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Summary 
 

The aging population and increases in chronic diseases put high pressure on the 
healthcare system, which drives a need for easy to use and cost-effective medical 
technologies. In vitro diagnostics (IVD) plays a large role in delivering healthcare 
and within the IVD market, decentralized diagnostic testing, i.e. point-of-care testing 
(POCT), is a growing segment. POCT devices should be compact and fully integrat-
ed for maximum ease of use. A new class of POCT technologies is appearing based 
on the use of actuated magnetic particles. The use of magnetic particles has im-
portant advantages: they have a large surface-to-volume ratio, are conveniently bio-
functionalized, provide a large optical contrast, and they can be manipulated by 
magnetic fields for full control of the integrated biosensing assay. Based on these 
properties, magnetic particles have been applied to perform key processing steps in 
integrated microfluidic assays, such as mixing, analyte capture, washing, buffer ex-
change and labeling for the final detection step.  

In this thesis, we have improved the understanding of magnetic particle-based 
biosensing assays by combining experimental studies with theoretical model de-
scriptions of individual magnetic actuation processes. We have characterized the 
different binding processes in the assay, identified the limitations therein and devel-
oped novel actuation tools to optimize these steps and their integration. Specifically, 
we have studied and developed methods (i) to rapidly and efficiently capture molec-
ular analytes from sample fluid using magnetic particles, (ii) to control and redis-
perse particle distributions and (iii) to accelerate molecular sandwich formation of 
analytes captured by magnetic particles to a sensor surface. Lastly, we considered 
the integration of the different processes within a single microfluidic biosensing 
assay. 

Magnetic particles are well-suited for the capture of analyte from biological 
samples due to their high surface-to-volume ratio and the availability of many bio-
functionalization options. We have unraveled the fundamental process of particle-
based affinity capture of target analytes using experiments and numerical simula-
tions on several experimental model systems. The capture process first consists of 
volume transport to generate encounters between particles and analytes. Subsequent-
ly, near-surface transport occurs to reach alignment between the binding sites. Last-
ly, a chemical reaction takes place to bind the reactants. For the particle-based cap-
ture of proteins, it is found that association is limited by both transport processes. In 



vi   

 

particular, we have shown that depletion zones are formed in the protein concentra-
tions near the reactive particle surfaces, especially for high magnetic particle con-
centrations. By magnetically actuating magnetic particles, these depletion zones can 
be reduced. The application of magnetic field gradients and rotating magnetic fields 
allows to respectively translate and rotate chains of magnetic particles through the 
fluid volume. Using a model system comprising target proteins labeled with fluores-
cent dye molecules, we determined and studied association rate constants as a func-
tion of the type of actuation, different actuation parameters and the magnetic particle 
concentration. We have shown that capture rates can be improved by one up to two 
orders of magnitude, indicating that magnetic particle actuation allows one to reduce 
incubation times or improve capture efficiencies in a diagnostic microfluidic assay.  

When exposed to magnetic fields, magnetic particles tend to aggregate and 
drift toward magnet poles. This effect reduces the effectiveness of magnetic particles 
when magnetic actuation is applied. The opposite process, disaggregation and parti-
cle movement away from external magnets is not straightforward to achieve with 
magnetic fields. We have developed novel magnetic actuation protocols to disaggre-
gate and redistribute collections of magnetic particles. In one approach, we take ad-
vantage of repulsive magnetic dipole-dipole interactions between particles confined 
at a physical boundary, using out-of-plane fields and field gradients. We developed a 
numerical Brownian dynamics simulation model in order to analyze the experi-
mental data on the field-induced particle dynamics. Furthermore, the developed dis-
aggregation protocol was found to be useful to accurately characterize distributions 
of magnetic dipole moments of magnetic particles, by a method called intra-pair 
magnetophoresis. To translate and redistribute particles over a surface, we devel-
oped a method called rotaphoresis, in which an applied rotational motion of chains 
of particles near a solid surface is effectively converted into translational motion 
along the surface. By tuning the time-dependent properties of the magnetic field, 
large clusters of particles can be made to move over a surface at velocities of several 
mm/s, while disaggregating within a few seconds. Based on this study, we conclude 
that interesting and functional particle behavior can be obtained by applying time-
dependent magnetic fields in three dimensions. 

Lastly, we investigated whether magnetic actuation could be used to accelerate 
the binding of targets captured by magnetic particles to a sensor surface. To analyze 
bond formation in detail, a model system was employed in which the captured tar-
gets were 200 nm fluorescent nanoparticles. This enabled us to directly distinguish 
specific bonds from non-specific bonds in experiments. Using numerical Brownian 
dynamics simulations of the binding reaction, a magnetic actuation protocol was 
developed to keep particles in touch with the surface and to speed up the exposure of 
the particle surface to the sensor surface. It was found that magnetic actuation can 
reduce incubation times by roughly a factor 3. Importantly, experimental data 
showed that non-specific interactions can hamper the exposure of the full particle 
surface to the sensor surface. We expect that the incorporation of magnetic stringen-
cy steps in the incubation protocol can further accelerate specific bond formation by 
at least one order of magnitude. 
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Together, the methods described in this thesis are supportive for the develop-
ment of integrated microfluidic diagnostic assays in which all the processing steps 
are rapidly and efficiently performed using magnetic fields. Actuation protocols to 
speed up binding processes can be combined with the actuation methods to control 
and reset the particle distributions. Our findings show that magnetic actuation can 
reduce operation times of several key steps in an assay by one to two orders of mag-
nitude, and may thereby significantly improve lab-on-chip device operation.  

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 hand-held and desktop-sized instru-
ments. By virtue of these properties, the systems can help to improve patient diag-
nostics, patient monitoring and disease management, with impact on the quality, 
accessibility and cost-effectiveness of future healthcare. 
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1 
Introduction – Integrated           

lab‐on‐chip biosensors based on        

magnetic particle actuation 

 

The demand for easy to use and cost effective medical technologies inspires scien-
tists to develop innovative lab-on-chip technologies for in vitro diagnostic testing. 
To fulfill the medical needs, the tests should be rapid, sensitive, quantitative, minia-
turizable, and need to integrate all steps from sample-in to result-out. In this chap-
ter, we sketch the context for this thesis by reviewing the use of magnetic particles 
that are magnetically actuated to perform the different process steps 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 methodol-
ogies 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. Finally, we formulate the central aim of this thesis 
and introduce the subsequent chapters.*   

                                                            
*Parts of this chapter have been published as a review: A. van Reenen, A.M. de Jong, J.M.J den 
Toonder and M.W.J. Prins, Integrated Lab-on-Chip Biosensors based on Magnetic Particle Actua-
tion – a Comprehensive Review, Lab on a Chip, DOI: 10.1039/C3LC51454D , 2014. 
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1.1 Introduction 

The aging population and increases in chronic diseases put high pressure on the 
healthcare system, which drives a 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 Decen-
tralizing 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 physician, resulting 
in faster treatment decisions, giving improved workflows and improving the quality 
of care.4 Furthermore POCT devices create new opportunities to perform testing in 
less expensive settings such as the doctor's office and the home. This enables 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 
proteomic 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 contain not only a sensing technology, but can also perform all 
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 im-
portant 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 case of protein biomarker 
detection, molecular selectivity can be obtained by making use of antibodies in im-
munoassays7, 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 immunoassay sensing tech-
nologies have been developed, such as nanoparticle labeling9-11, label-free electrical 
detection12, fluorescence detection13-14 and oligonucleotide labeling combined with 
biochemical amplification15. While the detection sensitivities of these technologies 
can be high, the integration of these platforms in cost-effective lab-on-chip devices 
is complicated because several active fluidic steps are required to enable sample-
pretreatment9-15, (bio)chemical development9, 15 or washing using buffer fluids9-15. 
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 as-
says, ranging from manual assays for basic research to assays in high-throughput 
instruments for centralized laboratories.17 The main advantages of using magnetic 
particles* are that they have a large surface-to-volume ratio, are conveniently bio-

                                                            
* In the scientific literature, the terms ‘magnetic particle’ and ‘magnetic bead’ are often inter-
changeably 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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functionalized, and that they can be manipulated by magnetic fields, thereby simpli-
fying extraction 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.18 The magnetic core can 
be composed of e.g. iron oxides (like magnetite Fe3O4 or maghemite -Fe2O3) or 
pure metals (like Fe and Co) or alloys (like FePt). The magnetic material is protect-
ed by a coating that can be polymeric or inorganic and also serves as a starting point 
for bio-functionalization. When many separate magnetic grains are embedded inside 
a non-magnetic matrix,19 the particle as a whole can exhibit superparamagnetic be-
havior20, i.e. the particles are paramagnetic with a very high magnetic susceptibility. 

 
Figure 1.1 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 parti-
cles 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-noise ratio. (a) Adapted with 
permission from ref 21. Copyright 2007 The American Physical Society. 

The availability of magnetic particles and corresponding assay reagents has 
formed a solid starting point for explorations toward miniaturization, i.e. efforts to 
realize integrated and miniaturized technologies based on magnetic particles and 
small fluid volumes.18, 22 It is difficult in principle to manipulate fluids at small 
scales, due to high flow resistances, dominance of capillary forces, and difficulties 
to achieve mixing at low Reynolds numbers. Yet, the manipulation of magnetic par-
ticles 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 close to structures with high curvature, and in addition only short dis-
tances need to be traveled in miniaturized devices. This has led e.g. to the concept of 
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stationary microfluidics23-25, in which overall fluid manipulation is minimized and 
the control of assay steps is mainly effectuated by magnetic particles and magnetic 
forces. 

Magnetic particles are highly versatile and have been studied for many process 
steps that are required for lab-on-chip diagnostic assays. Magnetic particles have 
been applied (see Figure 1.1) 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 
washing steps, and to probe biophysical properties of the analytes. In this chapter, an 
overview will be given of the accomplishments of magnetic particles in all these 
functions, to provide the context for this thesis. The review presented in this chapter 
is centered around the concept that the integration of point-of-care assays can be 
facilitated by using actuated magnetic particles. We describe key assay steps in 
which magnetic particle actuation can play a role: mixing (Section 1.2), analyte cap-
ture (Section 1.3), and analyte detection (Section 1.4). These three process steps are 
essential in every assay based on molecular binding affinity. We focus on the appli-
cation of magnetic actuation in immunoassays and somewhat less on nucleic-acid 
detection assays. Thereafter we summarize the status of the integration of the differ-
ent 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 pro-
cesses are controlled and optimized by magnetic forces.  Lastly, based on this re-
view, the aim of this thesis is formulated and the outline of this thesis will be de-
scribed. 

