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Integrated lab-on-chip biosensing systems based
on magnetic particle actuation – a comprehensive
review

Alexander van Reenen,ac Arthur M. de Jong,ac Jaap M. J. den Toonderbc

and Menno W. J. Prins*acd

The demand for easy to use and cost effective medical technologies inspires scientists to develop

innovative lab-on-chip technologies for point-of-care in vitro diagnostic testing. To fulfill medical needs,

the tests should be rapid, sensitive, quantitative, and miniaturizable, and need to integrate all steps from

sample-in to result-out. Here, we review the use of magnetic particles actuated by magnetic fields to

perform the different process steps that are required for integrated lab-on-chip diagnostic assays. We

discuss the use of magnetic particles to mix fluids, to capture specific analytes, to concentrate analytes,

to transfer analytes from one solution to another, to label analytes, to perform stringency and washing

steps, and to probe biophysical properties of the analytes, distinguishing methodologies with fluid flow

and without fluid flow (stationary microfluidics). Our review focuses on efforts to combine and integrate

different magnetically actuated assay steps, with the vision that it will become possible in the future to

realize integrated lab-on-chip biosensing assays in which all assay process steps are controlled and

optimized by magnetic forces.

1 Introduction

The ageing population and its accompanying increase in

chronic disease prevalence put high pressure on the

healthcare system, which drives the need for easy-to-use and

cost-effective medical technologies.1 In vitro diagnostics (IVD)

plays a large role in delivering healthcare: it makes up a few

percent of a hospital's budget but leverages the majority of

all critical decision-making such as admittance, discharge,

and medication.2,3 Decentralizing diagnostic testing, i.e.

point-of-care testing (POCT), is a growing segment in the IVD

market. POCT reduces the turn-around times to the physi-

cian, resulting in faster treatment decisions, giving improved

workflows and improving the quality of care.4 Furthermore,

POCT devices create opportunities to perform testing in less

expensive settings such as the doctor's office and the home.

This creates the possibility to deliver cost-effective care, e.g.

remotely monitoring the progress of patients, personalization

of treatment, and reducing the number of visits needed to

the hospital.

Applications for which POCT is very relevant are, for

example, the detection of protein markers to diagnose

cardiac diseases and the detection of nucleic acid markers in

case of infectious diseases. The detection of these biomarkers

requires that POCT devices not only contain a sensing tech-

nology but can also perform all of the sample pretreatment

steps that are required in the assay, thus becoming so-called

lab-on-a-chip or micro-total-analysis systems,5 in which

microfluidics plays an important role.6 As biomarkers are

typically present at very low concentrations within complex

samples that contain high concentrations of background

material, the methodologies should be highly selective and

accurate. In the case of protein biomarker detection, molecu-

lar selectivity can be obtained by making use of antibodies in

immunoassays,7 and a high sensing accuracy can be achieved

by introducing labels in the assay. In nucleic-acid assays,

purification and biochemical amplification steps are typically

applied.8

Concerning protein biomarker detection, several immuno-

assay sensing technologies have been developed, such as

nanoparticle labeling,9–11 label-free electrical detection,12

fluorescence detection13,14 and oligonucleotide labeling com-

bined with biochemical amplification.15 While the detection

sensitivities of these technologies can be high, the integra-

tion of these platforms in cost-effective lab-on-chip devices is

complicated because several active fluidic steps are required

to enable sample-pretreatment,9–15 (bio)chemical development9,15
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or washing using buffer fluids.9–15 Therefore, it is important

to face the challenge of total integration16 and design solu-

tions that facilitate all assay steps, from sample preparation

to final detection.

For several decades, magnetic particles have been applied

in pipette-based assays, ranging from manual assays for basic

research to assays in high-throughput instruments for

centralized laboratories.18 The main advantages of using

magnetic particles† are that they have a large surface-to-volume

ratio, they are conveniently biofunctionalized, and they can

be manipulated by magnetic fields, thereby simplifying extrac-

tion and buffer replacement steps. Particles are commercially

available with different sizes, magnetic properties and surface

coatings. Most particles are synthesized by coprecipitation or

thermal decomposition.19 The magnetic core can be com-

posed of e.g. iron oxides (like magnetite Fe3O4 or maghemite

γ-Fe2O3) or pure metals (like Fe and Co) or alloys (like FePt).

The magnetic material is protected by a coating that can be

polymeric or inorganic and that also serves as a starting point

for bio-functionalization. When many separate magnetic grains

are embedded inside a non-magnetic matrix,20 the particle as a

whole can exhibit superparamagnetic behavior,21 i.e. the parti-

cles are paramagnetic with a very high magnetic susceptibility.

The availability of magnetic particles and corresponding

assay reagents has formed a solid starting point for explora-

tions toward miniaturization, i.e. efforts to realize integrated

and miniaturized technologies based on magnetic particles

and small fluid volumes.19,22 On small scales, it is difficult in

principle to manipulate fluids due to high flow resistances,

dominance of capillary forces, and difficulties to achieve

mixing at low Reynolds numbers. Yet, the manipulation of

magnetic particles by magnetic fields scales favorably with

system miniaturization, because close to the field generators

the magnetic fields are strong, because magnetic field gradi-

ents are large in the vicinity of structures with high curvature,

and in addition only short distances need to be travelled in

miniaturized devices. This has led to the concept of station-

ary microfluidics,23–25 in which overall fluid manipulation is

minimized and the control of assay steps is mainly effectu-

ated by magnetic particles and magnetic forces.

Magnetic particles are highly versatile and have been stud-

ied for many process steps that are required for lab-on-chip

diagnostic assays. Magnetic particles have been applied

(see Fig. 1) to mix fluids, to selectively capture specific

analytes (i.e. the biomarkers that need to be detected), to

concentrate analytes, to transfer analytes from one solution

to another, to label analytes, to perform stringency and wash-

ing steps, and to probe biophysical properties of the analytes.

In this review, an overview of the accomplishments of

magnetic particles in all of these functions will be given. The

review is centered around the concept that the integration of

point-of-care assays can be facilitated by using actuated mag-

netic particles. We describe key assay steps in which mag-

netic particle actuation can play a role: mixing (section 2),

analyte capture (section 3), and analyte detection (section 4).

These three process steps are essential in every assay based

on molecular binding affinity. Thereafter, we summarize the

status of the integration of the different magnetically

actuated assay steps with the vision that in the future it will

become possible to realize integrated lab-on-chip biosensing

assays in which all assay processes are controlled and opti-

mized by magnetic forces. We draw examples from studies

reported in the peer-reviewed scientific literature including

our own research papers. We focus on the application of

magnetic actuation in immunoassays and somewhat less on

nucleic-acid detection assays. Finally, we discuss the current

challenges and possible directions for integrated biosensing

based on actuated magnetic particles in microfluidic devices.

2 Microfluidic mixing using magnetic
particles

The mixing of fluids has been a topic of long-standing inter-

est in the microfluidics community. Due to the small dimen-

sions of microfluidic devices, viscous forces are strong and

result in slow and inefficient mixing. In most POCT devices,

rapid mixing of two or more fluids or solutes is an essential

step. Methods based on magnetic particles and magnetic

fields have been investigated with the aim to improve micro-

fluidic mixing. The methods can be separated in two classes:

(i) mixing of fluid layers in a laminar fluid flow and (ii)

mixing of fluid in a static fluid compartment, which will both

be discussed in the following sections.

2.1 Mixing a flowing fluid using magnetic particles

In the presence of a magnetic field, magnetic particles tend

to form chains and other supra-particle structures due to the

magnetic dipole–dipole interaction between the particles.

Such magnetic structures can be used to stir fluids on the

microscale. Hayes et al.26 found that applying a magnetic

field to a suspension of superparamagnetic particles in a

microfluidic channel causes the formation of dynamic and

reversible self-assembled regularly-spaced supraparticle struc-

tures (see Fig. 2a). The formed structures or “plugs” could be

rotated around all axes without losing their structural form.

In addition, these plugs resisted deformation under pressure

flow conditions and as such are able to influence fluid flow

within a microchannel.

Rida and Gijs27 showed that supraparticle structures can

be retained at a well-defined position within a microchannel

by focusing the magnetic field and by using ferromagnetic

particles. Using an alternating magnetic field, they found that

the rotational motion of the particles enhances the fluid per-

fusion through the magnetic structure.28 The strong particle–

fluid interaction could be controlled by the field frequency

and amplitude, as well as the fluid flow rate, and the mixing

† In the scientific literature, the terms ‘magnetic particle’ and ‘magnetic bead’

are often interchangeably used. We use ‘magnetic particle’ because it is more

general, as ‘magnetic bead’ mostly relates to spherical particles made of

composite material.
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effectiveness was analyzed by studying two parallel flow

streams within the microchannel (see Fig. 2b). Starting from

a laminar flow pattern, a 95% mixing efficiency was obtained

using a mixing length of only 400 μm and flow rates on the

order of 0.5 cm s−1. The efficient fluid mixing was attributed

to the chaotic splitting of fluid streams through the dynamic

and randomly porous structure of the particle aggregate,

combined with the relative motion of the fluid with respect

to the magnetic particles. This type of magnetic micromixer

was also studied using a numerical model in order to

find the optimal magnetic actuation conditions for different

microchannel dimensions.29 In another study,30 microchannels

were connected to a microfluidic mixing chamber in which

ferromagnetic particles were actuated using rotating fields to

efficiently mix fluids flowing at velocities up to 5 mm s−1.

