs at 800x from individual

sensors corresponding to (a) 1 lM target and (b) no target assay.

Reprinted from [105]
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was detected by rectangular SVs (MR = 10.3%) [96]. A

DC field Hb along the long axis of the sensor was used to

magnetise the bead and a smaller orthogonal AC field Ht at

40 Hz to modulate the bead’s magnetisation. The same

group aimed to detect a single magnetite nanoparticle

(10–20 nm diameter), which is the most appropriate size

for functionalisation by just one strand of probe DNA.

Progress towards this goal has recently achieved detection

of a monolayer of oleic acid-coated 16 nm magnetite

nanoparticles on a 1 9 0.3 lm SV [95], though the signal-

to-noise level is only *3, indicating that single-nanopar-

ticle detection on this platform was not possible. By

changing to a simpler detection system using only a single

DC in-plane field and constant 1 mA current, however,

signal-to-noise was improved to the point that a cluster of

23 nanoparticles could be detected [97], although the

minimum detection limit was still 14 nanoparticles. The

group recently showed [52] that the latest implementation

of their antibody sandwich assay on GMR sensors (Fig. 9a)

is capable of multiplexed detection of protein tumour

markers in a variety of clinically relevant media down to

attomolar level (Fig. 9c). They also performed a compar-

ative study between their magnetic based biosensor to an

enzyme-linked immunosorbent assay (ELISA) (Fig. 9b).

The results show that the linear dynamic range for detec-

tion of the carcinoembryonic antigen (CEA) and lactoferrin

by ELISA is constrained to two orders of magnitude in the

picomolar range, whereas the magnetic assay covers six

and five orders of magnitude upwards from the femtomolar

range, respectively. Finally, a comparison between the two

platforms based on quantitative protein detection indicate a

similar ability to quantify the concentration of the protein

HCG in an unknown sample.

4.2.3 Tunnelling magnetoresistance biosensors

A similar structure to a PSV or GMR multilayer replaces

the non-magnetic metal spacer with an ultrathin insulating

barrier, commonly Al2O3 or MgO. When this structure is

operated in the CPP geometry, spin-polarised electrons are

able to tunnel through the barrier, with total transmission

determined as before by the relative angle between the

polarisations of the electrons and the magnetisations of the

top and bottom magnetic layers. This TMR effect was first

reported by Julliere et al. in 1975 [77], but remained a

curiosity until 1995, when high-quality ferromagnetic/

insulating/ferromagnetic trilayer films were first success-

fully fabricated by Moodera et al. [116]. Recent work by

Parkin et al. [51] and Yuasa et al. [170] has demonstrated

TMR values of 150–350% at RT using variations on

structures with CoFeB or Fe magnetic layers and an MgO

barrier.

Although GMR sensors can detect single micron-sized

beads with excellent signal-to-noise ratio, a compromise

must be made in bioassay applications between the size of

the sensor (which detects single beads most efficiently

when the sensor and bead are size-matched) and the bio-

molecule binding capacity of the bead. Smaller (i.e. sub-

micron to nanometre-sized) beads bind more easily to

DNA, but it is increasingly difficult to fabricate GMR

sensors which maintain a measurably high resistance at

these sizes, due to their all-metallic structure. By replacing

the non-magnetic metal spacer with an ultrathin insulating

barrier, the magnetic tunnel junction (MTJ) avoids this

problem. However, the challenges of making high-quality,

ultrathin oxide layers and the necessary electrodes for CPP

operation of MTJs, not to mention operating them in bio-

compatible liquids, have meant that few groups have

adapted the MTJ for biosensing despite its potential

advantages. Those that have reported bead sensing with

MTJs have tended to purchase them from companies

manufacturing memory chips or magnetic field sensors [60,

72] such as Micro Magnetics, Inc. However, Wang et al.

[168] report fabrication of arrays of functionalised MTJs

for biosensing, and workers at Bielefeld [22, 139] show a

comparison of output from a 70 lm diameter serpentine

Fig. 9 a Image of magnetonanosensor chip with 64 sensors in an

8 9 8 array. The arrow indicates a single uniquely addressable

sensor. b Comparison between ELISA and magnetonanosensor

detection platform. Inset shows the real time response of the magnetic

sensor to the addition of 5 fM CEA. c Real time binding curves of

magnetic nanoparticles to detection antibody for each of eight unique

biomarkers in a single reaction well. Reprinted from [52]
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GMR strip and a 20 lm MTJ, both *6% covered with

0.86 lm beads. The MTJ response was about four times

larger than the GMR sensor signal. A review [49] com-

paring the two major MR based biosensors currently used

to detect single molecular recognition processes concluded

that the choice between MTJ (TMR) and SV (GMR) sen-

sors cannot be based solely on the ability of the MTJ to

detect weaker magnetic fields (10 to 20 times weaker than

a similar area SV sensor). One has to remember that it is

easier to manufacture CIP SV than CPP MTJ making the

integration of the former into a biochip more effective.