1.2 Microfluidic mixing of fluids 

The mixing of fluids has been a topic of long-standing interest in the microfluidic 
community. Due to the small dimensions in microfluidic devices, viscous forces 
generally dominate the fluid behavior, resulting 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 investigat-
ed with the aim to improve microfluidic 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, as is discussed in the following sections. 

1.2.1 Mixing a flowing fluid using magnetic particles 

In the presence of a magnetic field, magnetic particles tend to form chains and su-
pra-particle structures due to the magnetic dipole-dipole interaction between the 
particles. Such magnetic structures can be used to stir fluids at 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 supra-particle structures (see Figure 1.2a). The 
formed structures or “plugs” could be rotated through all axes, without losing struc-
tural form. In addition, these plugs resist deformation during pressure flow condi-
tions and as such are able to influence fluid flow within a microchannel. 
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Figure 1.2 Examples of various assembled 
magnetic particle structures to increase parti-
cle-fluid interactions with a microfluidic flow. 
(a) Formation of supra-particle structures of 
superparamagnetic particles (1-2 m) with-
in a microchannel (20 m) for different 
field orientations, as indicated by the arrows 
to the right of the images. (b)  Fluid mixing of 
parallel fluorescent and non-fluorescent 
streams within a channel by magnetically 
retaining and actuating supraparticle struc-
tures. The fluorescence images (ii-v) on the 
right are taken at different locations as indi-
cated in panel (i): (ii) before mixing; (iii) 
during mixing; (iv) after mixing using a 20 Hz 
sinusoidal external field; and (v) after mixing 
using a 5 Hz square-shaped external field. (c) 
Optical image of a microchannel engineered 
to assemble and retain magnetic particles into 
plugs across the channel. In the image, 20 
plugs are shown and fluid flows from the left 
to the right. (a) Reprinted with permission 
from ref 26. Copyright 2001 American Chemi-
cal Society. (b) Reprinted with permission 
from ref 27. Copyright 2004 American Chemi-
cal Society. (c) Reprinted with permission 
from ref 28. Copyright 2004 American Chemi-
cal Society. 

 

Rida and Gijs29 showed that supra-particle structures can be retained at a well-
defined position within a microchannel by focusing the magnetic field and by using 
ferromagnetic particles. Using a local alternating magnetic field, they found that the 
rotational motion of the particles enhances the fluid perfusion through the magnetic 
structure.27 The strong particle-fluid interaction could be controlled by the field fre-
quency and amplitude, as well as the fluid flow rate, and the effectiveness was ana-
lyzed by studying the mixing of two parallel flow streams within the microchannel 
(see Figure 1.2b). Starting from a laminar flow pattern, a 95% mixing efficiency was 
obtained using a mixing length of only 400 m and flow rates in the order of 0.5 
cm/s. The efficient fluid mixing was attributed to the chaotic splitting of fluid 
streams through the dynamic and randomly porous structure of the particle aggre-
gate, 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 optimal magnetic actuation conditions for different micro-
channel dimensions.30 In another study31, microchannels were connected to a micro-
fluidic mixing chamber in which ferromagnetic particles were actuated using rotat-
ing fields to efficiently mix fluids flowing up to 5 mm/s.  Suzuki et al.32 combined a 
two-dimensional serpentine channel with pulsed lateral magnetic particle translation 
to create the typical stretching and folding behavior of the fluid that is characteristic 
for chaotic mixing. 
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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 walls33, or 
by using a channel with a periodically varying cross-section and a magnetic field 
orthogonal to the channel (see Figure 1.2c).28 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 channel. Generally 
ferromagnetic particles with high magnetic content need to be used because the 
magnetic forces achievable with superparamagnetic particles are too weak.34 How-
ever, Moser et al.35 showed that superparamagnetic particles can be used if the fields 
are generated by a combination of ferromagnets and electromagnets. An advantage 
of using superparamagnetic particles instead of ferromagnetic particles is that super-
paramagnetic particles lose their magnetization when the field is turned off, facilitat-
ing the redispersion of particles in solution. This is very important in case the parti-
cles are needed for further assay steps such as target capture or detection. 

1.2.2 Mixing a static fluid using magnetic particles 

In microfluidic systems, fluid mixing is not necessarily performed in a fluid flow. 
Fluid mixing is also relevant in static fluid compartments, e.g. to mix a sample with 
reagents after loading the sample into a microfluidic reaction chamber, or to homog-
enize reagents and avoid near-surface reactant depletion during a biochemical reac-
tion at a surface. For such applications, superparamagnetic particles have been 
shown to be very useful, as we describe in this section.  

Vuppu et al.36-37 were one of the first to discover that superparamagnetic parti-
cles form rotating chains in a rotating magnetic field. The rotors could be assembled 
dynamically and the length and speed was found to be varying in time (see Figure 
1.3a), and as such the method was reported to be suitable for micromixing applica-
tions 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 
cylinders38, as chains of circles in two dimensions21, 39 and as chains of spheres in 
three dimensions40-43. To characterize the chain behavior, most studies21, 39-40, 44 used 
the dimensionless Mason number, which is the ratio between the rotational shear 
forces (i.e. hydrodynamic drag) and the magnetic interaction forces: 


 


2

0

Ma
pH

 , (1.1) 

with  the dynamic viscosity of the fluid,  the field rotation frequency, 0 the per-
meability of free space, p the magnetic susceptibility of the particle and H the mag-
netic field strength. It has been found21, 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 magnet-
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ic torques) particle chains are rigid, and demonstrate little mixing near the center of 
the particle chain and better mixing towards the ends of the chains (see Figure 1.3b). 
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 mixing45. To characterize the induced chaotic mixing, Kang et al.21 comput-
ed the Lyapunov exponents45 at different Mason numbers (see Figure 1.3c), which 
are a measure for the spatial divergence of two artificial fluid tracers that are initially 
separated by a very small distance. As shown in Figure 3c, for intermediate 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 literature, a mod-
ified Mason number was introduced by Gao et al.41 which more exactly describes 
the 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:  
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Using RT, the rotational behavior of a particle chain can be described independent of 
the number of particles. In case RT >1 the chain exhibits breaking behavior, whereas 
for RT <1, the particle chain remains rigid; this was shown in numerical simulations 
as well as in experiments. 

 
Figure 1.3 Examples of magnetic particle-based mixing within a static fluid. (a) In a rotating field 
(3.2 Hz), magnetic particles form chains that grow and fragment dynamically. (b) Result of 2-D 
numerical simulations of a particle chain in a rotating field, showing the progress of mixing at dif-
ferent time points (to the right), for four different Mason numbers: (from top to bottom resp.) 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 simulation, showing the spatial distributions of the maximum Lyapunov exponent 
at several Mason numbers. (a) Reprinted with permission from ref 36. Copyright 2003 American 
Chemical Society. (b,c) Reprinted with permission from ref 21. Copyright 2007 The American 
Physical Society.  
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Experimental mixing studies were performed in microliter reaction chambers42, 

46-48 and in droplets43. In general, the experiments confirm theoretical data47, but 
simulations fail to describe systems in which the particle density is high. Over time, 
particle chains grow in length48 and interact with other chains43, 46-47, which is not 
covered in simulations of isolated chains.  

In conclusion, the mixing capabilities of chains of superparamagnetic particles 
in a rotating magnetic field have been well studied. Optimal chaotic mixing is ob-
tained for long chains that exhibit breaking and reformation behavior. This type of 
mixing is particularly interesting to accelerate (bio)chemical reactions in static mi-
crofluidic compartments, as it allows to homogenize fluids and overcome diffusion 
limitations. 

1.3 Capture of analytes from sample fluids 

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 biologi-
cal samples. The analyte capture can be of specific as well an non-specific 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 Capture 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 parti-
cle functionalization 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 concentration. However, the use of a very high concentration of particles has 
disadvantages for downstream processes in an integrated multi-step lab-on-chip as-
say. High particle concentrations generally increase non-specific particle-particle 
and particle-surface interactions, enhance field-induced particle aggregation, cause 
steric hindrance in particle concentration steps, obstruct chemical reactions on the 
particles and sterically hinder reactions between the particles and a biosensing sur-
face. Therefore, it is desirable to decrease particle concentrations while still main-
taining 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 a 
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 static fluids. 

1.3.1 The analyte capture process 

The specific capture of analytes from a fluid onto magnetic particles is driven by (i) 
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 cap-
ture rate, firstly by increasing encounters and secondly by increasing the biochemi-
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cal reaction rate. In contrast, the specificity of the capture is exclusively 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 typi-
cally present in very low concentrations within a complex sample containing a high 
concentration of background material, such as blood or saliva. In such complex ma-
trices, 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 spe-
cific and non-specific surface reactions.  

The process of particle-based capture of target analytes is similar to a bimolec-
ular binding process53-54, i.e. it consists of an encounter step between the two com-
ponents, 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-1s-1). For typical protein-protein interactions, the 
association rate constant ranges between 103 and 109 M-1s-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 relative 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, by geomet-
ric constraints of the binding sites, and may be further reduced by the final chemical 
reaction. In practice, usually either diffusion or the chemical reaction dominantly 
limit the reaction rate, although there is no simple test available to determine which 
process is the most important.  Nevertheless, there are two indications for a diffusion 
limitation.53 First, diffusion-controlled rate constants are usually high (>105 M-1s-1). 
Second, diffusion-controlled association involves only local conformational changes 
between unbound proteins and the bound complex, while reaction-controlled associ-
ation typically involves gross changes such as loop reorganization or domain 
movement.53 Typical antibody-antigen association rate constants are in the range of 
105-107 M-1s-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 different stages of the binding process are limiting. This study is pre-
sented in detail in Chapter 2. In particular, the diffusive encounter step was split up 
into the process of diffusion transport through the fluid volume and the process of 
near-surface alignment. Where volume transport generates the first encounters be-
tween 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 translational and the rotational mobility of the reactants. In experiments, the 
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different processes were studied under different types of particle actuation, for dif-
ferent target sizes, for different types and concentrations of proteins on the particle 
surface, and for different ionic strengths of the medium. It was found that both vol-
ume transport and the alignment of binding sites determine the association rate con-
stants for particle-based target capture.  

When free proteins react in solution, the alignment process (i.e. rotational dif-
fusion) is an important restriction due to the highly specific alignment constraints55, 

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 
limitation59. Depending on the number of binding sites at the surface and the intrin-
sic 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 There-
fore, 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 mov-
ing particles through the fluid using magnetic fields61, and when applying flows to 
induce fluid perfusion through clusters of magnetic particles62. Limitations due to 
the specific alignment constraints can be further overcome by maximizing the num-
ber of binding sites on the particle surface and by improving the orientation of the 
immobilized proteins. Equally important, the surface properties of the particles 
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 surfaces, due to the 
fact that surface engineering can be applied with a higher throughput to particles in 
solution than to surfaces in microdevices. 