Suzuki et al.31 combined a two-dimensional serpentine

channel with pulsed lateral magnetic particle translation to

create the typical stretching and folding behavior of fluid that

is characteristic for chaotic mixing.

Another interesting development has been the use of

multiple small particle plugs instead of one large particle

plug. Multiple plugs can be stably formed and retained in a

channel by integrating soft-magnetic elements in the channel

walls,33 or by using a channel with a periodically varying

cross-section and a magnetic field orthogonal to the channel

(see Fig. 2c).32 The advantage of using distributed particle

plugs in a fluid flow is that the biochemical reactions on the

particles are more easily controlled and monitored.

Magnetic particles are effective for achieving fluid mixing

in microchannel flows, but strong forces are needed to retain

the particles in the microchannel. Generally, ferromagnetic

particles with high magnetic content need to be used because

the magnetic forces achievable with superparamagnetic

particles are too weak.34 However, Moser et al.35 showed that

superparamagnetic particles can be used if the fields are

generated by a combination of ferromagnets and electromag-

nets. An advantage of using superparamagnetic particles

instead of ferromagnetic particles is that superparamagnetic

particles lose their magnetization when the field is turned

off, facilitating the redispersion of particles in solution. This

is very important in case the particles are needed for further

assay steps such as target capture or detection.

2.2 Mixing a static fluid using magnetic particles

In microfluidic systems, fluid mixing is not necessarily

performed in a fluid flow. Fluid mixing can also be performed

in static fluid compartments, e.g. to mix a sample with

reagents after loading the sample into a microfluidic reaction

chamber, or to homogenize reagents and avoid near-surface

reactant depletion during a biochemical reaction at a surface.

For such applications, superparamagnetic particles have been

shown to be very useful, as we describe below.

Vuppu et al.36,37 were one of the first to discover that

superparamagnetic particles form rotating chains in a

rotating magnetic field. The rotors could be assembled

dynamically and the length and speed were found to be varying

in time (see Fig. 3a), and as such the method was reported to

be suitable for micromixing applications in biosensing.

To understand the dynamic behavior of the chains in

more detail, models have been developed in which particle

chains were treated as three-dimensional circular cylinders,38

as chains of circles in two dimensions17,39 and finally as

chains of spheres in three dimensions.40–43 To characterize

Fig. 1 Application of magnetic particles in several process steps of a lab-on-chip diagnostic assay. Actuated by applied magnetic fields, magnetic

particles have been used (a) to mix fluids, (b) to selectively capture specific analytes, (c) to transfer analytes to another fluid, (d1) to label particles

for detection, (d2) to form clusters for detection, (d3) to induce surface binding for detection, and (e) to apply stringency forces in order to

improve the signal-to-background ratio. (a) Adapted with permission from ref. 17 Copyright 2007 The American Physical Society.
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the chain behavior, most studies17,39,40,44 used the dimen-

sionless Mason number, which is the ratio between the rota-

tional shear forces (i.e. hydrodynamic drag) and the magnetic

interaction forces (i.e. the magnetic forces):

Ma
p




 0

2
H

(1)

where η is the dynamic viscosity of the fluid, ω the field

rotation frequency, μ0 the permeability of free space, χp the

magnetic susceptibility of the particle and H the magnetic

field strength. It has been found17,39 that for high Mason

numbers (i.e. low magnetic torques), particle chains split up

in small chains that only mix well in the vicinity of the

particle chain. Conversely, for low Mason numbers (i.e. high

magnetic torques) particle chains stay rigid and demonstrate

little mixing near the center of the particle chain and better

mixing towards the ends of the chains (see Fig. 3b). The best

mixing conditions were obtained at intermediate Mason

numbers where chains break and reform repeatedly, creating

a fluid flow that is characteristic for chaotic mixing.45 To

characterize the induced chaotic mixing, Kang et al.17

computed the Lyapunov exponents45 at different Mason

numbers (see Fig. 3c), which are a measure for the spatial

divergence of two artificial fluid tracers that are initially sepa-

rated by a very small distance. As shown in Fig. 3c, for inter-

mediate Mason numbers, the highest Lyapunov exponents

are found, indicating the optimal regime for chaotic mixing.

As the reported optimal values for the Mason number vary

in the literature, a modified Mason number was introduced

by Gao et al.41 which more exactly describes the acting torques

and includes the number of particles, N, within a chain. The

number RT equals the ratio of torques (rather than forces)

and was defined as:

R
H

N

N
N

N

T

p

2


  





 











16

1
2

2 40

2

3
 

ln
. (2)

Using RT, the rotational behaviour of a magnetic particle

chain can be described independent of the number of parti-

cles. In case RT > 1, the chain exhibits breaking behavior,

whereas for RT < 1, the particle chain remains rigid; this was

shown numerically as well as in experiments (see Fig. 3d).

Experimental mixing studies were performed in microliter

reaction chambers42,46–48 and in droplets43 (see Fig. 3e). In

general, the experiments confirm theoretical data,47 but

simulations fail to describe systems in which the particle

density is high. Over time, particle chains grow in length48

and interact with other chains,43,46,47 which are not covered

in simulations of isolated chains.

In conclusion, the mixing capabilities of chains of super-

paramagnetic particles in a rotating magnetic field have been

well studied. The optimal chaotic mixing is obtained for long

chains that exhibit breaking and reformation behavior. This

type of mixing is particularly interesting to accelerate (bio)-

chemical reactions in static microfluidic compartments, as it can

homogenize fluids and thereby overcome diffusion limitations.

3 Capture of analyte using magnetic
particles

The high surface-to-volume ratio and the availability of many

bio-functionalization options make magnetic particles well-

suited for the capture of analyte from biological samples. The

analyte capture can be of specific as well as non-specific

Fig. 2 Examples of assembled magnetic particle structures to increase

particle–fluid interactions within a microfluidic flow. (a) Formation of

supraparticle structures of superparamagnetic particles (∅1–2 μm)

within a microchannel (∅20 μm) for different field orientations, as

indicated by the arrows. (b) Experimental evaluation of fluid mixing of

parallel fluorescent and non-fluorescent streams within a channel by

magnetically retained and actuated supra-particle structures. The fluo-

rescence images (ii–v) on the right are taken at different locations as

indicated in panel (i), i.e.: (ii) before mixing; (iii) during mixing; (iv) after

mixing by a 20 Hz sinusoidal field; and (v) after mixing by a 5 Hz

square-shaped field. (c) An optical image of a microchannel

engineered to assemble and retain magnetic particles into 20 plugs

across the channel. (a) Reprinted with permission from ref. 26 Copy-

right 2001 American Chemical Society. (b) Reprinted with permission

from ref. 28 Copyright 2004 American Chemical Society. (c) Reprinted

with permission from ref. 32 Copyright 2004 American Chemical

Society.
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nature. Non-specific capture has been mainly developed for

the isolation and purification of nucleic acids from lysed

samples. In particular, magnetic silica particles have been

found to be very useful for nucleic acid preparation and

detection.49–52 The capture process relies on the physisorption

of the nucleic acids to the particles and is followed by fluid

exchange steps to achieve isolation and purification. Specific

capture requires the functionalization of particles with

specific capture molecules, such as antibodies, with a high

affinity to the analyte that is to be detected. In either case, the

analyte capture rate scales with the total surface area of the

suspended particles and therefore with the particle concentra-

tion. However, the use of a very high concentration of

particles has disadvantages for downstream processes in an

integrated multi-step lab-on-chip assay. High particle

concentrations generally increase non-specific particle–particle

and particle–surface interactions, enhance field-induced

particle aggregation, cause steric hindrance in particle con-

centration steps, obstruct chemical reactions on the particles,

and sterically hinder reactions between the particles and a

biosensing surface. Therefore, it is desirable to decrease parti-

cle concentrations while maintaining high capture rates. To

this end, magnetic actuation-based mixing techniques can be

applied as discussed in the previous section. In the following

paragraphs, we will discuss the effects of applying magnetic

actuation for analyte capture, with the focus on the process of

specific analyte capture. We describe the basic mechanisms

underlying particle-based affinity capture of target analytes

and review the literature on specific analyte capture by

magnetic particles in flowing and in static fluids.

Fig. 3 Examples of magnetic particle-based mixing within a static fluid compartment. (a) In a rotating field (3.2 Hz), magnetic particles form chains

that grow and fragment dynamically. (b) Results of 2-D numerical simulations of a particle chain in a rotating field, showing the progression of

mixing at different time points (to the right), for four different Mason numbers: (from top to bottom) Ma = 0.001, 0.002, 0.003 and 0.005. Initially,

the fluid interface is perpendicular to the chain. (c) Results of 2-D numerical simulations, showing the spatial distributions of the maximum

Lyapunov exponent at several Mason numbers. (d) The experimentally determined time-average number of chain fragments as a function of RT

(as defined by eqn (2)). The external magnetic field is kept constant at 5 mT (square, diamond, triangle, circle, rectangular) and 9 mT (crosses). The

experimental rotating chains were varied from N = 0 to N = 14. (e) Magnetic field-induced mixing of a dye in a microliter droplet by magnetic

particles (∅2.65 μm) suspended within the fluid. (a) Reprinted with permission from ref. 36 Copyright 2003 American Chemical Society. (b, c)

Reprinted with permission from ref. 17 Copyright 2007 The American Physical Society. (d) Reprinted with permission from ref. 41 Copyright 2012

The American Physical Society. (e) Reprinted with permission from ref. 43 Copyright 2009 The American Institute of Physics.
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3.1 The analyte capture process

The specific capture of analytes from a fluid onto magnetic

particles is driven by (i) the encounters between target

analytes and bio-functional molecules on the surfaces of the

particles, and (ii) the subsequent biochemical reactions

between analytes and the surface-coupled capture molecules.