Moreover, the ability to detect ever weaker magnetic fields

for ever smaller magnetic carriers requires a larger area

MTJ while keeping the TMR value high, but the proba-

bility of pinholes reducing the TMR also increases with

increasing area. Therefore, the choice between the two has

to depend on the biological sensitivity required for a certain

assay and also on the number (and size) of labels to be

detected. Nevertheless, it is our belief that once optimisa-

tion of MTJ sensors has been achieved, they will surpass

the capability of SV sensors in bioassays, as was also the

case for read head technology, and we should not forget

that current commercial MTJ sensors employed in bioas-

says were not designed to work in a biological

environment.

4.3 Magnetoimpedance biosensors

Another approach has been followed by workers such as

Kurlyandskaya et al. [85–87], in which the giant magne-

toimpedance (GMI) effect in Co-based amorphous nano-

wires is used to detect the presence of magnetic beads [26].

Such nanowires exhibit a circumferentially magnetised

outer core, which is closely related to the magnetic field

produced by a high-frequency AC current travelling along

the wire. DC magnetic fields modify the circumferential

magnetic permeability, which in turn alters the penetration

depth of the AC current, which finally affects the imped-

ance (at a given frequency). GMI sensors therefore detect

the perturbations of the impedance due to stray fields

produced by functionalised magnetic beads binding to the

wire. Sensitivities of GMI sensors can be very high; for

example, the GMI response of CoFeSiB-alloy nanowires

around 15 lm in diameter can reach 40–100% per Oe

[100]. However, the range of sensitivity can be limited; the

GMI response falls off quickly with magnetic field, but

improved alloys and fabrication techniques have resulted in

nanowires which show over 100% GMI over a range of

±50–80 Oe [20].

GMI biosensors have been used to detect thin ferrofluid

layers [87], magnetic microbeads [26, 86] and also Fe3O4

nanoparticles taken up (in large numbers) by human cells

[20, 84]. However, as GMI is dependent on the effective

skin depth, it is also sensitive to surface modification of the

nanowires. A GMI biosensor could potentially detect not

just biomolecules bound to magnetic labels, but also the

binding of the biomolecules in a label-free manner [85, 88],

via surface morphology or anisotropy changes caused by

their presence.

4.4 Fluxgate biosensors

Some groups have designed magnetic bead biosensors

based around the operation of the residence-time-differ-

ence (RTD) fluxgate magnetometer [2, 3, 114, 141], which

consists of a current-carrying primary coil and a secondary

pick-up coil, both wound around a ferromagnetic core. The

AC current generates an oscillating magnetic field, which

drives the core between its two stable saturated states and

produces a periodic series of voltage spikes in the induc-

tively coupled pick-up coil. The time intervals between a

given spike and those before and after it are known as the

residence times, which represent the times spent by the

core in the two saturated states, and are normally equal. In

the presence of a perturbing (usually DC) field, such as the

dipole fields from magnetised beads, the residence times

differ by an amount directly correlated to the perturbation.

Due to the large number of micron-sized beads (min. 103)

[3] required to give a detectable signal, these kind of

sensors have only been demonstrated so far for mass-

coverage assays or large encoded particles.

4.5 Biosensors combined with microfluidics

The experiments described above have been performed

either in static liquid, by pipetting beads onto the sensors

and allowing them to settle, or by transporting reagents

and magnetic markers (micro- and nanobeads) to the

sensors in microfluidic flow and allowing them to chem-

ically bind. In a real lab-on-a-chip application, minimised

user intervention and the requirements of high throughput

naturally suggest the integration of microfluidic channels

and bead sensors in a format which avoids the need for

immobilisation of the beads to perform the detection.