1.3.2 Analyte capture using magnetic particles in a flowing fluid 

Improving the capture efficiency of target analytes from a fluid means that the inter-
action between the analyte and the capture agents (e.g. antibodies) should be maxim-
ized. For example, in surface plasmon resonance biosensing, a surface with immobi-
lized antibodies is used to capture analytes from a fluid that is flowing past the sur-
face.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 over-
comes 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 sur-
face-to-volume ratio during incubation. 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 so-called bed of superparamagnetic 
microparticles can be formed within a micro-capillary (see Figure 1.4a), which can 
be used to perform flow-based immunoassays. The static configuration was however 
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far from optimal, 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 ap-
plied flow rates were limited (~0.1 cm/s) 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 superparamagnetic parti-
cles by ferromagnetic particles, and formed dynamic particle structures over the 
whole cross-section of a channel.27, 66 By blocking the whole cross-section of the 
channel, all fluid passed through the small pores between the particles. It was 
shown27 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 techniques28, 67. 

 
Figure 1.4 Examples of magnetic particles applied to capture analytes from fluid flows. (a) Using a 
rare earth magnet near a capillary, a packed bed of superparamagnetic particles can be formed at 
the channel wall. Reagent solutions can be flowed past the bed to effectively reduce diffusion 
lengths. (b) Design of a particle-based continuous flow reactor: magnetic particles are moved 
through multi-laminar reagent streams using an external magnet to perform a sandwich assay on the 
particle surface. (a) Reprinted with permission from ref 64. Copyright 2001 American Chemical 
Society. (b) Reproduced from ref 68 with permission from The Royal Society of Chemistry. 

The use of ferromagnetic particles seriously complicates downstream detection 
steps, because the magnetically induced clustering of the particles is practically irre-
versible in a microchip. Superparamagnetic particles do not suffer from irreversible 
magnetic clustering, but in a flow the particles are not easily retained as they typical-
ly have smaller magnetic moments. Very strong field gradients are required35, 62, 69 
which complicates microfluidic integration. Nonetheless, superparamagnetic parti-
cles 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 microchannel, and by subsequently 
collecting the particles in a separate outlet (see Figure 1.4b).68, 70-72 Ganguly et al.72 
found that this method of magnetophoretic mixing strongly depends on the particle 
concentrations, the flow fraction of the analyte stream, and on the flow rate. In mag-
netophoretic mixing, particle-fluid interactions can be high, and the superparamag-
netic nature of the particles in principle enable the addition of subsequent detection 
steps.  
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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 a limit of detection (LoD). However, it is dif-
ficult to attribute significance to reported LoD's due to the lack of standardized con-
ditions (biomarker, biomaterials, sample matrix, incubation times, detection method, 
data analysis, etc.) as we will discuss in Section 1.4. 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 particles, etc. This 
may help to gain insights into the role of the underlying processes (such as transla-
tional and rotational transport limitations) and will help to reveal scaling relation-
ships for microfluidic system design. 

1.3.3 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 microfluid-
ics 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. Furthermore, fluid pumping techniques are not required, which 
simplifies the total microfluidic system, i.e. the cartridge, the analyzer, and the car-
tridge-analyzer interface.  

Analyte capture using magnetic particles in a static microfluidic chamber was 
shown by Bruls et al.25  A sample fluid was inserted in a cartridge and filled the re-
action chamber by capillary forces. Thereafter, a dry reagent containing magnetic 
particles automatically dissolved into the fluid, allowing the magnetic particles to 
capture analyte from the solution. The capture process itself was not actively steered 
by magnetic forces. Tanaka et al.73 showed that rotating magnetic fields (at 30-90 
Hz) can be used to agitate clusters of magnetic particles in a reaction chamber to 
bind target proteins on the antibody-coated surface of the particles. Quantitative data 
on the enhancement of the binding rate was not shown. In another study74, magnetic 
particles were suspended in a capillary tube that was positioned between two ferro-
magnets. Due to the magnetic fields, the particles were arranged into chains and 
rotation of the capillary was applied to enhance the fluid-particle interaction. Target 
capture was quantified using an ELISA and compared for different Mason numbers 
by altering the rotation speed of the capillary tube. It was found that an acceleration 
of at least one order of magnitude could be obtained by rotating magnetic particle 
chains compared to a zero rotation 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 chapter 6, we present a study on the 
inverse arrangement, which is the application of rotating magnetic fields to magnetic 
particles suspended in a reaction chamber. From experimental data, association rate 
constants were determined and compared to numerical simulations of the capture 
process. It was found that capture rates can be improved by one to two orders of 
magnitude by using (i) magnetic field gradients to move particles through the fluid 
and (ii) rotating magnetic fields to enhance the particle fluid interaction over shorter 
length-scales 
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These studies show that magnetic particle-based target capture can be acceler-
ated by applying time-dependent magnetic fields to 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 parame-
ters, such as field strength, field frequency and field direction. This would allow for 
a comparison between the different devices and actuation methods. 

1.4 Analyte detection 

After the capture of target analytes, further processing is needed for accurate and 
specific detection. When the magnetic particles are used as carriers only, 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 agglutination assay. Here we 
review different methods to perform the detection step and focus on the potential for 
total lab-on-chip integration of the assay. 

An evaluation of the analytical performance of a detection methodology is of-
ten done by measuring dose-response curves. In many publications, attention is pri-
marily given to the limit of detection (LoD) derived from a dose-response curve75. 
However, papers of exploratory research generally report very limited statistics. The 
LoD's are mostly based on a low number of data points and LoD confidence inter-
vals are hardly ever given. Furthermore, the chosen assay (biomarker, biomaterials, 
sample matrix, incubation times, etc.) has a strong influence on the LoD, so LoD's 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 pre-
cision (typically <30%).76-77 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 
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 
sample matrix, the character of the reported dose-response curves, and an 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 devia-
tion of the blank divided by the slope of the dose-response curve.77 

1.4.1 Magnetic particles as carriers 

When magnetic particles are used as a carrier or substrate for the detection of target 
analytes, the particles are first used to capture target analytes, subsequently the cap-
tured 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 several washing or separation steps to be performed, i.e. the 
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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 supra-particle structures64, 72, magnetic particle plugs28, 69 and iso-
lated particles68. 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 sev-
eral tens of picomolar and assays have mostly been performed in buffer.18 The dose-
response curves tend to be sublinear and as a consequence the limits of quantifica-
tion are expected to be higher than the reported limits of detection. The detection 
limits are quite high due to the relatively weak signal per label, while the back-
ground fluorescence from magnetic particles is significant. To reduce background, 
evanescent fields have been applied to only excite fluorescent dyes close to a sub-
strate78, but this 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 labelled them with fluorescent detection anti-
bodies. 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 
was cardiac troponin (cTnI) and tumor necrosis factor (TNF-) – similar or slightly 
higher LoQ’s 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 hand-held device operation. 

Enzymes have also been used as labels in so-called enzyme-linked immuno-
sorbent assays (ELISA). Enzymes are available that convert substrates suited for 
luminescence74, 79-84 or electrochemical85-86 detection. Generally luminescence-based 
ELISA's involve a washing step after enzyme labeling, followed by exposure of the 
particles to a fluid containing the reactants, after which bulk luminescence is detect-
ed.74, 79-81 A main advantage of using enzymatic labels is that the signal is amplified 
by the enzymatic conversion process. To reach single-target sensitivity, Rissin et 
al.82 loaded single magnetic particles in separate microwells, which were subse-
quently used as isolated ELISA reaction chambers (see Figure 1.5). When the num-
ber of particles is higher than the number of targets, digital counting is possible, 
which allows the detection of single analytes according to Poisson statistics. In buff-
er, streptavidin--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- could be detected with estimated LoQ’s 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 loading87, low-cost fabrication of array wells83 and multiplexed 
assays88, but complete miniaturization and integration are still a challenge. 
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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 mag-
netic microparticles and subsequently labeled with gold nanoparticle 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 sen-
sitivity, but the numerous fluid handling steps strongly complicate the integration 
into a point-of-care system.  

Hahn et al.89 demonstrated an assay in which large magnetic particles with a 
diameter of 6 m were labelled with magnetic nanoparticles. The labelled 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 into another 
stationary fluid by using magnetic forces.23-24, 50, 90-93 The two fluids, e.g. fluid A and 

 
Figure 1.5 Digital ELISA based on arrays of femtoliter-sized wells. (a,b) Single protein molecules 
are captured and labeled on particles using standard ELISA reagents (a), and particles with or with-
out a labeled immunoconjugate are 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 ( 2.8m) 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) Log-log plot of signal output (% active particles for single-
molecule array (SiMoA) or relative fluorescence units (r.f.u.) for plate reader) as a function of the 
concentration of streptavidin--galactosidase (SG) captured on biotinylated particles. Reprinted 
with permission from ref 82. Copyright 2010 Nature Publishing Group. 
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fluid B, are separated by a medium that does not mix with the aqueous fluids, for 
example 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 be-
tween fluid A and the medium; thereafter they are pulled through the interface be-
tween the medium and fluid B, into fluid B. Alternatively, the fluid interfaces can be 
moved over the particles, e.g. by using electrowetting80, 94. The process of transfer-
ring 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 trans-
fer mechanisms as Magneto-Capillary Particle Transfer (MCPT).  

 

 
Figure 1.6 Example of Magneto Capillary Particle Transfer (MCPT). (a) Schematic drawing of a 
patterned air valve cartridge in exploded view (top) and assembled view (bottom) as developed by 
Den Dulk et al.50. Double-sided tape joins the transparant planar top and bottom parts. Aqueous 
liquids (blue) with a typical volume of 15 µL are confined in four chambers by a pattern of hydro-
philic and hydrophobic regions. (b) The MCPT cartridge in the experimental setup, showing the 
permanent magnet (dark, 4 mm Ø) embedded in a white background, gently touching the bottom of 
the cartridge. (c) Top view microscope image, showing two translucent aqueous chambers and the 
magnet in the valve region between the chambers. The magnet draws a cloud of magnetic particles 
(the even darker spot in front of the magnet) from the left chamber to the right chamber. (d) The 
different phases of the transfer of magnetic particles (white spot) from one liquid (dark) to another 
through an air-valve. (e) Parameter space of capillary thickness (distance between the planar top 
and bottom parts) and particle load. The squares indicate the experiments that were performed for a 
given cartridge design. The areas in the diagram describe the behavior of the magneto-capillary 
valve. In the central region successful MCV crossing was observed. In the three outer regions non-
ideal operation was observed. Reproduced from ref 50 with permission from The Royal Society of 
Chemistry. 
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MCPT has been studied in many different device geometries, like tubes95-96, 
single-plane devices23-24, 51, 80, 92, 94, vertical slits91, 97, arrays of wells90 and bi-plane 
capillary devices50, 93, 98-100. MCPT has been applied for the purification and enrich-
ment of nucleic acids23-24, 50, 90-91, 93, 101 96, 99and proteins50, 95, 98. For example, Den 
Dulk et al.50 used a bi-plane capillary device with liquid-gas interfaces (see Figure 
1.6) 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 including the detec-
tion step. Nucleic acids51, 100 and proteins99 have been detected, using oil-filled51, 100 
or air-filled99 capillary valves. The latter paper reports assay dose-response curves. 
Magnetic particles were moved over a cartridge through different chambers and in-
cubation in each chamber was performed under actuation by a rotating magnetic 
field. In the assay, target interleukin-8 in buffer with 10% human serum was cap-
tured and fluorescently labeled after a washing step. The corresponding dose-
response curves had a segment with a linear relationship between signal and concen-
tration, with an LoD/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. An advantage of carrier-
only assays is that one can make use of reagents that are very similar to the ones 
used in commercial pipetting-based assays. Another advantage is that the detection 
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 compli-
cates 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 1.5. 