This creates two avenues to accelerate the capture rate, firstly

by increasing encounters and secondly by increasing the

biochemical reaction rate. The specificity of the capture is

generated by the biochemical reaction. For example, in

immunoassays, antibodies are coupled to the particles for

specific capture of analytes from the fluid. The analytes are

typically present in very low concentrations within a complex

sample containing a high concentration of background mate-

rial, such as blood or saliva. In such complex matrices,

non-specific adhesion of non-targeted molecules to the

magnetic particles can seriously hamper the effectiveness of

the assay. Therefore, it is essential to have control over the

surface properties and to have a detailed understanding of

the specific and non-specific surface reactions.

The process of particle-based capture of target analytes is

similar to a bimolecular binding process,53,54 i.e. it consists

of an encounter step between the two components, which

leads to a transient complex that can subsequently react

chemically and become a bound complex. The total process

is characterized by the overall rate constant of association, ka
(unit: M−1 s−1). For typical protein–protein interactions, the

association rate constant ranges between 103 and 109 M−1 s−1.

The association rate constant of specific protein–protein

interactions is, to a large extent, determined by the fact that

the two macromolecules can only bind if their outer surfaces

are aligned and oriented in a very specific manner.53 A rela-

tive translation by a few Angstroms or a relative rotation of a

few degrees is enough to break the specific interactions. In

general, the association rate of a protein complex is limited

by diffusion and by geometric constraints of the binding

sites, and may be further reduced by the final chemical reac-

tion. In practice, usually either diffusion or the chemical

reaction dominantly limits the reaction rate, although there

is no simple test to determine which process is the most

important. Nevertheless, there are two indications for a diffu-

sion limitation.53 First, diffusion-controlled rate constants

are usually high (>105 M−1 s−1). Second, diffusion-controlled

association involves merely local conformational changes

between unbound proteins and the bound complex, while

reaction-controlled association typically involves gross confor-

mational changes such as loop reorganization or domain

movement.53 Typical antibody–antigen association rate

constants are in the range of 105–107 M−1 s−1, which indicates

that such reactions are generally diffusion-controlled.53,55,56

While most literature has focused on understanding the

bimolecular reaction between two proteins that are free in

solution, here we are interested in the case that one of the

proteins is immobilized on the surface of a particle. So, the

bimolecular reaction involves the binding between a reactive

particle and a protein, where the biochemical specificity to

the targeted protein is determined by the capture proteins

coupled to the particle. We have performed an experimental

study57 to identify to what extent the different stages of the

binding process are limiting. In particular, the diffusional

encounter step was split up into the process of diffusional

transport through the fluid volume and the process of

near-surface alignment (see Fig. 4). Where volume transport

generates the first encounters between particles and target

proteins, the subsequent near-surface alignment process

deals with the alignment rate of the binding sites of the

reactants. The volume transport is essentially a translational

process, while the alignment is determined by both the trans-

lational and the rotational mobility of the reactants. The

following reaction equation was used to describe the capture

process of a fluorescent target nanoparticle (FT) by a mag-

netic capture particle (MC):

FT MC FT MC 

FT

      

 

k

k

k

k

enc

sep

align

misalign

�

MMC FTMC
c

k

k

c



  

(3)

Here, the different intermediate reaction products are (i) the

encounter complex (FT||MC) which forms after the initial

encounter, (ii) the aligned complex (FT⋯MC) which forms

after the alignment of the binding sites and (iii) the bound

complex (FTMC) which forms after the chemical reaction.

Between the different states, the forward and backward

reaction rate constants are indicated. In experiments, the

different processes were studied by varying the types of

particle actuation, target sizes, types and concentrations of

proteins on the particle surface, and the ionic strength of the

medium. It was found that both volume transport and the

alignment of binding sites determine the association rate

constant for particle-based target capture.

When free proteins react in solution, the alignment pro-

cess (i.e. rotational diffusion) is an important restriction due

to the highly specific alignment constraints,55,58 but volume

transport (i.e. translational diffusion) is not a limitation. In

case one of the two proteins is attached to a surface, however,

volume transport can become a limitation.59 Depending on

Fig. 4 Effective affinity capture of targets depends on the reactive

surface properties of magnetic particles. Schematic representation of

the different stages of the capture process of targets (in green) by

capture particles (in gray). Targets and capture particles are sketched

with multiple binding sites (in red). The stages are as follows: (left)

volume transport creates encounters between magnetic particle and

targets, (middle) near-surface transport creates alignment of binding

sites, and (right) bonds are formed by chemical reaction. Reprinted with

permission from ref. 57 Copyright 2013 American Chemical Society.
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the number of binding sites at the surface and the intrinsic

chemical reaction rate, reactants can become depleted close

to the surface, and depletion can be reduced by actively

transporting the fluid over the surface.60 Therefore, depletion

can also play a role in particle-based target capture, which

means that reaction rates may be positively influenced by

actively applying volume transport processes. Indeed,

increased reaction rates have been observed when actively

moving particles through the fluid using magnetic fields,61

and when applying flows to induce fluid perfusion through

clusters of magnetic particles.62 Limitations due to specific

alignment constraints can be further overcome by maximiz-

ing the number of binding sites on the particle surface and

by improving the orientation of the immobilized proteins.

Equally important is that the surface properties of the parti-

cles should be optimized to reduce non-specific interactions

and to make particle-based assays suitable for operation in

complex fluids. In practice, the surface optimization process

is more easily performed for particles than for planar sur-

faces, due to the fact that surface engineering can be applied

with a higher throughput to particles in solution than to

surfaces in microdevices.

3.2 Analyte capture using magnetic particles in a flowing fluid

Improving the capture efficiency of target analytes from a

fluid means that the interaction between the analyte and the

capture agents (e.g. antibodies) should be maximized. For

example, in surface plasmon resonance biosensing, a surface

with immobilized antibodies is used to capture analytes from

a fluid that is flowing past the surface.63 Without a flow, the

analyte concentration at the surface can become limited by

diffusion, which reduces the binding rate. The application of

a fluid flow overcomes the diffusion limitation, maintains a

maximum analyte concentration at the surface and therefore

keeps the binding rate at a maximum value. The total

binding rate scales linearly with the number of binding sites

and therefore also with the available surface.

Immobilizing antibodies on micro- or nanoparticles

increases the reactive surface-to-volume ratio during incuba-

tion. In a moving fluid, the particles, in principle, follow

the fluid flow such that the particle–fluid interaction is not

improved unless other forces are exerted on the particles.

Here, the magnetic properties of magnetic particles can be

exploited, as external fields can be used to retain the particles

within a fluid stream.64,65 Hayes et al.64 showed that a bed of

superparamagnetic microparticles can be formed within a

micro-capillary, which can be used for a flow-based immuno-

assay. However, the static configuration was far from opti-

mal, as fluid perfusion through the bed was minor and most

fluid flowed past the bed, requiring the bed to be 1–3 mm in

length. In addition, the applied flow rates were limited

(~0.1 cm s−1) in order to allow analytes to diffuse into the

particle bed and to prevent superparamagnetic particles from

being dragged along with the flow.

To improve flow-based assays, other groups replaced super-

paramagnetic particles by ferromagnetic particles, and formed

dynamic particle structures over the whole cross-section of a

channel (see Fig. 5a).28,66 By blocking the whole cross-section

of the channel, all fluid passed through the small pores

between the particles. It was shown28 that alternating the local

magnetic field enhanced the perfusion of fluid through the

randomly varying porous structure of the particles. To reduce

the cluster size and to improve confinement of small particle

clusters in plugs, microchannel structures have been modified

using microfabrication techniques.32,67

The use of ferromagnetic particles seriously complicates

downstream detection steps, because the magnetically

induced clustering of the particles is practically irreversible

in a microchip. Superparamagnetic particles suffer much less

from irreversible magnetic clustering, but in a flow the parti-

cles are not easily retained as they typically have smaller mag-

netic moments. Very strong field gradients are required35,62,68

which complicates microfluidic integration. Nonetheless,

superparamagnetic particles with high magnetic content have

been shown to be useful for target capture in a microfluidic

flow, for example, by moving particles laterally through flow

streams containing different reagents within a single micro-

channel, and by subsequently collecting the particles in a

separate outlet (see Fig. 5b).69–73 Ganguly et al.73 found that

this method of magnetophoretic mixing strongly depends on

the particle concentrations, the flow fraction of the analyte

stream, and the flow rate. In magnetophoretic mixing,

Fig. 5 Examples of magnetic particle actuation to capture analytes

from fluid flows. (a) Using two magnets near a microchannel, plugs of

superparamagnetic particles can be formed and retained within the

channel as shown in the inset. The plugs are used to accelerate

reactions of particles with targets in a fluid that is flowing through the

channel. (b) Alternatively, magnets have been used to move magnetic

particles through several reagent streams in a continuous flow reactor.