Nevertheless, to date few groups have attempted the fab-

rication challenge of integrating MR bead sensors into

microfluidics [73, 134, 153] . Notable among those who

successfully detected magnetic objects in flow are Pekas

et al., who sensed ferrofluid plugs flowing in an oil-filled

channel using GMR sensors in a Wheatstone bridge

(Fig. 10). Using a commercial MTJ sensor (a 2 9 6 lm

ellipse) within a 600 lm wide channel, Shen et al. were

able to sense single 2.8 lm diameter M-280 Dynabeads�

using an AC bridge configuration and two orthogonal in-

plane DC fields.
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4.5.1 Magnetic signature-based bioassays

Our group is working on a library of magnetically encoded

microcarriers that can be encoded and read within micro-

fluidic channels (a detailed description of the protocol can

be found in Ref. [68]). We aim to offer a high-throughput

lab-on-a-chip multiplexing alternative to microarray tech-

nology, with initial applications aimed at point-of-care

diagnostics. The design incorporates a row of coercivity-

tuned thin film magnetic elements encapsulated in a bio-

compatible epoxy polymer (Fig. 11). The magnetic shape

anisotropy is used to control the critical applied magnetic

field required to switch the magnetisation of an element

between its two stable states, thus creating a binary bar-

code. The key advantages of this type of strategy are: (i)

the number of unique signatures doubles with each addi-

tional magnetic bit providing an incredible scalability; (ii)

the microcarriers are identical prior to encoding/functio-

nalisation so that they can be mass produced cost effec-

tively; (iii) in-flow (re-)write ability allows reaction

tracking, ideal for combinatorial chemistry applications;

(iv) a digital electronic readout from the magnetoresistive

sensor removes the constraints of an optical measurement

for encoding and analyte binding identification [114].

5 Summary

In conclusion, we have discussed sequencing methods such

as ‘454’ and four-colour sequencing. These established

methods are massively parallel, fast and accurate, but are

only really useful for DNA sequencing. Even though the

read-out time is short, the amplification steps required for

the sample is time consuming. For biomolecular recogni-

tion of non-DNA targets such as proteins in biological

fluids, a more widely encountered problem in clinical

diagnostics, alternative assays have been developed which

similarly to sequencing techniques rely on optical label-

ling. Whereas sequencing methods only need to distinguish

the four bases, these assays must uniquely identify a much

larger panel of biologically relevant molecules. Designers

of labels for optical encoding and detection methods have

concentrated mainly on fluorescent labels such as QDs and

fluorophores and on graphically encoded labels such as

nanowire barcodes. However, fluorescent bioassays suffer

from bleaching, autofluorescence and spectral overlap,

whereas graphical labels must be imaged, with the asso-

ciated disadvantages of non-real time analysis and non-

miniaturisable detection set-ups known from microarray

methods. The problems associated with optical labelling

Fig. 10 a GMR sensors

arranged in Wheatstone bridges

integrated into microfluidics. b
Composite optical and

fluorescence micrograph

showing plugs of ferrofluid in

oil travelling over the sensors

and c corresponding response of

GMR sensor bridges. Reprinted

from [134]

Fig. 11 a A schematic showing

the multi-coercivity encoding

scheme: a monotonically

decreasing external magnetic

field is applied to the entire

microcarrier, writing each bit in

turn, from hardest to softest.

b Optical microscope image of

three-bit and four-bit

microcarriers, encapsulated in

SU8 polymer. c A series of

magneto-optical Kerr effect

microscopy images showing the

realisation of the scheme

depicted in (a)
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have inspired the efforts of several research groups to

develop a complete magnetic bioassay platform based on

functionalised magnetic particles and magnetic sensors,

which do not suffer from the same constraints. Further-

more, magnetic labelling of biomolecules is particularly

attractive as there is no magnetic background in the vast

majority of biological samples. However, we pointed out

that implementation of magnetic labels require biocom-

patibility, monodispersity and correct functionalisation to

reduce non-specific binding.

The current sizes of the magnetic beads used as labels

for the various biomedical applications vary from a few

micrometers to tens of nanometers for in vitro biosensing,

whereas for in vivo applications such as MRI contrast

agents they are only a few nanometers in size. For mag-

netic biosensors the trend seems to go towards ever smaller

sizes, but for quantitative measurements of the total mag-

netic moment of the detected beads (for example for mass-

coverage sensor) the size and the magnetic moment dis-

tributions of the nanoparticles present a limiting factor at

present. Micron-sized particles usually comprise a large

number of magnetic nanoparticles in a silica or polymer

matrix, which permits better control over the total magnetic

moment during fabrication and moment selective sorting

post fabrication. However, as better protocols for syn-

thesising magnetic nanoparticles are developed, applica-

tions which favour particles of a few tens of nanometers or

below will benefit from the improvement in size and

moment distributions. The optimal size of a nanoparticle

depends also on the physical properties required for a

specific application; whether they need to be superpara-

magnetic, to avoid agglomeration or excessive heat dissi-

pation for MRI and hyperthermia applications, or

ferromagnetic, to maintain a remanent magnetisation for

quantitative biosensing measurements. With respect to the

different magnetic biosensor types different authors choose

particle sizes suitable for their requirements such as the

sensitivity of their detection system.