1.4.2 Agglutination assays with magnetic particles 

Agglutination assays exploit the fact that aggregates of particles are formed 
when specific analytes are present in the sample fluid*. The particles are provid-
ed 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 con-
centration of analytes within the fluid. In magnetic agglutination assays, the for-
mation 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.102 They flowed 
magnetic particles 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 aggregates. Beyond 

                                                            
* In the scientific literature, the terms ‘particle agglutination’, ‘particle aggregation’ and ‘particle 
clustering’ are interchangeably used. 
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the magnets, clusters disaggregate or remain clustered depending on the number of 
captured analytes. In the original publication102, no dose-response curves, high- sta-
tistics data, or measurements of noise or non-specific background were reported. 

 Moser et al.62 applied localized magnetic fields to retain and dynamically actu-
ate superparamagnetic particles in a microchannel flow, thereby enhancing the per-
fusion of the magnetic particles (see Figure 1.7a1). After switching off the magnetic 

  

Figure 1.7 Agglutination sandwich assays based on magnetic particles. (a1) Dynamic particle plug 
in a microchannel with a flowing fluid. The particles were actuated by an external magnet at 70 Hz 
to induce continuous motion of particles in the center of the channel and thereby allow efficient 
perfusion of the analyte solution. (a2) After stopping the fluid flow and releasing the magnetic 
field, the area occupied by the particles is analyzed for different target target biotin-BSA concentra-
tions. (b1) One-step homogeneous assay technology based on magnetic nanoparticles in a static 
fluid. First the biological sample was spiked with nanoparticles. Targets were captured by diffusive 
motion. Subsequently cluster formation was accelerated by applying pulses of the magnetic field 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 measur-
ing the optical scattering signal. The result was a curve of the optical scattering signal as a function 
of the frequency (see 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 (b2) 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 fitted line is based on a model de-
scription which takes account of 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 103. Copyright 2012 
American Chemical Society. 
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field, the thermal diffusivity of the particle cloud was measured, revealing the de-
gree 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 buffer, showing a logarithmic characteristic. The 
LoD is in the picomolar range, but the LoQ will be much higher due to the logarith-
mic dose-reponse characteristic.  

Baudry et al.104 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 clustering 
was detected using turbidimetry, as the scattering properties of particle clusters dif-
fer 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.105-107 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 are obtained for increased target concentrations, 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 using NMR sensing, as 
demonstrated in many publications from the Weissleder group108-109. The aggrega-
tion assays have nearly all been done using small nanoparticles (with a diameter of a 
few tens of nm) and in one publication also using microparticles109. In the latter 
case, magnetic fields were applied to enhance particle aggregation. In buffer, anti-
bodies to influenza were detected. The dose-response data were recorded on a loga-
rithmic scale, which makes it difficult to quantify a LoD or LoQ, but picomolar tar-
get concentrations were resolvable. 

When the analyte concentration is much smaller than the magnetic particle 
concentration, only few particle aggregates are formed, governed by Poisson statis-
tics. Many particles will not form any clusters, some particles will form two-particle 
clusters, and larger clusters will be rare. Ranzoni et al.103 showed that specific dou-
blet 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 Figure 1.7b1). Fur-
thermore, the optical detection sensitivity of doublets was improved by measuring 
the optical scattering in a rotating magnetic field.110 A dose-response curve was 
shown for the detection of PSA directly in undiluted blood plasma. The curves had 
an undulating character (see Figure 1.7b2), revealing regimes of clusters of different 
sizes, with an 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 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 kinet-
ics. However, magnetic fields may also increase the non-specific binding between 
the particles. Assays in a fluid stream require high magnetic forces 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 
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non-flowing fluid can be carried out in weak magnetic fields and thereby avoid 
strong interactions between the particles.103 When further technological improve-
ments are made, we expect that static-fluid magnetic agglutination assays may be-
come a very interesting format for point-of-care applications. 

1.4.3 Surface binding assays using magnetic particles 

In a surface binding assay, magnetic particles are used as labels that bind in a bio-
logically 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 capture the target on 
two different epitopes. Preferably, all analytes in the fluid become sandwiched be-
tween a particle and the surface, which is possible when the concentration of parti-
cles exceeds the analyte concentration. To ensure efficient capturing and labeling, 
the magnetic particles need to efficiently (i) capture targets from solution (cf. Sec-
tion 3), (ii) be brought to the surface, and (iii) interact with the surface on molecular 
length scales. The transportation toward the surface can be achieved relatively easily 
by applying magnetic field gradients towards the sensor surface111-112. 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 in-
teractions. In addition, rotational exposure of the particles to the surface is important 
and non-specific interactions between the particles and the surface should be mini-
mized113-114.  

Several methods have been developed to optimize the particle-surface interac-
tions. Bruls et al.25 developed an actuation protocol in which in-plane fields, out-of-
plane fields, and field-free phases are alternated. In-plane fields bring particles to the 
surface, out-of-plane fields generate chains, while the field-free phase allows free 
Brownian motion of the particles in order to optimize their rotational and translation 
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 minimize 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 LoD’s around a picomolar. 

Gao and Van Reenen et al.115 developed an actuation protocol to induce repul-
sive magnetic dipole-dipole interactions between particles at a surface. This method 
is presented in detail in Chapter 3. The method consists of aligning particle aggre-
gates 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. By repeatedly applying these two steps, clusters consisting 
of tens of particles could be almost completely redispersed over the surface in a 
short time. Evaluation of this method in a surface-based assay has however not yet 
been performed. 

Some papers report studies in which fluid flow is an essential component. Mo-
rozov et al.116-117 combined flows past a sensor surface with electrophoresis to bind 
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bacterial toxins to a surface and thereafter with magnetophoresis to attract magnetic 
particles to the surface to form the sandwich. To wash away particles bound to the 
surface by weaker non-specific bonds, shear flows were applied.118 Assays were 
performed on five different bacterial toxins in different media (i.e. buffer, water, 
milk and meat extract). Reported dose-response curves all had a logarithmic charac-
ter. LoD’s were reported of several tens of femtomolars, however, in view of the 
large error bars and the logarithmic dose-response curve, the LoQ’s will be much 
higher. 

Tekin et al.119 flowed magnetic particles (2.8 m) past a sensor surface that 
was provided with regularly spaced smaller magnetic particles (1.0 m) coated 
with antibodies. In this way, the larger magnetic particles containing captured ana-
lytes were transported to the sensor surface and could interact with the smaller mag-
netic particles, assisted by attractive magnetic dipole-dipole interactions. Applying 
this method to a sandwich assay for biotinylated anti-streptavidin and TNF- in fetal 
bovine serum, dose-response curves were obtained with a logarithmic character: a 
100 million-fold increase in analyte concentration gave a 5-10 fold increase of sig-
nal. LoD’s were reported of several tens of attomolar, however, due to the logarith-
mic dose-response curve one cannot define a LoQ, because across the whole meas-
urement range it is not possible to quantify the analyte concentration with an accura-
cy of 30%. 

As described above, the method to assist the binding of particles at the sensor 
surface is very important for the character of the dose-response curve and the result-
ing detection sensitivity. Now we will discuss the next step, namely the detection of 
bound particle labels at a sensing surface. A method to detect particle labels should 
be sensitive, but in addition, one should consider the influence of the different meth-
ods on lab-on-chip integration, the cost effectiveness of the resulting disposable car-
tridge, and the miniaturization potential of the reader instrument. In particular, one 
should consider the compatibility of the detection methods with the presence of 
magnets around the microfluidic 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 
coils120, SQUID121, magnetoresistive sensors11, 111, 122-124 and Hall sensors125. Alt-
hough it is possible to combine magnetic sensing with the application of magnetic 
fields111, 123, it is complicated because magnetic fields tend to perturb the measure-
ments. Furthermore, the use of lithographically made sensing chips adds costs to the 
disposable cartridge and demands cartridge assembly technologies suited for high 
numbers of electrical interconnects. 

Optical detection methods are not perturbed by the presence of magnetic fields 
and are compatible with cost-effective mass-manufactured cartridges. Magnetic par 
ticles can be optically detected on a transparent surface in several ways, e.g. by us-
ing bright-field illumination114, 126 or dark-field illumination116. A particular chal-
lenge 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 system based on the 
principle of frustrated total internal reflection (f-TIR) as depicted in Figure 1.8. A 



22    Chapter 1 

 

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 monitoring 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 sur-
face plasmon resonance (GC-SPR)127, which is an evanescent-field technique based 
on a thin gold film at the sensing surface. Different assay formats were compared for 
the detection of  human chorionic gonadotropin (hCG) in buffer. A clear influ-
ence of magnetic actuation on the dose-response curve was observed, leading to 
detection in the picomolar range. 