(a) Reproduced from ref. 66 with permission from The Royal Society of

Chemistry. (b) Reproduced from ref. 69 with permission from The

Royal Society of Chemistry.
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particle–fluid interactions can be high, and the super-

paramagnetic nature of the particles, in principle, enables

the addition of subsequent detection steps.

Overall, several studies have reported the use of actuated

magnetic particles in microfluidic flows to perform analyte

capture from the fluid. In most studies, analyte capture was

evaluated by determining the limit of detection (LoD). How-

ever, it is difficult to attribute significance to the reported

LoDs due to the lack of standardized conditions (biomarker,

biomaterials, sample matrix, incubation times, detection

method, data analysis, etc.) as we will discuss in section 4. It

would be useful if future studies expressed the data in terms

of association rate constants and included the dependence

on process parameters such as flow speed, number of parti-

cles, etc. This may help to gain insight in the role of the

underlying processes (such as translational and rotational

transport limitations) and will help to reveal scaling relation-

ships for the microfluidic system design.

3.3 Analyte capture using magnetic particles in a static fluid

An alternative approach to perform analyte capture from

fluid is to actuate magnetic particles in an overall static fluid

volume, within the so-called stationary microfluidics concept.

An advantage of performing analyte capture in a non-flowing

fluid is that the sample fluid is very efficiently used, because

no sample is discarded in order to develop a flow. Further-

more, fluid pumping techniques are not required, which sim-

plifies the total microfluidic system, i.e. the cartridge, the

analyzer, and the cartridge–analyzer interface.

Analyte capture using magnetic particles in a static micro-

fluidic chamber was shown by Bruls et al.25 A sample fluid

was inserted in a cartridge and filled the reaction chamber by

capillary forces. Thereafter, a dry reagent containing

magnetic particles was automatically dissolved into the fluid,

allowing the particles to capture the analyte from the solu-

tion. The capture process itself was not actively steered by

magnetic forces. Tanaka et al.74 showed that rotating mag-

netic fields (at 30–90 Hz) can be used to agitate clusters of

magnetic particles in a reaction chamber in order to bind

target proteins on the antibody-coated surface of the parti-

cles. Quantitative data on the enhancement of the binding

rate were not shown. In another study,75 magnetic particles

were suspended in a capillary tube that was positioned

between two ferromagnets. Due to the magnetic fields, the

particles arranged themselves into chains, and by rotating

the capillary, the particle–fluid interaction was enhanced.

Target capture was quantified using an ELISA and compared

for different Mason numbers by altering the rotation speed

of the capillary tube (see Fig. 6a). It was found that an accel-

eration by at least one order of magnitude could be obtained

by rotating magnetic particle chains compared to a zero rota-

tion speed of the capillary tube. It was found that small

Mason numbers (corresponding to long chains that break

and reform) generate the largest enhancement for analyte

capture. In an inverse arrangement, Gao et al.47 applied

rotating magnetic fields to magnetic particles suspended in a

Fig. 6 Rotation of magnetic particle chains to accelerate target

capture. (a) Chain rotation induced by rotating a capillary tube in a

static magnetic field. (b) Alternatively, particle chains have been rotated

by applying rotating magnetic fields with (i) an 8-pole electromagnet.

(ii) Using constant field rotation frequencies, particle chains are found

to remain rigid during rotation; (iii) whereas by alternating high and low

rotation frequencies, the so-called break-and-reformation behaviour

can be induced to the particle ensembles. (iv) For both types of actuation,

the effect on the capture rate of biotin-coated fluorescent nanoparticles

was quantified by counting magnetic particles (∅2.8 μm; brown) and

the captured targets (∅200 nm; green) in microscope images after

incubation. (a) Reprinted with permission from ref. 75 Copyright 2012

American Chemical Society. (b) Reprinted and adapted with permission

from ref. 47 Copyright 2013 Springer.
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reaction chamber (see Fig. 6b). They found that rotating par-

ticle chains that exhibit breaking and reformation behavior

(resulting in chaotic fluid mixing) enhance the capture rate

of target analytes by a factor of 3 compared to rigid rotating

particle chains. The breaking and reformation behavior of

particle chains was enhanced by alternating the Mason

number over time, i.e. by alternating between high and low

frequency actuation. In this way, global mixing was alter-

nated by local mixing. However, the Mason number is not

the optimal number to describe the system, because it was

defined for individual chains, not for large numbers of mutu-

ally interacting chains. Where a single isolated chain would

remain rigid, a non-isolated chain at the same Mason

number would grow further and maintain breaking and

reformation behavior.

These studies show that magnetic particle-based target

capture can be accelerated by applying time-dependent

magnetic fields on particles in a static fluid volume. As

mentioned in the previous section, it would be useful if

future studies reported data in terms of the association rates

and included the influence of actuation parameters, such as

field strength, field frequency and field direction. This would

allow for a comparison between the different devices and

actuation methods.

4 Analyte detection

After the capture of target analytes, further processing is

needed for accurate and specific detection. When the mag-

netic particles are used only as carriers, then the captured

analytes are exposed to further (bio)chemical processes and

are typically detected by luminescent labels such as enzymes

or fluorescent molecules. Magnetic particles can also serve as

a label, to signal molecular binding at a sensing surface, or

to signal molecular binding between particles in an aggluti-

nation assay. Here, we review different methods for the detec-

tion step with the focus on the potential for total lab-on-chip

integration of the assay.

An evaluation of the analytical performance of a detection

methodology is often done by measuring dose–response

curves. In many publications, attention is primarily given to

the limit of detection (LoD) derived from a dose–response

curve.76 However, papers of exploratory research generally

report very limited statistics. The LoDs are mostly based on a

low number of data points and LoD confidence intervals are

hardly ever given. Furthermore, the chosen assay (biomarker,

biomaterials, sample matrix, incubation times, etc.) has a

strong influence on the LoD, so the LoDs of papers with

different assays cannot be compared. Finally, for medical

applications, it is not the LoD but the limit of quantification

(LoQ) that is of prime relevance, i.e. the lowest biomarker

concentration that can be quantified with a given required

precision (typically <30%).77,78 The LoQ is close to the LoD if

a dose–response curve has a good sensitivity, i.e. if the signal

changes strongly as a function of the target concentration.

However, if a dose–response curve has a very weak

dependence on the concentration (e.g. if the signal scales

with the logarithm of the concentration), it might even be

impossible to precisely quantify the target concentration. In

view of the above, when discussing the literature, we will

mention the measured target and the sample matrix, the

character of the reported dose–response curves, and the order

of magnitude for the LoD or LoQ. When estimating the LoQ

for linear dose–response curves, we will use the definition

that the LoQ equals ten times the standard deviation of the

blank divided by the slope of the dose–response curve.78

4.1 Magnetic particles as carriers

When magnetic particles are used as carriers or substrates

for the detection of target analytes, then the particles are first

used to capture target analytes, subsequently the captured

analytes are labeled and finally the label is detected.7 For

accurate detection, it is important that only bound analytes

are labeled, and that only bound labels are detected. This

requires that several washing or separation steps are performed,

i.e. the particles need to be exposed to different fluids. After

the labeling step, detection can be performed close to a

surface or in the bulk of the fluid.

As detection labels, fluorescent dyes or chemiluminescent

molecules are most frequently used. Fluorescent labels have,

for example, been used in microfluidic flow-based assays

with supraparticle structures,64,73 magnetic particle plugs32,68

and isolated particles.69 In these assays, the single fluorescent

dye molecules could not be resolved and instead the overall

fluorescence from the particles was detected, e.g. using a CCD

camera. The reported detection limits are typically on the

order of several tens of picomolar and assays have mostly

been performed in buffer.19 The dose–response curves tend to

be sublinear and as a consequence the limits of quantifica-

tion are substantially higher than the reported limits of detec-

tion. The detection limits are quite high due to the fact that

the signals per label are weak while the background fluores-

cence from magnetic particles is significant. To reduce back-

ground, evanescent fields have been applied to only excite

fluorescent dyes close to a substrate,80 but this approach has

not resulted in a clear improvement of the detection limit.

To allow detection with single-molecule resolution,

Todd et al.13 used magnetic particles to capture the analytes

and thereafter labeled the analytes with fluorescent detection

antibodies. After a buffer exchange, the detection antibodies

were eluted, separated from the magnetic particles and

counted with single molecule resolution while flowing

through a capillary. From the data, we estimate a LoQ of a

few femtomolar for the detection of interleukin-17 in plasma

or serum. The dose–response curve shows a dynamic range

of almost 5 orders of magnitude. For other analytes – among

which were cardiac troponin (cTnI) and tumor necrosis factor

(TNF-α) – similar or slightly higher LoQs were obtained. The

method gives a very high sensitivity, but requires numerous

fluid handling steps (e.g. washing, buffer exchange, elution,

flows) and would be difficult to miniaturize for point-of-care

testing.
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Enzymes have also been used as labels in the so-called

enzyme-linked immunosorbent assays (ELISAs). Enzymes

that convert substrates suited for luminescence75,79,81–85 or

electrochemical86,87 detection are available. Generally,

luminescence-based ELISAs involve a washing step after

enzyme labeling, followed by exposure of the particles to a

fluid containing the reactants, after which bulk luminescence

is detected.75,81–83 A main advantage of using enzymatic

labels is that the signal is amplified by the enzymatic conver-

sion process. To reach single-target sensitivity, Rissin et al.79

loaded single magnetic particles in separate microwells,

which were subsequently used as isolated ELISA reaction

chambers (see Fig. 7). When the number of particles is

higher than the number of targets, digital counting is possi-

ble, which allows the detection of single analytes according

to Poisson statistics. In buffer, streptavidin-β-galactosidase

could be detected with an estimated LoQ of a few attomolar

and a dynamic range of 4 orders of magnitude. In serum,

prostate specific antigen (PSA) and TNF-α could be detected

with estimated LoQs close to a femtomolar (based on the

quasi-linear dose–response curve at low concentrations).