A variety of magnetic sensors have been employed as

detectors for magnetic labels. Despite their different prin-

ciples of operation, two avenues have been explored, with

some success: mass-coverage sensors with active areas of

hundreds of square microns which provide statistical

counting of a large number of magnetic labels, and micron-

sized sensors aimed at detecting the presence of single

micro- or nano-beads. Although single-bead detection has

already been demonstrated by Hall crosses and MR sensors

both in static flow and in microfluidics, and significant

progress has been made with mass-coverage sensors

towards an actual bioassay, a complete multiplexed bio-

assay has not yet been demonstrated to our knowledge. The

main obstacles to this goal seem to be integration of the

sensors with microfluidics to efficiently transport beads and

reagent and the design of some method of controlling the

position of the beads to maximise the signal (particularly

important for smaller magnetic particles).

Nevertheless, advances have been made towards the

goal of a complete multiplexed bioassay. In particular,

comparative studies [52, 151] between contemporary

fluorescent assays and their magnetic counterparts indicate

that magnetic sensors have an improved sensitivity over a

much larger analyte concentration range from atto- to

nanomolar, inaccessible to fluorescent techniques such as

ELISA. Statistical errors in the magnetic response are

currently slightly larger, but quantitative detection com-

parisons agree to within 9% at the ng/ml level. Other

advantages gained from the magnetic sensors include real-

time monitoring of analyte level and reduced amplification

stages of the analytes of interest with the possibility of

removing amplification altogether, if the signal-to-noise

levels can be improved.

Given the wide range of sensor designs which have been

successfully used to detect magnetic labels, the question

naturally arises of which kinds of sensors might be most

appropriate to measure labels lying in a particular size

range. From the reports reviewed above, most groups rely

on magnetoresistance or Hall effect based sensors, despite

the existence of fluxgate and even SQUID–based sensors

[24], which do not seem to confer a major advantage over

the former relative to the greater difficulty of implemen-

tation. MR based sensors are the most popular choice for

mass-coverage detection and a move towards TMR array

sensors is foreseeable. Nevertheless, it seems that Hall

sensors may be best suited to detect labels of dimension

50 nm and below, due to their simple single-layer con-

struction and relatively high signal-to-noise ratio, as this

simplifies the fabrication of sensors of similar size to the

labels detected. Hall sensors with a 40 9 40 nm active area

have been fabricated in Bi thin films at the apex of an AFM

tip [31, 136] using focused-ion beam milling. However, the

oft-quoted requirement to size-match sensor and label (to

maximise the intensity of the magnetic field intercepted by

the sensor) has been challenged by a new design by Va-

vassori et al. [167] based on AMR. When a dilute solution

of magnetic particles of diameter 130 nm was dispensed

onto a square Py ring, they were attracted to the corners of

the ring which contained domain walls.9 As the domain

walls are highly localised magnetisation perturbations,

which interacted strongly with the magnetic nanoparticles,

measurements of the AMR of the ring revealed an increase

of 12 ± 2 Oe in the external applied field required to

displace the domain wall, similar to the bead detection

9 Domain walls are the transitional regions between areas of different

magnetisation orientation.
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scheme used in [98]. A further point of note is that by using

the the domain wall’s own magnetic field to draw the

particles out of solution and localise them, avoided the

need for further external means of positioning the nano-

particles precisely with respect to the sensor, which has

always been necessary for any single-bead sensing bioas-

say regardless of the sensor type used.

So far, magnetic labels only encode one bit of infor-

mation, which does not need to be the case as encoded

microcarriers (magnetic barcodes) have been developed by

our group for use in an integrated microfluidic bio-chip.

The barcodes provide a mobile substrate for solution phase

reactions and identify the biomolecules bound to their

surfaces through an embedded multi-bit magnetic signature

[68]. The combination of flow cytometry and encoded

labels offers an advantage over hybridisation assays by

providing multiplexed detection without the need to

‘regenerate’ the sensors. The scalability of this approach

allows not only biological fluid interrogation for a panel of

proteins at the same time, but can also challenge current

DNA sequencing techniques by providing an unique code

for each combination of a number of bases while main-

taining the speed and accuracy of magnetic read-out.

We have shown that magnetic biosensing has the

potential to replace or to complement existing fluorescence

based in vitro biosensor techniques by facilitating detec-

tion, manipulation and sorting of analytes. However, ‘cel-

lular’ in vivo magnetic biosensor applications, despite the

existence of first attempts such as the magnetic actuation

for control of cellular function [129] and detection of

endogenously produced magnetic nanoparticles by a TMR

sensor [72], remain a task for the future.
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