 
Figure 1.8 Optomagnetic immuno-biosensor based on actuated magnetic particles ( 500 nm). (a) 
Schematic representation of the reaction microchamber and the successive assay processes: (1) 
filling of the microchamber, particle redispersion, and analyte capture; (2) particle actuation during 
the surface-binding phase; and (3) magnetic removal of free and weakly bound particles from the 
sensing surface. (b) The fluid microchamber is placed in the optomagnetic system with electromag-
nets and detection optics. Light reflects from the sensor surface with an intensity that depends on 
the concentration of nanoparticles at the sensor surface, by the mechanism of frustrated total inter-
nal reflection (f-TIR). (c) An assembled disposable cartridge consisting of two structured plastic 
parts connected by double-sided adhesive tape. The cartridge contains a sample inlet, a channel, a 
reaction chamber (1 L), and a vent. (d) f-TIR image of magnetic particles bound to the sensor 
surface via an immunoassay on 31 capture spots of 125 m diameter each. (e) 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 particles. Re-
produced from ref 25 with permission from The Royal Society of Chemistry. 
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1.4.4 Magnetic stringency 

A stringency process aims to improve the specificity of detection, by separating un-
bound and weakly bound from strongly bound species. In the detection methods 
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 interactions, 
e.g. van der Waals interactions, electrostatic interactions, hydrophobic interactions, 
etc.128 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 domain in order to improve the specificity of detec-
tion, 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 
optimization is to reduce the formation of non-specific bonds and to preserve or im-
prove 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 gradi-
ents can be applied in order to apply stringency to the bonds and thereby dissociate 
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.129 A permanent magnet was used to apply 
a constant force to ensembles of bound particles and the dissociation of bonds was 
recorded as a function of time. Jacob et al.130 used an electromagnet which allowed a 
larger force range to be studied, thereby yielding reliable dissociation rate constants 
for the biomolecular bonds. Furthermore, they demonstrated that populations of spe-
cific and non-specific bonds could be distinguished within the shape of the force-
induced dissociation curves. These studies were performed using large magnetic 
particles as labels (4.5 µm in ref.129, and 2.8 µm in ref.130). It is convenient to use 
large particles for biophysical studies because large forces can be applied to single 
particles. However, large particles are less suited for integrated biosensing because 
they diffuse slowly, sediment easily, and they limit the dynamic range of detection 
due to steric hindrance. 

Using particles with diameters of a few hundred nanometers, Bruls et al.25, 111, 

123 have demonstrated the use of magnetic stringency in integrated surface-binding 
assays, see Figure 1.8a,e. Here, magnetic stringency removes unbound and weakly 
bound particles from the surface. In fact, it replaces the fluidic wash step in tradi-
tional 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 com-
pletely stationary assay concept. 
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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 DNA131-132 and protein complexes133 that are sandwiched 
between particles and a surface. Although still very remote from integrated biosens-
ing, the principle of characterizing molecular bonds in a detailed biophysical manner 
may in the future help to further increase the specificity of biosensing. 

1.5 Integration of magnetic actuation processes 

Integration is the act of making something into a whole by bringing all parts togeth-
er. 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 that each have their own inherent advantages and chal-
lenges. As reviewed in the previous paragraphs, the manipulation of magnetic parti-
cles by magnetic fields allows one to control in a microfluidic format a list of im-
portant 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 1.1, we summarize the state-of-the-art in the 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, aggluti-
nation assays, and surface-binding assays. We make a distinction between flow-
assisted devices in which active channel flows are used, and stationary-fluidic de-
vices in which continuous fluid motion is absent. Within the Table matrix, we have 
classified the type of magnetic actuation used at the intersection between assay-
concept and process-step. The gray-scales indicate the type of actuation used: with-
out magnetic fields (light-grey), with static fields (mid-grey), with dynamic fields 
(dark grey), or not applicable (slanted line). The references of process-step and as-
say-concept 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 fluorescent 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 continuous fluid flow while external 
magnets retain the magnetic particles within a liquid.28, 64, 68 Also, one can manipu-
late fluids by merging and splitting droplets in so-called digital microfluidics80-81, 94. 
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, 80-81, 90-91, 93, 95, 99-100. Intrinsic to magnetic carrier assays is the need 
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for relatively strong magnetic fields to retain particles in a flow or to traverse capil-
lary 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 chamber, 
allowing particles to spread by diffusion. The images (see e.g. refs.51, 99) show that 
particle redispersion is incomplete; large clusters break up into small clusters, but 
not separate particles. We expect that improved disaggregation of particles, e.g. by 
magnetic field actuation115 and/or by further reducing non-specific interactions, will 
improve the assays. Magnetic stringency is not applicable in carrier-only assays be-
cause the particles are not used as labels. The carrier-only methods allow miniaturi-
zation and integration; however, a series of fluids is always needed, including active 
control of fluid flow and/or methods for MCPT. 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 agglutina-
tion of magnetic particles. In agglutination assays, the analyte capturing and labeling 
steps are performed in one and the same solution. Magnetic agglutination assays 
have been studied in flowing fluids62, 102 and stationary fluids103-104, 110. Assays in 
fluid flow require higher magnetic forces, which promote non-specific binding be-
tween the particles. The highest assay sensitivities have been demonstrated with 
stationary-fluid agglutination assays103-104 110, using lower particle concentrations 
and lower magnetic fields than the flow-based assays. The application of pulsed 
magnetic fields has been shown to increase the effectiveness of molecular sandwich 
formation between the particles. 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 suit-
ed for miniaturization and integration, because in principle the assays can be per-
formed in one chamber. Thus far, magnetically actuated mixing and target capture 
have not been applied in stationary-fluid agglutination assays, but several actuation 
methods47, 61 seem to be suited. Furthermore, 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 1.1 describes the surface-binding assays, wherein 
magnetic particles interact with a sensor 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 pro-
moting particle-surface binding. Magnetic gradients have been combined with fluid-
ic shear flows, in order to move particles past the surface and/or apply stringency to 
bound particles.116-119 In these papers, the surface binding steps were performed in 
static magnetic fields. It is important to realize that superparamagnetic particles are 
known to contain small ferromagnetic moments134. Therefore, in a static magnetic 
field the rotation of the magnetic particles may be constrained, which may limit the 
surface binding effectiveness.  Surface-binding assays have also been demonstrated 
without a fluid flow. In such stationary-fluid assays, magnetic fields have been ap- 
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28    Chapter 1 

 

plied to bring and keep particles near the surface25, 111, 123 and to randomize particle 
distributions25. With current-controlled electromagnets, the particle-surface interac-
tion has been optimized by combining pulsed magnetic fields with field-free phases 
for Brownian rotation.25 Furthermore, stringency25, 111, 123 has been applied by revers-
ing the field gradient. Surface-binding 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-binding 
assays is that the sensor surface needs to be biofunctionalized, which adds complexi-
ty to the assay. Important advantages are that magnetic stringency can be applied in 
the assay, and that multiplexing can be realized by preparing binding spots with dif-
ferent biochemical compositions. We foresee several avenues to further control and 
optimize surface-binding assays by magnetic actuation. For example, actuated mix-
ing and capture47, 61 may help to further increase the speed and effectiveness of the 
capturing process, and magnetic fields may be used to redistribute particles in the 
assay chamber115. 

1.6 Aim and outline of the thesis 

In the previous Sections, we have reviewed the use of magnetic particles and mag-
netic fields to perform key processing 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 microflu-
idic 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 particles can be 
actuated for magnetic stringency steps, and can be accurately detected in complex 
fluids, most commonly by optical methods. 

In the field of integrated magnetically actuated assays, individual process steps 
are being studied as well the integration of different process steps. The use of mag-
netic actuation processes for integration purposes is proceeding steadily, as shown in 
Table 1.1. There are still several white spaces where actuation principles can be ap-
plied to further enhance system integration and overall analytical performance. Sci-
entifically speaking, several magnetic actuation processes have been qualitatively 
demonstrated but are not yet well characterized and modeled.  

 

In this thesis we aim to obtain a fundamental understanding of different magnetic 
actuation processes in particle-based diagnostic assays. We develop model descrip-
tions for the particle behavior and the different binding processes involved in the 
assay. The models are compared to experimental data, and in a next step used to 
optimize or develop novel actuation technologies. Lastly, we analyze and discuss the 
integration of process steps to realize a lab-on-a-chip biosensor in which all assay 
process steps are effectuated using magnetic fields. 

 

We focus on the three following processes. First, methods are investigated to im-
prove capture of target analytes from solution by magnetic particles. Subsequently, 
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we study how magnetic fields can be used to control the distribution and behavior of 
particles near a surface. Lastly, we consider the effects of magnetic particle actua-
tion on molecular bond formation in surface-binding assays.  

In Chapter 2, an experimental study is presented to obtain in-
sight in the fundamental capture process of targets from a fluid by 
magnetic particles. Using different sorts of fluid actuation, the 
influence of physical transport processes, i.e. translational and 
rotational motion, is distinguished from the chemical reaction. In 
this chapter the potential impact of magnetic actuation on the capture rate is evaluat-
ed. 

In Chapter 3, we study the effect of magnetic actuation on 
the capture of proteins from solution. Magnetic particles are 
moved in chains through the fluid by applying rotating magnetic 
fields and field gradients. We quantify association rate constants 
for different sorts of actuation and as a function of field strength, 
rotation frequency and particle concentration. To interpret the experimental data, we 
compare the results to numerical Brownian dynamics simulations of the capture pro-
cess.  

Chapter 4 introduces a numerical method to study the behav-
ior of ensembles of magnetic particles near a physical boundary. 
The method is applied to study a novel method by which multi-
particle clusters can be disaggregated, based on inducing repulsive 
magnetic dipole-dipole interactions between the particles. The 
underlying dynamics of the disaggregation process are clarified as a function of par-
ticle properties, field properties, and cluster geometry. 

Based on the field-induced disaggregation principle, in 
Chapter 5 we introduce intra-pair magnetophoresis as a method to 
characterize in detail the properties of magnetic particles. By 
measuring the separation rate of disaggregating two-particle clus-
ters, magnetization curves and magnetization distributions are 
accurately quantified. 

In Chapter 6 we show that so-called rotaphoresis can be used 
to redistribute magnetic particles over a surface. Rotaphoresis, 
which refers to translational motion induced by rotation, is ob-
tained by magnetically rotating chains of particles orthogonal to a 
surface. We find that interesting collective particle behavior can 
be obtained by the application of magnetic fields at relatively high frequencies with 
orientations in three dimensions. 

In Chapter 7 we investigate how magnetic particles – after 
target capture – can be most effectively actuated to form a target-
induced sandwich bond on a reactive surface. The rotational re-
sponse of single magnetic particles to a rotating field is measured 
and modeled. Using a model sandwich system in experiments and 
numerical simulations, the effect of magnetic actuation is bench-
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marked against no magnetic actuation to quantify the improvement due to actuation. 