Concerning the integration of the technology, several aspects

have been investigated such as rapid array loading,88 low-cost

fabrication of array wells84 and multiplexed assays,89 but

complete miniaturization and integration are still a challenge.

Another assay employing magnetic particles is the

so-called nanoparticle-based bio-bar code assay described by

Nam et al.9 Analyte targets were captured by magnetic

microparticles and subsequently labeled with gold nanoparti-

cle probes that contained both specific antibodies and DNA

fragments. Magnetic separation and buffer exchange were

performed, and thereafter the DNA was amplified and

stained for optical detection. For detection of PSA in buffer,

we estimate a LoQ of a few attomolar from the reported

dose–response curve. The method gives a very high sensitivity,

but the numerous fluid handling steps strongly complicate

the integration into a point-of-care system.

Hahn et al.90 demonstrated an assay in which relatively

large magnetic particles with a diameter of 6 μm were labeled

with magnetic nanoparticles. The labeled particles were

detected by isomagnetophoresis, which discriminates small

differences in magnetic susceptibility by measuring particle

deflection in a streaming paramagnetic salt solution. The

measurement principle is based on a delicate balance

between magnetic and fluidic forces, and would be difficult

to integrate into a point-of-care system.

The above-mentioned assays involve the application of

microfluidic fluid flows and/or pipetting steps. An alternative

to manipulating fluids is to keep the fluids stationary, and to

transport magnetic particles from one stationary fluid to

another stationary fluid by using magnetic forces.23,24,50,92–95

The two fluids, e.g. fluid A and fluid B, are separated by a

medium that does not mix with the aqueous fluids, for exam-

ple a non-polar fluid or a gas. When a sufficiently high force

is applied to the magnetic particles, the particles are pulled

out of fluid A through the interface between fluid A and the

Fig. 7 Digital ELISA based on arrays of femtoliter-sized wells. (a, b) Single protein molecules were captured and labeled on magnetic particles

(∅2.8 μm) using standard ELISA reagents (a), and particles with or without a labeled immunoconjugate were loaded into femtoliter-volume well

arrays for isolation and detection of single molecules by fluorescence imaging (b). (c) Scanning electron micrograph of a small section of a

femtoliter-volume well array after particle loading. (d) Fluorescence image of a small section of the femtoliter-volume well array after signals from

single enzymes are generated. The concentration of protein in bulk solution is correlated to the percentage of particles that carry a protein

molecule. (e) The log–log plot of the signal output (% active particles for the single-molecule array (SiMoA) or relative fluorescence units (r.f.u.) for

the plate reader) as a function of the concentration of streptavidin-β-galactosidase (SβG) captured on biotinylated particles. Reprinted with permission

from ref. 79 Copyright 2010 Nature Publishing Group.
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medium; thereafter they are pulled through the interface

between the medium and fluid B, and into fluid B. Alterna-

tively, the fluid interfaces can be moved over the particles,

e.g. by using electrowetting.82,96 The process of transferring

magnetic particles between the fluids is controlled by a

balance between the magnetic forces on the particles and the

forces caused by interfacial tension, so-called capillary forces.

Therefore, we propose to very generally refer to these transfer

mechanisms as Magneto-Capillary Particle Transfer (MCPT).

MCPT has been studied in many different device geome-

tries, like tubes,97,98 single-plane devices,23,24,51,82,94,96 vertical

slits,93,99 arrays of wells92 and bi-plane capillary

devices.50,91,95,100,101 MCPT has been applied for the purifica-

tion and enrichment of nucleic acids23,24,50,91–93,95,98,102 and

proteins.50,97,100 For example, den Dulk et al.50 used a bi-

plane capillary device with liquid–gas interfaces and reported

enrichment factors for nucleic acids and proteins between

one and two orders of magnitude. Furthermore, it was shown

that high washing efficiencies could be obtained due to very

low amounts of co-transported fluid. Using MCPT, complete

lab-on-chip assay integration has been demonstrated includ-

ing the detection step. Nucleic acids51,101 and proteins91 have

been detected, using oil-filled51,101 or air-filled91 capillary

valves. The latter paper reported assay dose–response curves.

Magnetic particles were moved over a cartridge through

different chambers and incubated in each chamber under

actuation by a rotating magnetic field (see Fig. 8). In the

assay, target interleukin-8 in buffer with 10% human serum

was captured and fluorescently labeled after a washing step.

The corresponding dose–response curves had a segment with

a linear relationship between signal and concentration, with

the LoD and LoQ in the picomolar range.

In the carrier-only assays, the particles are exposed to

multiple fluids, as is also done in high-throughput robotic

pipetting-based assays. Carrier-only assays have the advan-

tage that very similar reagents can be used as in commercial

pipetting-based assays. Another advantage is that the detec-

tion can occur in the bulk fluid, so the control of cartridge

surfaces is not very critical. The most important disadvantage

is that the integration of multiple fluids complicates the

device technology. Furthermore, carrier-only assays require

relatively strong magnetic fields, which can cause non-specific

binding between the particles. For reliable detection, particle

aggregation needs to be overcome, and we will further discuss

this in section 5.

4.2 Agglutination assays with magnetic particles

Agglutination assays exploit a process wherein aggregates of

particles are formed when specific analytes are present in the

sample fluid.‡ The particles are provided with target-binding

molecules and the analytes should have at least two epitopes

that can react with the particles. The degree of aggregation is

a measure for the concentration of analytes within the fluid.

In magnetic agglutination assays, the formation of particle

clusters is accelerated by bringing particles together under

the influence of a magnetic field. Two types of magnetic

agglutination assays can be distinguished: (i) assays in which

the magnetically actuated particles form clusters while being

exposed to a fluid stream, and (ii) assays in which the fluid

is static.

An assay with a streaming fluid was reported by Degre et al.103

Magnetic particles were flowed through a microfluidic channel

past two external magnets. The combination of the attractive

magnetic dipole–dipole interactions between particles and the

shear flow results in the formation of chain-like particle clusters.

Beyond the magnets, clusters disaggregate or remain

clustered depending on the number of captured analytes. In

the original publication,103 no dose–response curves, high-

statistics data, or measurements of noise or non-specific

background were reported.

Moser et al.62 applied localized magnetic fields to retain

and dynamically actuate superparamagnetic particles in a

microchannel flow, and thereby enhanced the perfusion of

the magnetic particles (see Fig. 9a). After switching off the

magnetic field, the thermal diffusivity of the particle cloud

was measured, revealing the degree of particle aggregation.

The area of the released plug was measured to quantify

analyte capture. A dose–reponse curve was reported for the

detection of biotinylated bovine serum albumin (BSA) in

Fig. 8 Example of Magneto-Capillary Particle Transfer (MCPT) in a

carrier-only microfluidic assay in which the detection step has been

integrated. In the center of the figure, the microfluidic cartridge is

sketched containing several fluid chambers and valves to enable

magnetic particle transfer between different fluids. The bright-field

images show the different types of magnetic actuation that were

applied to the magnetic particles: (a) active incubation via the assembly

of particles into magnetically rotating microstirrers (oriented parallel to

the chip plane); (b) particle transportation from chamber to chamber,

using a focused magnetic field; and (c) re-dispersion of the aggregate

by moving the focused magnetic field downwards and away from the

chip, thus causing the aggregate to be pulled apart. The scale bar is

1 mm and the white arrow shows the direction of transport. Reprinted

from ref. 91 with kind permission from Springer Science + Business Media.

‡ In the scientific literature, the terms ‘particle agglutination’, ‘particle

aggregation’ and ‘particle clustering’ are interchangeably used.
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buffer, showing a logarithmic characteristic. The LoD is in

the picomolar range, but the LoQ will be much higher due to

the logarithmic dose–reponse characteristic.

Baudry et al.105 showed that particle aggregates can be

formed effectively in a static fluid. After target capture, field-

induced chains of particles were formed in order to accelerate

the formation of target-induced clusters. The particle cluster-

ing was detected using turbidimetry, as the scattering proper-

ties of particle clusters differ from unclustered particles. A

slightly sub-linear dose–response curve was shown for the

detection of ovalbumin in buffer, with a LoD in the low

picomolar range.

Park et al.106–108 monitored the growth of particle chains

in a rotating magnetic field by measuring light transmittance

through the sample volume. As particles form aggregates,

longer chains were obtained for increased target concentra-

tions, causing larger fluctuations in the transmitted light. For

avidin in buffer, sub-linear dose–response curves were

obtained with a LoD just below the nanomolar.

Magnetic particle aggregation can also be quantified by

NMR sensing, as demonstrated in many publications from

the Weissleder group.109,110 The aggregation assays have

nearly all been done using small nanoparticles (with a diame-

ter of a few tens of nm) and in one publication also using

microparticles.110 In the latter case, magnetic fields were

applied to enhance particle aggregation. In buffer, antibodies

to influenza were detected. The dose–response data were

recorded on a logarithmic scale, which makes it difficult to

quantify the LoD or LoQ, but picomolar target concentrations

were resolvable.

When the analyte concentration is much smaller than the

magnetic particle concentration, only few particle aggregates

are formed, governed by Poisson statistics. Many particles

will not form any clusters, some particles will form

two-particle clusters, and larger clusters will be rare.

Ranzoni et al.104 showed that specific doublet formation in

the low-concentration regime can be enhanced by applying a

pulsed magnetic field during incubation, i.e. to alternatingly

bring particles in close contact and let them freely diffuse to

form specific bonds (see Fig. 9b). Furthermore, the optical

detection sensitivity of doublets was improved by measuring

the optical scattering in a rotating magnetic field.111 A

dose–response curve was shown for the detection of PSA

directly in undiluted blood plasma. The curves had an undu-

lating character (see Fig. 9b-ii), revealing regimes of clusters

of different sizes, with a LoD around a picomolar.

The two main challenges of particle-based cluster assays

are (i) to ensure good contact between the particles in order

to increase the assay kinetics, and (ii) to minimize non-

specific particle clustering in complex biological samples.

Magnetic fields help to bring the particles together and

thereby enhance the inter-particle binding kinetics. However,

magnetic fields may also increase the non-specific binding

between the particles. Assays in a fluid stream require high

magnetic forces in order to avoid that the particles are pulled

along with the flow. High magnetic forces increase the risk of

non-specific binding between the particles. In contrast, the

agglutination assays in a non-flowing fluid can be carried out

in weak magnetic fields, thereby avoiding strong interactions

between the particles.104 When further technological

Fig. 9 Agglutination sandwich assays based on magnetic particles. (a,i) A dynamic particle plug in a microchannel with a flowing fluid. The

particles were actuated by an external magnet at 70 Hz. The continuous motion of the particles in the center of the channel allows efficient

perfusion by the analyte solution. (a,ii) The amount of agglutination depends on the target concentration and was determined by analyzing the

area of the released plug after turning off the external field. A streptavidin-bBSA model system was used. (b) One-step homogeneous assay

technology based on magnetic nanoparticles in a static fluid. (b,i) First, the biological sample was spiked with nanoparticles. Targets were captured

by diffusive motion. Subsequently, cluster formation was accelerated by applying magnetic fields in pulses to bring particles together (tconc) and to

allow diffusion to enhance bond formation (tdiff). The formed clusters were detected by applying rotating fields with increasing rotation frequencies

and by measuring the optical scattering signal. The result was a curve of the optical scattering signal as a function of the frequency (see the inset);

the plateau reveals the number of clusters in solution, while the critical frequency reveals the cluster size and the viscosity of the sample. In (b,ii),

the resulting dose–response curve for PSA in untreated blood plasma is shown. The inset shows the dose–response curves in buffer, precleared

plasma, and untreated plasma. The data are fitted based on a model description which includes the cluster size. The horizontal line shows the level

of the blank plus three times the standard deviation of the blank. (a) Reproduced from ref. 62 with permission from The Royal Society of Chemistry.

(b) Reprinted with permission from ref. 104, Copyright 2012 American Chemical Society.
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improvements are made, we expect that static-fluid magnetic

agglutination assays may become a very interesting format

for point-of-care applications.

4.3 Surface binding assay with magnetic particles as labels

In a surface binding assay, magnetic particles are used as

labels that bind in a biologically specific manner to a surface

and thereby report the presence of a specific molecular

species. Most commonly a sandwich format is used, with

specific binders being immobilized on the particles and on

the surface, which bind the target on two different epitopes.

Preferably, all analytes in the fluid become sandwiched

between a particle and the surface, which is possible when

the concentration of particles exceeds the analyte concentra-

tion. To ensure efficient capturing and labeling, the magnetic

particles need to efficiently (i) capture targets from solution

(cf. section 3), (ii) be brought to the surface, and (iii) interact

with the surface on molecular length scales. The transporta-

tion toward the surface can be achieved relatively easily by

applying magnetic field gradients towards the sensor sur-

face.113,114 It is more difficult to control the particle–surface

interaction, because particles concentrated at a surface

mutually exhibit magnetic particle–particle and steric particle–

particle interactions. In addition, rotational exposure of the

particles to the surface is important and non-specific interac-

tions between the particles and the surface should be

minimized.115,116

Several methods have been developed to optimize the

particle–surface interactions. Bruls et al.25 developed an actu-

ation protocol in which in-plane fields, out-of-plane fields,

and field-free phases are alternated. In-plane fields bring par-

ticles to the surface, out-of-plane fields generate chains, while

the field-free phase allows free Brownian motion of the parti-

cles in order to optimize their (rotational) exposure to the

surface. In this way, effective specific sandwich formation

was shown. The protocol keeps the particles in constant

motion relative to the sensor surface, which may also mini-

mize non-specific binding with the surface. Dose–response

curves were determined for the detection of cardiac troponin

(cTnI) in buffer and in undiluted blood plasma. The dose–

response curves were practically linear with the LoDs around

a picomolar.

Gao and van Reenen et al.112 developed an actuation pro-

tocol to induce repulsive magnetic dipole–dipole interactions

between particles at a surface. The method consists of

aligning particle aggregates with a surface by using field

gradients and in-plane oriented magnetic fields, followed by

the application of an out-of-plane magnetic field while a field

gradient maintains the particles at the surface. In this way,

clusters of microparticles were shown to disaggregate

(see Fig. 10). By repeatedly applying these two steps, clusters

consisting of tens of particles could be almost completely

redispersed over the surface in several tens of seconds. Evalu-

ation of this method in a surface binding assay has however

not yet been performed.

Some papers report studies in which fluid flow is an

essential component. Morozov et al.117,118 combined flows

past a sensor surface with electrophoresis and magnetophoresis

to respectively bind bacterial toxins to a surface and thereafter

attract magnetic particles to the surface to form the sandwich.

Shear flows were applied to wash away particles bound to the

surface by weaker non-specific bonds.119 Assays were performed

on five different bacterial toxins in different media (i.e. buffer,

water, milk and meat extract). The reported dose–response

curves all had a logarithmic character. LoDs were reported of

several tens of femtomolars, however, in view of the large error

bars and the logarithmic dose–response curve, the LoQs will

be much higher.

Tekin et al.120 flowed magnetic particles (∅2.8μm) past a

sensor surface that was provided with regularly spaced

smaller magnetic particles (∅1.0μm) coated with antibodies.

In this way, the larger magnetic particles containing captured

analytes were transported to the sensor surface and could

interact with the smaller magnetic particles, assisted by

attractive magnetic dipole–dipole interactions. Applying this

method to a sandwich assay for biotinylated anti-streptavidin

and TNF-α in fetal bovine serum, dose–response curves were

obtained with a logarithmic character: a 100 million-fold

increase in the analyte concentration gave a 5 to 10 fold

increase of signal. The LoDs were reported to be of several

tens of attomolar, however, due to the logarithmic dose–

response curve one cannot define the LoQ, because across

the whole measurement range, it is not possible to quantify

the analyte concentration with an accuracy of 30%.

As described above, the method for assisting the binding

of particles at the sensor surface is very important for the

character of the dose–response curve and the resulting detec-

tion sensitivity. Now, we will discuss the next step, namely,

the detection of bound particle labels at a sensing surface. A

Fig. 10 Controlling particle behavior at a sensor surface. Schematic

representation and experimental data of the disaggregation of

magnetic particle clusters. Clustered particles that are present in

solution are drawn to a physical surface by means of a field gradient. A

horizontal magnetic field is applied to align clusters parallel to the

surface (top figures). Subsequent application of a vertical magnetic

field breaks the particle clusters by inducing repulsive dipolar magnetic

interactions (bottom figures). Reproduced from ref. 112 with

permission from The Royal Society of Chemistry.
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method for the detection of particle labels should be sensi-

tive, but in addition, one should consider the influence of

the different methods on lab-on-chip integration, the cost

effectiveness of the resulting disposable cartridge, and the

miniaturization potential of the reader instrument. In partic-

ular, one should consider the compatibility of the detection

methods with the presence of magnets around the micro-

fluidic reaction chamber and near the sensing surface, in

order to allow magnetic control of the particle-based assays.

In early reports, magnetic nanoparticle labels were

detected by magnetic coils,121 SQUID,122 magnetoresistive

sensors11,113,123–125 and Hall sensors.126 Although it is possi-

ble to combine magnetic sensing with the application of

magnetic fields,113,124 it is complicated because magnetic

fields tend to perturb the measurements. Furthermore, the

use of lithographically made sensing chips adds costs to the

disposable cartridge and demands cartridge assembly tech-

nologies suited for high numbers of electrical interconnects.