To conclude, in Chapter 8, we consider the integration of the different actua-
tion methods. Finally, we discuss further work towards integrated lab-on-a-chip bio-
sensing assays in which all assay process steps are controlled and optimized by 
magnetic forces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 
Accelerated particle‐based     

target capture – the roles of 

volume transport and              

near‐surface alignment 

 

The upcoming generations of high-sensitive and miniaturized biosensing systems 
need target capture methods that are as efficient and as rapid as possible, with tar-
gets ranging from molecules to cells. Capture of the targets can be achieved using 
particles coated with affinity molecules, but there are still fundamental questions as 
to the processes that limit the association rates. In this chapter we quantify and 
compare the reaction rates of particle-based target capture with different types of 
actuation, namely (i) passive thermal transport, (ii) fluid agitation by vortex mixing, 
and (iii) actively rotating particles. In the experiments, we use fluorescent nanopar-
ticles as targets which are biochemically captured by magnetic microparticles, and 
the capture efficiency is quantified using fluorescence microscopy with single target 
resolution. The data unravel the contributions of volume transport, near-surface 
alignment, and the chemical reaction to the overall rate constant of association. 
Vortex mixing versus passive transport gives an increase of the reaction rate con-
stant by more than an order of magnitude, implying that the encounter frequency 
and the near-surface alignment probability are increased. The importance of near-
surface alignment is underscored by the data of active particle rotation; the binding 
probability per encounter is 4-fold enhanced on rotating capture particles. We dis-
cuss the implications of our results for different biological systems and for the de-
velopment of novel actuation methods in particle-based target capture.*  

                                                            
*This chapter has been published in: A. van Reenen, A.M. de Jong, and M.W.J. Prins, Accelerated 
Particle-based Target Capture – the Roles of Volume Transport and Near-Surface Alignment, The 
Journal of Physical Chemistry B 117, 1210-1218 (2013). 
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2.1 Introduction 

Affinity molecules are widely used for the capture and extraction of specific targets 
from a biological sample, e.g., cells, proteins, or nucleic acids. The affinity mole-
cules are generally immobilized on a solid carrier, and the targets are captured from 
the fluid onto the carrier by specific binding to the affinity molecules. In many assay 
systems, magnetic micro- or nanoparticles are used as carriers for the affinity mole-
cules, because magnetic particles have a high surface-to-volume ratio, are mobile in 
the fluid, and can be manipulated by magnetic fields. Applications range from cell 
extraction138-139, immunoassays9, 25, 140, nucleic-acid extraction141-142, to the latest 
ultrahigh-sensitivity affinity assays which count target molecules with single-
molecule resolution13, 82. Ultrahigh-sensitivity affinity assays are particularly chal-
lenging when the biological targets are to be captured from a small sample volume. 
In small samples only very few targets are available in the assay and the assay preci-
sion becomes limited by counting statistics, so every target needs to be captured 
from solution and the capturing effectiveness needs to be close to unity. 

In this chapter, we investigate the processes that limit the association rate in 
particle-based target capture, to lay the foundation for novel particle-based target 
capture methods for small sample volumes. We describe a theoretical framework 
and experiments that separate the processes of volume transport, near-surface align-
ment, and the chemical binding reaction (see Figure 2.1a). In the experiments the 
capture of fluorescent target particles (FT) by magnetic capture particles (MC) is 
recorded with single-target resolution as a function of time, which gives the overall 
target capture rate. In order to unravel the contributions of volume and near-surface 
transport, we report and analyze experiments with fluid agitation and experiments 
with magnetic particle rotation, using passive target capture as the reference (see 
Figure 2.1b). In the conclusion section, we will discuss the implications of our re-
sults for the capturing of different biological targets (from molecular biomarkers to 
biological cells) and for the development of novel actuation methods in microfluidic 
particle-based affinity capture. 

2.2 Theoretical considerations 

We model the capture of fluorescent target particles (FT) by magnetic capture parti-
cles (MC) in analogy to a bimolecular binding process53, 55, 143. Such a process is 
usually considered to consist of a (diffusional) encounter step and a subsequent in-
tramolecular chemical reaction to obtain the bound complex (FTMC):  

enc c

sep -c

FT MC FT MC FTMC
k k

k k

 
    , (2.1) 

with kenc the encounter rate constant, ksep the separation rate constant, kc the rate con-
stant for complex formation, and k-c the rate of decomplexation. The intermediate 
state, FT···MC, formed after encountering, is often named the encounter (or transi-
ent) complex. On the basis of this reaction scheme, the overall rate constant of asso-
ciation ka is given by: 



Accelerated particle‐based target capture – roles of volume transport and near‐surface alignment  33 

 

c
a enc

sep c

k
k k

k k
 


 . (2.2) 

Note that ka equals the product of the encounter rate constant, kenc, and the probabil-
ity that the subsequent chemical reaction will occur, [kc / (ksep + kc)]. If the chemical 
reaction is fast relative to the separation of the encounter complex (kc >> ksep), the 
association rate constant is limited by the encounter rate constant, so ka ≈ kenc. If the 
separation is much faster than the chemical reaction (ksep >> kc), then the  

 
Figure 2.1 Principle of particle-based target capture and experimental approach. (a) Schematic 
representation of the different stages in the capture process of targets (green) by capture particles 
(grey). Targets and capture particles are sketched with multiple binding sites (in red). The stages 
are: (i) volume transport creates target-particle encounters, (ii) near-surface transport creates align-
ment of binding sites, and (iii) the chemical reaction forms the bonds. (b) Schematic representation 
of the applied actuation methods: (i) passive transport only by diffusion, (ii) fluid agitation by vor-
tex mixing, and (iii) magnetic rotation of the capture particles. (c) Microscope image of biotinylat-
ed fluorescent nanoparticles (200 nm) captured by streptavidin-coated microparticles (2.8 m) on a 
glass surface. Single bound targets are identified and counted as the reaction proceeds. (d) Sketch 
of the captured fraction of targets as a function of time. The reaction rate constant is deduced from 
the initial slope (dashed line) or from the exponential time constant. 
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chemical reaction becomes rate limiting and  ka ≈ kc Kenc, with Kenc = kenc / ksep the 
equilibrium constant for forming the encounter complex. 

As Schreiber et al.53 noted for protein association kinetics, there is no simple 
test to determine whether the encounter or the chemical reaction step is rate limiting. 
But it is known that encounter (i.e., diffusion) limited rate constants are typically 
high, i.e., above 105 M-1s-1, as is for instance the case for the streptavidin–biotin 
complex144 and for typical antibody–antigen complexes55, and that within these reac-
tions only local conformational changes occur. In contrast, reaction-limited protein 
associations generally involve gross molecular changes like loop reorganization and 
domain movement. 

Several theoretical studies have been performed to determine the association 
rate constants for diffusion limited reactions. In the case of two uniformly reactive 
spheres with immediate binding (i.e., hit-and-stick behavior) Smoluchowski145 found 
by solving the diffusion equation: 

dif

enc dif 4k k DR    . (2.3) 

Here, D and R represent, respectively, the relative translational diffusivity and the 
center-to-center distance of the spheres when in contact (R= R1+R2, with R1 and R2 
the radii of the two respective spheres). The units of kdif are m3s-1. For two protein-
sized spheres, Eq. 2.3 predicts rate constants in the order of 109 M-1s-1, which is 
much larger than what is typically observed for protein molecules (105-107 M-1s-1)53. 
It has been shown theoretically53, 58 that the reduction can be attributed to the re-
quired alignment of the position and relative orientation of the reactive binding sites 
on the proteins. 

In analogy to the binding reaction between two proteins, the binding of two 
particles with distributed binding sites (as in Figure 2.1a) should be viewed as a 
multistep process, namely first translational volume transport to create encounters of 
the reacting particles (FT||MC), and thereafter particle movements to achieve near-
surface alignment of the reactive binding sites on the particles (FT···MC): 

alignenc c

sep misalign -c

FT MC FT||MC FT MC FTMC
kk k

k k k

  
     . (2.4) 

In this equation all rate constants have units s-1, except for kenc which has units M-1s-

1. Here we have introduced the near-surface alignment rate constant, kalign, and in the 
backward direction the near-surface misalignment rate constant, kmisalign. In case the 
chemical reaction is much faster than alignment process (kc >> kalign), the overall rate 
constant of association is given by:  

align align
a enc enc align enc

sep align enc align

enc

enc

k K k
k k k p k

k k k K k
    

 
 . (2.5) 

We have defined palign as the probability to reach alignment during an encounter. The 
right-hand side of Eq. 2.5 can also be obtained by solving the diffusion equation of 
two uniformly reacting spheres with a partially adsorbing surface and an intrinsic 
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rate constant κ ≡ Kenckalign (see also Collins and Kimball146, who derived a similar 
equation for the reaction scheme in Eq. 2.1).  

The rate J at which targets are captured is proportional to the overall associa-
tion rate constant:  

a
d[FTMC] [FT][MC]

d
J k

t
   , (2.6) 

For short times, the reaction product increases linearly in time: 

a 0 0[FTMC] [FT] [MC]t tk t    . (2.7) 

For longer times, the concentration of one or both species may become depleted, 
causing a decrease in the reaction rate. More specifically, in case the number of cap-
ture particles is much larger than the number of target particles, then the concentra-
tion of unbound targets [FT] decreases over time and the amount of captured targets 
evolves as follows:   

0
/[FTMC] [FT] 1t

te

   
 

  ,         with   1

a 0[MC]tk


  . (2.8) 

In our experiments, we could optically distinguish the first three states described in 
Eq. 2.4. In the free state (left) the particles are optically clearly separated. When the 
particles form an encounter complex, a gap between the particles cannot be optically 
resolved but the particles are still mobile with respect to each other. In the latter two 
states the particles are in contact and not anymore mobile with respect to each other. 
We note that biochemical dissociation does not play a role in our experiments, due 
to the strong binding that occurs between the particles.  

2.3 Experimental section 

Particles and Chemicals 

Superparamagnetic particles (M270, either carboxylated or streptavidin coated, 2.8 
m diameter) were purchased from Dynal Biotech. Fluorescent particles (Flu-
ospheres, carboxylated, yellow/green, 0.2 m) were purchased from Invitrogen. EZ-
link biotin-PEO3-amine was obtained from Pierce. Antibiotin antibodies and strep-
tavidin were obtained from Thermo scientific. Fluorescent particles were coated 
with biotin using standard EDC coupling chemistry. Centrifugation at 14,000 rpm in 
a centrifuge was carried out to separate the fluorescent particles from unbound bio-
tin. The ζ-potential of the biotinylated fluorescent particles and M270 streptavidin 
magnetic particles was measured using a Malvern Zetasizer nano ZS. The ζ-potential 
was ~22 mV and ~15 mV respectively.  

Carboxylated magnetic particles were coated with either streptavidin or antibi-
otin antibodies using standard EDC-NHS coupling. To control the loading of strep-
tavidin on the particles, BSA was coated competitively at different concentrations, 
i.e., 0.0005, 0.005, 0.05, or 0 mg BSA/mL in combination with 0.5 mg/mL streptav-
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idin. The relative streptavidin loading was verified by means of enzyme-linked im-
munosorbent assay (ELISA) using biotin-HRP. The luminescence signal was meas-
ured using a Fluoroskan Ascent FL and the data is shown in Figure 2.2.  

 
Figure 2.2 Characterization of relative loading of streptavidin on magnetic particles using ELISA 
for different concentrations of BSA incubated in competition with streptavidin. In order to evaluate 
the loading, an excess of biotinylated HRP (Horse-radish peroxidase) was incubated after function-
alization. After washing unbound biotin-HRP away, luminol was added which exhibits chemilumi-
nescence in the presence of HRP. The luminescence signal therefore is a measure for the amount of 
streptavidin on the particles. The inset shows the luminescence signal for the different cases on a 
logarithmic scale. 

Passive transport experiment 

Stock solutions of magnetic capture particles (6.7 108 particles/mL) and fluorescent 
target particles (4.55 1012 particles per mL) were diluted respectively 200 and 30 
times in PBS containing 0.1% BSA. A glass substrate with a spacer (height 100 µm) 
was prepared and 0.5 L magnetic particle solution was pipetted on the substrate. 
Subsequently, a 9 l droplet containing fluorescent particles solution was pipetted in 
the cell. The fluid cell was closed with a glass coverslip and placed under the micro-
scope (Leica DM6000) with a 63 immersion objective lens for analysis. The mag-
netic particles sediment to the surface within a minute. The surface was scanned for 
magnetic particles and of each particle a picture was taken using an EM-CCD cam-
era (Andor Solis) and the corresponding time was recorded. Images were processed 
to count both the number of capture particles and captured target particles. 

Fluid agitation by vortex mixing 

Solutions of fluorescent as well as magnetic particles were mixed together in an Ep-
pendorf tube to a final fluorescent particle concentration of ~600 particles/L. The 
final volume was 200 L. These tubes were placed on a shaker (Eppendorf Ther-
momixer Comfort) at 1400 rpm. At several times, a fraction of 8 L was extracted 
from the tubes in order to evaluate the capture efficiency. These small volumes were 
pipetted into a fluid cell and analyzed under the microscope. To increase the number 
of magnetic particles within one field-of-view (142  107 m2), a ferromagnet was 
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used to concentrate sedimented particles on the bottom center of the fluid cell. Typi-
cally, five images were recorded with 700–1300 particles inside the field-of-view.  

Magnetic rotation  

Magnetic particles were rotated using a quadrupole electromagnet147. The four elec-
tromagnets were powered with sinusoidal currents at different phase lags such that a 
horizontal continuously rotating magnetic field was created at the center where the 
sample was placed. The magnet generates only a very small vertical field gradient, 
giving a force on the particles on the order of the gravitational force. The horizontal 
gradient was insignificant since the particles were not observed to translate horizon-
tally in the magnetic field. In a typical experiment, the sample was prepared and 
placed under the microscope, and after approximately 60 s the rotating magnetic 
field was started and measurements were performed. 

2.4 Capturing particles by passive diffusive transport 

The reference method for target capturing is an experiment without any actuation, so 
that the transport is driven only by diffusion. We have measured the corresponding 
reaction kinetics by recording the capture of fluorescent targets by magnetic parti-
cles sedimented on a glass substrate, as sketched in the left panel of Figure 2.1b. 
Only the top hemisphere of the magnetic capture particles was monitored, i.e., the 
side that is exposed to the bulk fluid, as shown in Figure 2.1c; we therefore included 
a factor of 2 in calculating the reaction rate constants per capture particle. The cap-
ture process was monitored for about 25 min (see Figure 2.3a) and the overall asso-
ciation rate constant was determined using a linear fit corresponding to Eq. 2.7. We 
verified that the capture process did not significantly alter the concentration of fluo-
rescent target particles in solution (the amount of captured target particles was al-
ways much smaller than the total amout of target particles in solution) and neither 
the reaction surface of capture particles (the target particles never saturated the bind-
ing area of the capture particles); see the Appendix 2.A.  

We have studied the association rate as a function of the density of magnetic 
particles on the surface expressed as the surface coverage, see Figure 2.3b,c. For low 
surface coverage (<1.40.6%) the association rate constant (Figure 2.3c) is found to 
be independent of the surface coverage and the capture curves (see inset) are linear 
over the measured time-span. This is the regime wherein target transport to the cap-
ture particles is dominated by radial diffusion. For higher surface coverage, the 
amount of captured targets increases over time in a sublinear fashion, namely as t1/2 
(Figure 2.3a). This behavior corresponds to a system with an absorbing plane and a 
diffusion-limited supply of targets. The data in the regime of high surface coverage 
(>1.4% capture particles on the glass substrate; Figure 2.3c) corresponds to the aver-
age reaction rate over the measured time-span. The average reaction rate constant is 
found to decrease with an increasing density of capture particles on the surface, 
which is caused by overlap of target depletion zones that are formed around capture 
particles148. An overlap of depletion zones of neighboring particles results in a shift 
from radial to linear symmetry of the transport process, causing a decrease of the 
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supply of targets per capture particle and therefore a decrease of the encounter rate. 
The decrease of the reaction rate per capture particle should occur when the diffu-
sion length is comparable to the distance between the particles. For these measure-
ments, we estimate that Lavg ~ 0.5(Dt)1/2 ~ 28 m, corresponding to a surface cover-
age of ~ 0.9%, which is in agreement with our measurements. In the regime of high 
surface coverage (>1.4%) the average rate constant scales as the inverse of the sur-
face coverage, see the Supporting Information. In this regime the total amount of 
captured targets is independent of the number of capture particles, which is in agree- 

 

Figure 2.3 Quantification of passive target capture by particles sedimented on a planar non-reactive 
surface. (a) Measured and fitted capture of fluorescent targets, as observed within a single field of 
view. For surface coverages > 1% the applied fit function is of the shape y (t) = y0 + (A(t-t0)) , with 
y0, t0 and A as fit parameters. For surface coverages < 1%, a linear fit is applied. (b) Average cap-
ture rates per field of view as obtained from linear fitting of the data in panel a. (c) Overall reaction 
rate constant for different densities of magnetic capture particles (MC) on the surface. The dashed 
line is a guide to the eye. Each data point is collected from a time-dependent measurement of target 
binding, as depicted in the inset. A linear fit (solid line in the inset) is used to determine the overall 
reaction rate constant, using Eq. 2.7 and including a factor two to correct for measuring one side of 
the particle. Since for high surface coverages (>1.4%) the capture rate is time-dependent (see panel 
(a)), ka corresponds to an average over the measured time-span. (d) Steady-state concentration pro-
files of an absorbing sphere for different system geometries: dispersed in an infinite medium in the 
presence or absence of a non-absorbing surface. The profiles are plotted with respect to the center 
of the particle. The solid line represents the analytical steady-state solution of the diffusion equa-
tion.  
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ment with the interpretation that the system acts as an effective absorbing plane for 
target particles and that the number of capture particles is irrelevant.  

In the regime of radial transport, the overall rate constant of association is 
found to be ka = 1.0  0.2 1010 M-1s-1 (see Figure 2.3c). Interestingly, the measured 
rate constant is significantly smaller than the calculated association rate constant for 
a diffusion limited reaction [see Eq. 2.3]:  kdif  = 2.4 1010 M-1s-1. This means that an 
additional process is limiting the reaction. In order to unravel the origin of the limit-
ing process, we will now analyze (i) the influence of the planar glass substrate on the 
measured association rate, (ii) the influence of electrostatic repulsion between the 
particles, (iii) the influence of the size of the targets, and (iv) the influence of the 
biological molecules on the particles. 

2.4.1 Influence of the planar substrate 

Targets do not adsorb to the planar glass substrate, but the presence of the substrate 
may still limit the supply of targets to the capture particles. Finite-element simula-
tions were carried out using Comsol Multiphysics 3.5a to compute the steady-state 
concentration profiles for a sphere in an infinite medium and a sphere near a non-
absorbing surface, see Figure 2.3d. We have also calculated the steady-state concen-
tration profile by analytically solving the diffusion equation for an absorbing sphere 
with an encounter radius Renc = RMC + RFT = 1.5 µm in an infinite medium (see the 
solid line). The numerical solution in case of an absent surface shows excellent 
agreement with the analytical solution. The computations show that the presence of 
a non-absorbing surface slightly decreases the target concentration compared to the 
situation when no surface is present. From the computations, we can derive the dif-
fusive flux of targets at the encounter radius of the top hemisphere. We find that the 
nearby non-absorbing surface causes a decrease of the encounter rate by 13% ( = 
0.133  0.001). Therefore, we conclude that the nearby non-absorbing surface has 
only a minor effect on the overall rate constant of association. 

2.4.2 Influence of electrostatic interactions 

The target as well as the capture particles have a negative surface charge (see Exper-
imental section) so electrostatic repulsion may play a role in limiting the overall 
association rate. The electrostatic repulsion between the particles was studied by 
varying the ionic strength of the buffer solution, namely by diluting the PBS buffer 
from physiological concentration (~0.18 M) down to ~0.01 M, see Figure 2.4a. The 
reaction rate increases as a function of the ionic strength and saturates near the phys-
iological concentration. Therefore we conclude that the electrostatic repulsion is 
nearly completely screened at physiological salt levels.  

We can compare these findings to calculations by DLVO theory. The interac-
tions between charged surfaces within a liquid medium are described by the so-
called DLVO theory developed by Derjaguin, Landau, Verwey and Overbeek. An 
overview of this theory for the field of biophysics has been given by Leckband and 
Israelachvili128. 
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Figure 2.4 (a) Experimentally determined association rate constant for different ionic strengths of 
the PBS solution. As a guide to the eye, the data is fitted using a curve of the form y(x)=y0[1-
exp(A·(x-x0))]. (b) Computed DLVO interaction energies for the interaction between two spherical 
particles (R1 and R2) in a liquid medium at T = 293 K. Dashed lines indicate error margins. The 
insets show separately the computed van der Waals and electrostatic interaction. Curves have been 
calculated for 0.01 M PBS and 0.18 M PBS. The energies are given in units of kBT. 

Here, we estimate the energies of the electrostatic interaction as well as the 
Van der Waals interaction, for the case of two interacting spheres, with radius R1 
and R2, corresponding respectively to the capture particle and the target particle. 

First, the electrostatic (double-layer) interaction energy between two spheres, 
at a separation x, is given by 

 1 2

1 2

expes

R RE Z x
R R

 


 , (2.9) 

in which  is the inverse Debye length, which depends on the ionic strength of the 
liquid medium, and Z is the interaction potential128, which depends on the surface 
potential 0 of both surfaces and on the dielectric constant of the medium  , i.e. 
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with z the valency of the electrolyte. To approximate the surface potential, we use 
the measured Zeta potential of the particles (see Experimental section 2.3). As the 
Zeta potentials of both target and capture particles are negative, the electrostatic 
interaction is repulsive, and will – if large enough – prevent the particles from com-
ing into contact. We find that for a 0.18 M PBS solution, the electrostatic energy 
equals the thermal energy (kBT) at an inter-particle distance of only ~3 nm, whereas 
for a 0.01 M (diluted) PBS solution, the thermal energy level is reached at ~ 13 nm.  