Optical detection methods are not perturbed by the pres-

ence of magnetic fields and are compatible with cost-effective

mass-manufactured cartridges. Magnetic particles can be

optically detected on a transparent surface in several ways,

e.g. by using bright-field illumination116,127 or dark-field illu-

mination.117 A particular challenge is to design the system in

such a way that magnet poles can be positioned very close to

the sensing surface. Bruls et al.25 described a detection sys-

tem based on the principle of frustrated total internal reflec-

tion (f-TIR) as depicted in Fig. 11. A light-emitting diode was

used to create an evanescent wave at the sensor surface via

total internal reflection. The presence of magnetic particles

at the surface frustrates the evanescent wave, causing a

reduction of reflected light. The amount of particles at the

sensing surface was recorded as a function of time by moni-

toring the reflected light intensity. The advantage of using

f-TIR is that it is highly surface-sensitive and suited for close

integration of electromagnets.

Magnetic nanoparticle labels have also been detected by

grating-coupled surface plasmon resonance (GC-SPR),128 which

is an evanescent-field technique based on a thin gold film at

the sensing surface. Different assay formats were compared,

Fig. 11 Optomagnetic immuno-biosensor based on actuated magnetic particles (∅500 nm) from the study by Bruls et al. (2009). (a) A schematic

representation of the reaction microchamber showing the successive assay processes: (a1) filling of the microchamber, nanoparticle redispersion,

and capturing of analyte; (a2) actuation of the particles during the process of binding to the surface; and (a3) removal of free and weakly bound

nanoparticles from the sensing surface by magnetic forces. (b) The fluid microchamber placed in the optomagnetic system with electromagnets

and detection optics. Light reflects from the sensor surface with an intensity that depends on the concentration of nanoparticles at the sensor sur-

face, by the mechanism of frustrated total internal reflection (f-TIR). (c) A picture of an assembled disposable cartridge (1 cm × 4 cm) consisting of

two structured plastic parts connected by double-sided adhesive tape. The cartridge contains a sample inlet, a channel, a reaction microchamber

(1 μL), and a vent. (d) The f-TIR image of the magnetic nanoparticles bound to the sensor surface via an immunoassay on 31 capture spots of 125

μm diameter each. (e) A schematic real-time curve of the measured optical signal for a single capture spot. The assay phases a1–a3 are indicated.

The signal modulation in phase a2 is caused by switched actuation of the magnetic nanoparticles. Reproduced from ref. 25 with permission from

The Royal Society of Chemistry.
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as shown in Fig. 12, for the detection of β human chorionic

gonadotropin (βhCG) in buffer. Magnetic actuation clearly

had a positive effect on the obtained dose–response curve,

and led to detection limits within the picomolar range.

4.4 Magnetic stringency

A stringency process aims to improve the specificity of detec-

tion by separating unbound and weakly bound from strongly

bound species. In the detection methods with particle labels

discussed above, signals are generated by bonds formed

between magnetic particles (agglutination assay) or between

particles and a surface (surface binding assay). The bonds

should be biologically specific. However, bonds can also have

a non-specific nature, i.e. the bond is not mediated by an

analyte molecule, which results in a false positive signal.

Non-specific bonds can originate from several types of inter-

actions, e.g. van der Waals interactions, electrostatic interac-

tions, hydrophobic interactions, etc.129 In diagnostic tests,

non-specific interactions cause background levels as well as

statistical variations of the results, and thus affect the limit

of quantification and the precision.

The development of a diagnostic test always involves a

series of optimizations in the biochemical and chemical

domains in order to improve the specificity of detection, e.g.

by optimizing the affinity molecules and coupling chemistries,

by blocking the surfaces, and by dissolving reagents into the

sample, such as pH buffers, salts, surfactants, and blockers for

specific macromolecular interferences. The aim of the optimi-

zations is to reduce the formation of non-specific bonds and to

preserve or improve the specificity of the targeted bonds. In an

assay involving magnetic particles, there is an additional

degree of freedom, namely the forces that can be applied to the

particles. Magnetic forces can be used to separate bound from

unbound particles. Furthermore, when the particle labels are

bound to a surface, magnetic field gradients can be applied in

order to impose stringency on the bonds and thereby dissoci-

ate weak non-specific bonds. Also, the response of molecular

bonds to applied stresses can be recorded, giving even more

detailed information about the bonds.

An early report on the application of magnetic stringency

to non-covalent bonds was published by Danilowicz et al.130

A permanent magnet was used to apply a constant force to

the ensembles of bound particles and the dissociation of

bonds was recorded as a function of time. Jacob et al.131 used

an electromagnet which allowed a wider range of forces to be

studied, thereby yielding reliable dissociation rate constants

for the biomolecular bonds. It was demonstrated that

populations of specific and non-specific bonds could be dis-

tinguished by the shape of the force-induced dissociation

curves. In these studies, relatively large magnetic particles

were used as labels (4.5μm in ref. 130 and 2.8μm in

ref. 131). It is convenient to use large particles for biophysical

studies because large forces can be applied to single parti-

cles. However, large particles are less suited for integrated

biosensing because they diffuse slowly, sediment easily, and

limit the dynamic range of detection due to steric hindrance.

Using particles with diameters of a few hundred nanome-

ters, Bruls et al.25,113,124 demonstrated the use of magnetic

stringency in integrated surface-binding assays, see Fig. 11a, e.

Here, magnetic stringency removes unbound and weakly

bound particles from the surface. In fact, it replaces the

fluidic wash step as found in the traditional affinity assays.

The magnetic stringency obviates the need for fluid manipula-

tion, which simplifies the assay and makes it highly suited for

integration in a completely stationary assay concept.

In the future, magnetic stringency may go beyond the

application of bound-free separation and the measurement

of dissociation properties of molecular bonds. For example,

by applying rotating magnetic fields, it has been shown that

it is possible to probe the properties of DNA132,133 and

Fig. 12 (a) Schematics of used grating-coupled SPR detection formats: (i) direct detection, (ii) sandwich assays with amplification by the detection

antibody and magnetic nanoparticles coated with detection antibodies (MNP-dAB) (iii) without and (iv) with an applied magnetic field. (v) The

detection format consisting of preincubating MNP-dAb with βhCG followed by the sandwich assay upon an applied magnetic field gradient.

(b) The dose–response curves for the detection of βhCG by the direct detection format (i, stars), followed by antibody amplification (ii, squares)

and the amplification by antibody-labeled magnetic nanoparticles without (iii, triangles) and with (iv, diamonds) an external magnetic field. In

format v, a sample with βhCG was incubated with antibody-labeled magnetic nanoparticles, followed by the detection of the complexes with an

external magnetic field applied (circles). Reprinted with permission from ref. 128 Copyright 2011 American Chemical Society.
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Table 1 Overview of the progress in the integration of magnetic actuation for different assay process steps in lab-on-chip biosensing. Top row:

key assay process steps. Left-most column: assay concepts using magnetic particles. Matrix: classification of the type of magnetic actuation used

for the process steps in the different assay concepts. Greyscale indication: performed without magnetic fields; performed by applying

static magnetic fields; performed by applying dynamic magnetic fields; / not applied in the concept. The mentioned references serve as examples

to illustrate the progress in the field; the reference list is not exhaustive. Assay-concept references have integrated the detection step and reported

dose–response curves
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protein complexes134 that are sandwiched between particles

and a surface. Although still very remote from integrated bio-

sensing, the principle of characterizing molecular bonds in a

detailed biophysical manner may in the future help to further

increase the specificity of biosensing.

5 Integration of magnetic actuation
processes

Integration is the act of making something into a whole by

bringing all parts together. For an engineer, it is the process

of (i) defining an overall technological function that needs to

be realized, (ii) designing a system architecture and its

underlying components, and (iii) quantifying all interactions

within the system and feeding this back on the technical

function definition. For a given functional aim, one can

select different system architectures each having its own

inherent advantages and challenges. As reviewed in the

previous paragraphs, the manipulation of magnetic particles

by magnetic fields allows one to control in a microfluidic

format a list of important assay steps for diagnostic testing.

Now, we will review how the integration of different assay

process steps is proceeding, moving toward integrated assays

that perform a series of sophisticated steps, controlled by

magnetic forces.

In Table 1, we have summarized the state-of-the-art use of

magnetic particle actuation for integrated detection assays.

The top row lists the key assay process steps. The left-most

column lists the assay concepts, i.e. carrier-only assays,

agglutination assays, and surface-binding assays. We made a

distinction between flow-assisted devices in which active

channel flows are used, and stationary-fluidic devices in

which continuous fluid motion is absent. Within the table

matrix, we have classified the type of magnetic actuation

used at the intersection between the assay concept and the

process step. The gray-scales indicate the type of actuation

used: without magnetic fields (light grey), with static fields

(mid grey), with dynamic fields (dark grey), or not applicable

(/). The references of the process steps and the assay concepts

serve as examples. The assay-concept references are focused

on total assay integration; they report dose–response curves

acquired by detection on the microfluidic chip.

The first set of rows describes assays in which magnetic

particles act as carriers only. In such assays the labeling step

involves the addition of, for example, enzymatic or fluores-

cent labels. Therefore, a fluidic washing step or a fluid

exchange step is essential prior to and after the labeling, in

order to effectuate a separation between bound and free

analytes, and between bound and free labels. One way to

achieve a particle–fluid exchange step is by applying a contin-

uous fluid flow while external magnets retain the magnetic

particles within a liquid.32,64,69 Also, one can manipulate

fluids by merging and splitting droplets in so-called digital

microfluidics.82,83,96 Alternatively, rather than moving fluids,

one can switch the magnetic particles from one stationary

fluid to another, by so-called Magneto-Capillary Particle

Transfer (MCPT).23,24,50,51,82,83,91–93,95,97,101 Intrinsic to

carrier-only assays is the need for relatively strong magnetic

fields to retain particles in a flow or to traverse capillary

interfaces, with the disadvantage that particles become highly

concentrated and non-specific interactions are promoted. In

the mentioned papers, redistribution of particles has been

effectuated by removing the magnet from the sample cham-

ber, allowing particles to spread by diffusion. The images

(see e.g. ref. 51,91) show that particle redispersion is incom-

plete; large clusters break up into small clusters, but not

separate particles. We expect that improved disaggregation of

particles, e.g. by magnetic field actuation112 and/or by further

reducing non-specific interactions, will improve the assays.

Magnetic stringency is not applicable in carrier-only assays

because the particles are not used as labels. The carrier-only

methods allow miniaturization and integration, however, a

series of fluids is always needed, including active control

of fluid flow and/or methods for magnetocapillary particle

switching. Generally, stationary microfluidic approaches

reduce the total system complexity compared to methods that

require continuous flow generation.

The second set of rows describes assays based on analyte-

mediated agglutination of magnetic particles. In agglutina-

tion assays, the analyte capturing and labeling steps are

performed in one and the same solution. Magnetic agglutina-

tion assays have been studied in flowing fluids62,103 and

stationary fluids.104,105,111 Assays in flow require higher

magnetic forces, which promote non-specific binding between

the particles. The highest assay sensitivities have been dem-

onstrated with stationary-fluid agglutination assays104,105,111

using lower particle concentrations and less strong magnetic

fields than used in the flow-based assays. The application of

pulsed magnetic fields has been shown to increase the effec-

tiveness of molecular sandwich formation between the parti-

cles. The increase has been attributed to a combination of

two effects, namely, on the one hand, keeping the particles in

close contact with each other, while, on the other hand,

allowing free Brownian rotation to expose all sides of the

particles. Stationary-fluid magnetic agglutination assays are

highly suited for miniaturization and integration, because in

principle the assays can be performed in one chamber. Thus

far, magnetic field-enhanced mixing and target capture have

not been applied in stationary-fluid agglutination assays, but

several actuation methods47,61 seem to be suited. Further-

more, when sample pretreatment steps are desired such as

analyte purification or enrichment, MCPT50 may in principle

be combined with the agglutination assay.

The last set of rows in Table 1 describes the surface-

bound assays, wherein magnetic particles interact with a sen-

sor surface and form analyte-mediated bonds. The table lists

assays in which a magnetic field gradient is used to attract

magnetic particles to the surface, thereby enhancing the local

particle concentration and promoting particle–surface binding.

Magnetic field gradients have been combined with fluidic

shear flows, in order to move particles past the surface and/or

apply stringency to bound particles.117–120 In these papers, the
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surface binding steps were performed in static magnetic fields.

It is important to realize that superparamagnetic particles are

known to contain small ferromagnetic moments.135 Therefore,

in a static magnetic field the rotation of the magnetic particles

may be constrained, which may limit the surface binding effec-

tiveness. Surface-bound assays have also been demonstrated

without a fluid flow. In such stationary-fluid assays, magnetic

fields have been applied to bring and keep particles near the

surface25,113,124 and to randomize particle distributions.25

Using current-controlled electromagnets, the particle–surface

interaction has been optimized by combining pulsed magnetic

fields with field-free phases for Brownian rotation.25 Further-

more, stringency25,113,124 has been applied by reversing the

field gradient. Surface-bound magnetic particle assays are

highly suited for miniaturization and integration, as fluid

manipulation is not necessary and the assay can be completely

controlled by magnetic fields. A disadvantage of surface-bound

assays is that the sensor surface needs to be biofunctionalized,

which adds complexity to the assay. Important advantages are

that magnetic stringency can be applied in the assay, and

multiplexing can be realized by preparing binding spots with

different biochemical compositions. We foresee several

avenues to further control and optimize surface-bound assays

by magnetic actuation. For example, actuated mixing and

capture47,61 may help to further increase the speed and effec-

tiveness of the capture process, and magnetic fields may be

used to redistribute particles in the assay chamber.112

6 Conclusions

We have reviewed the use of magnetic particles and magnetic

fields to perform key process steps in integrated microfluidic

assays for lab-on-a-chip diagnostic applications. Magnetic

particles have been applied to achieve mixing, washing and

buffer exchange, both in fluid flow and in stationary

microfluidic device architectures. Due to the high surface-to-

volume ratio and their adaptable surface (bio-)functionalizations,

magnetic particles are effective at achieving rapid and specific

capture and labeling of targets. In addition, magnetic parti-

cles can be actuated for magnetic stringency steps, and can be

accurately detected in complex fluids, most commonly by

optical methods.

Current quantitative lab-on-chip biosensing systems

consist of a disposable cartridge and a reusable analyzer

instrument. Cartridges are single-use objects for reasons of

biochemical irreversibility and bio-safety. Therefore, it is

important that a system architecture is chosen which limits

the complexity of the cartridge. The development of a bio-

sensing cartridge presents challenges in the domains of device

technology (e.g. fluidics and detection) and biochemistry (e.g.

reagents and bio-functionalization), and the challenges

depend on the architectural choices. Broadly speaking, in the

carrier-only concepts, the reagents can be close to the ones

developed for pipetting-based assays; however, multiple fluids

need to be controlled in the cartridge, which complicates the

device technology. The agglutination assays are simpler in

terms of device technology, but are demanding on the

reagents because the assays are performed in one step

without separation or stringency. The surface-bound assays

allow sensitive particle detection and stringency, yet require

careful control of the surface bio-functionalization.

The choice of a cartridge architecture is also determined

by the type of assay. For some assays, it is essential to include

a purification step, as is, for example, the case for most

nucleic-acid detection assays. A purification step can only be

performed within a multi-fluid cartridge concept. Other

assays, such as sandwich immunoassays, can be performed

in a single step without fluid exchange, which strongly

simplifies the cartridge design.

Magnetic actuation is an enabler for lab-on-chip integra-

tion because it allows a large diversity of sophisticated fluidic

and molecular process steps to be controlled by means of

externally generated fields, which can strongly simplify the

cartridge design. In terms of microfluidics, stationary-fluidic

concepts are very attractive because they do not require

continuous fluid actuation to be integrated in the system.

Technologies based on continuous fluid actuation generally

require large fluid volumes or complex cartridge architec-

tures. Stationary assay concepts also require some kind of

fluid actuation, namely to guide the to-be-tested fluid sample

into the cartridge. From the perspective of fluid handling,

the simplest solution for a magnetically-controlled assay is a

cartridge in which the initial transport of sample into the

cartridge is effectuated by passive capillary forces. In the

future, we expect that stationary-fluidic concepts will con-

tinue to gain attention, as these concepts maximally exploit

the functional properties of magnetic particles to facilitate

lab-on-chip integration.

In the field of integrated and magnetically actuated assays,

individual process steps are being studied as well as the

integration of different process steps. The use of magnetic

actuation processes for integration purposes is proceeding

steadily, as shown in Table 1. There are still several white

spaces where actuation principles can be applied to further

enhance system integration and overall analytical perfor-

mance. We expect that novel actuation processes will be

developed that are based on dynamic rather than static field

generation. Scientifically speaking, several magnetic actua-

tion processes have been qualitatively demonstrated but are

not yet well characterized and modeled. Also, we foresee that

magnetic actuation principles will be carefully attuned to spe-

cific biomaterials and reagents, and vice versa, biomaterials

will be designed specifically for use in actuated assays.

Concerning the magnetic particles, we foresee that particle-

based assays will benefit from the ongoing optimization of

particles regarding their surface bio-functionalization, surface

smoothness, and their size and magnetization uniformity.136

Importantly, the performance of novel lab-on-chip analytical

systems should be demonstrated by reporting dose–response

curves on real-life samples. Blood is the most important matrix

for in vitro diagnostic testing, yet it is a challenging fluid to

work with due to the high concentrations of cells and proteins,
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which may cause clogging, steric hindrance, molecular interfer-

ences, non-specific adhesion, etc. Novel technologies are always

first studied with spiked buffers or with diluted plasma or

serum; yet the step to whole plasma, whole blood and other

realistic bodily fluids should be made as quickly as possible.

Furthermore, dose–response curves should be reported with

sufficient statistics, so that reliable LoDs and LoQs can be

determined including confidence intervals.

Overall, we see many avenues for further innovation of

microfluidic Point-of-Care Testing based on magnetic parti-

cles. Magnetic particles are fundamentally suited for developing

miniaturized biosensing systems and allow a range of unique

stationary-fluidic system concepts. We expect that integrated

magnetic actuation-based biosensing systems will have a large

impact on society in the future. Such systems will allow

quantitative decentralized in vitro diagnostic testing in a rapid

manner with a user-friendly “sample-in result-out” type of

performance, in desktop-sized and hand-held instruments. By

virtue of these properties, magnetic actuation-based biosensing

systems can help to improve diagnostic workflows, patient

monitoring and disease management, with impact on the

quality, accessibility and cost-effectiveness of future healthcare.
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