In addition we consider the Van der Waals interaction, which is given by 

1 2
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 , (2.11) 
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with A the Hamaker constant, which, for interactions in a liquid medium such as 
water, is reported to be typically in the range of 0.5-1.5 10-20 J.128 In Figure 2.4b, 
the total interaction energy (Van der Waals and electrostatic) is plotted for the cases 
of a 0.01 M and a 0.18 M PBS solution. For 0.18 M PBS no energy barrier is found 
that could prevent physical contact between the spheres, whereas for the 0.01 M 
PBS an energy barrier with a height of ~10 kBT is found. Such an energy barrier 
would significantly reduce the amount of targets that can physically encounter the 
magnetic particles.   

Since the results in Figure 2.3 were obtained using an undiluted 0.18 M PBS 
solution, we conclude that electrostatic interactions do not limit the association rate. 

2.4.3 Influence of the size of the targets 

The overall rate constant of association was measured for three different sizes of the 
target particles, as shown in Figure 2.5. The graph also shows the calculated diffu-
sion-limited rate constant in case of immediate binding between the particles, i.e. a 
hit-and-stick behavior, as expressed by Eq. 2.3. For all sizes, the measured associa-
tion rate (ka) is lower than the diffusion-limited hit-and-stick rate (kdif). This indi-
cates that an additional process reduces the binding probability after an encounter 
between particles. As discussed earlier, the limiting process might be the chemical 
reaction, or the process of near-surface alignment of the binding sites to enable the 
chemical reaction. Since the binding affinity of streptavidin to biotin is high, and as 
the particles contain many streptavidin/biotin molecules on their surfaces, it is not 
the chemical reaction that limits the target capture rate (data will be shown in the 
next paragraph).  

Figure 2.5 shows that the ratio between kdif and ka depends not strongly on the 
size of the targets: the ratio is about a factor 2.5 for the 100 nm targets and about 1.5 

 

 
Figure 2.5 Reaction rate constant for different sizes of the fluorescent targets. Each data point rep-
resents three measurements. The dashed line represents the theoretical rate constant in case the 
intrinsic rate constant  is much larger than the encounter rate constant kenc. The solid line corre-
sponds to the model described with Eq. 2.5 (right side), using Eq. 2.12: Kenckalign = C1RMC 

-3 + 
C2RFT 

-1, in which C1 and C2 are fit parameters. 
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for the 500 nm targets. So let us now develop a description of the target size de-
pendence of the overall association rate, starting from Eq. 2.5. The encounter rate 
kenc is given in Eq. 2.3 and is proportional to the diffusivity (Stokes–Einstein rela-
tionship, proportional to 1/R) and the radii of the particles (R). In our system the two 
particle types have strongly unequal radii: RMC >> RFT. Therefore, the encounter rate 
kenc is proportional to RMC/RFT. As separation is diffusive, the separation rate ksep is 
proportional to 1/RFT.  

To reach near-surface alignment of the binding sites, it is required that a bind-
ing site on the target particle comes in the vicinity of a binding site on the capture 
particle. In other words, binding sites of both particles must be present in the interac-
tion area, in between the particles. The process of near-surface alignment involves 
the mutual surface scanning and probing of the two particles, which can have contri-
butions from translational as well as rotational processes (as illustrated by the inset 
of Figure 2.5). The processes can be thermally excited (Brownian motion) or can be 
driven by an applied excitation (magnetic or fluidic actuation). A full theoretical 
analysis of these coupled processes is outside the scope of this study; instead we 
follow a heuristic approach in order to come to scaling relationships with the radii of 
the particles.  

Concerning the contribution of translational transport to the near-surface 
alignment process, we expect that the alignment rate is determined by the fastest 
particles, so by the target particles, with a displacement scaling as 1/RFT. Concerning 
rotation, the time required for rotational randomization scales with the third power 
of the radius (~1/R3) and equals the time needed for Brownian diffusion over a dis-
tance of the diameter of the particle.149 In water, the time required for total rotational 
randomization is 310-6 s for biomolecules with a size of 10 nm, 3 ms for a 100 nm 
sized particle, 3 s for particles or cells with a size of 1 m, and 3000 s for cells with 
a size of 10 m. In view of the observed weak dependence of kdif/ka on target size 
(see Figure 2.5) we conclude that the rotation of the target particles (scaling as 
1/RFT

3) is not a dominant limiting factor in the experiment.  

Interestingly, the Brownian rotation of the capture particles generates surface 
displacements that are of similar magnitude as the translational diffusion of the tar-
get particles (see the inset of Figure 2.5). For example, during a time-span of 0.1 s, 
the root-mean-square displacement by translational diffusion of a free 200 nm target 
particle in water is ~0.6 m; and the root-mean-square displacement of the outer 
surface of the capture particle due to rotational diffusion is ~0.2 m. These values 
show that the diffusive translation of the target particle and the rotational diffusion 
of the capture particle are expected to contribute roughly equally to the process of 
near-surface alignment. Therefore, we propose a dependence of the near-surface 
alignment rate on the particle radii of the form:  

3 1
align 1 MC 2 FTk C R C R    . (2.12) 

Applying this equation in the right-hand side of Eq. 2.5, and using kenc = kdif,surf = (1-
)·kdif, to the data in Figure 2.5, we find a good fit with KencC1 = (2.90.7)  10-8 M-
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1m3s-1 and KencC2 = (103)  102 M-1ms-1. Interestingly, both contributions to the 
alignment rate are found to be on the same order of magnitude.  

From the experimental data and the model, we conclude that near-surface 
alignment is indeed a limiting factor in the process of target capture. The capture 
process starts with volume transport driven by translational diffusion, and subse-
quently near-surface alignment is required to enable a chemical reaction between the 
molecules on the surfaces of the particles. Near-surface alignment is distinctly dif-
ferent from volume transport in that rotational diffusion plays an important role.  

It would be interesting to directly measure the rotational processes in the exper-
iment. The fluorescent target particles studied in this chapter have a rotational ran-
domization time on the order of a few tens of milliseconds. This time is much small-
er than the inter-frame time in the experiment (~10 frames per second give an inter-
frame time of ~100 ms). So we conclude that we are not able to record in detail the 
particle dynamics during a single encounter due to the limited frame rate in the pre-
sent experimental setup. For further studies either a more light sensitive high speed 
camera is needed or a different technique may be used such as fluorescence correla-
tion spectrometry.   

2.4.4 Influence of the biochemical binders  

We have studied the influence on the association rate of the biochemical binding 
molecules that are coupled to the surfaces of the particles. Passive transport experi-
ments were performed with streptavidin or with antibiotin antibodies as the mole-
cules on the capture particles, see Figure 2.6. Both molecules are good binders, but 
streptavidin has a 10-100  times higher reported association rate to biotin than anti-
biotin: about 108 M-1s-1 for streptavidin144, 150 versus 106 to 107 M-1s-1 for antibiotin55. 
Interestingly, in our particle-based experiments we find only a very small difference 
(factor 1.40.3) in the association rate constant for streptavidin versus antibiotin 
coated capture particles, see top part of Figure 2.6a.  

We have also studied the overall reaction rate constant for different amounts of 
streptavidin on the capture particles. The streptavidin density on the particles was 
reduced by competitive coating of carboxyl particles with streptavidin and BSA (see 
Experimental section 2.3). The reduced streptavidin loading of the particles was 
qualitatively confirmed by ELISA measurements, as shown in Figure 2.2. For dif-
ferent streptavidin densities, we monitored the capture reaction in a passive target 
capture experiment (see bottom part of Figure 2.6a). We observe a strong depend-
ence of the reaction rate constant on the streptavidin loading, as is shown in Figure 
2.6b. We attribute the decrease of the association rate with decreasing streptavidin 
density to the fact that the association rate is limited by near-surface alignment. The 
data show that the overall rate constant of association hardly depends on the bond 
type but does depend on the density of available binding sites on the capture parti-
cles. Therefore, we conclude that mainly near-surface alignment reduces the binding 
probability upon encounter, and not the chemical reaction. 



44    Chapter 2 

 

 
Figure 2.6 Influence of the surface functionalization of the capture particles on the reaction rate. (a) 
(top) Capture of biotinylated targets by microparticles coated with streptavidin (▪) or with antibiotin 
(•). The lines represent linear fits of the data. (bottom) Capture of biotinylated targets by micropar-
ticles with different streptavidin surface densities. (b)The overall rate constant of association ka is 
shown for streptavidin and antibiotin capture proteins and different loading of streptavidin. As a 
measure for the streptavidin loading, the concentration of BSA, CBSA,incubated is shown which was 
incubated simultaneously during the coating with capture proteins (also see Experimental section 
and Figure 2.2). 

2.5 Fluid agitation by vortex mixing 

The effect of fluid agitation on the overall rate constant of association was studied 
by applying vortex mixing. The amount of formed FTMC complexes was deter-
mined as a function of time by extracting a small amount of fluid from the reaction 
mixture at different times and by counting the number of capture particles and cap-
tured targets. We employed target concentrations of ~1 fM, which is substantially 
lower than the concentrations used in the experiments without fluid agitation (0.8 
pM). The reason for using a very low concentration is to prevent multi-particle clus-
tering during the experiment.  

Target capture was measured for different concentrations of magnetic particles 
(see Figure 2.7a). Because of the low target concentration, a depletion of targets 
from the whole sample volume was observed over time, in agreement with Eq. 2.8. 
The corresponding fits give values for ka as shown in Figure 2.7b. The average over-
all rate constant of association when applying fluid agitation was found to be ka = 
17.51.5 1010 M-1s-1. This is more than an order of magnitude higher than the asso-
ciation rate constant that we found in the case of passive transport, i.e. 1.00.2 1010 
M-1s-1. The association rate constant also exceeds the intrinsic rate constant that was 
determined in passive experiments with the same capture particles, i.e.  = Kenckalign 
= 2.10.2 1010 M-1s-1. Consequently, fluid agitation enhances not only the frequen-
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cy at which target particles and capture particles encounter, but also the probability 
that particles bind during an encounter, by at least 92 times.  

These results also support the hypothesis that the chemical reaction rate con-
stant is not a limiting factor, as the chemical reaction cannot be enhanced by physi-
cal transport processes. We hypothesize that by applying fluid agitation, the mobility 
of a target during an encounter is increased, such that a larger surface area is probed 
for possible binding sites as compared to diffusive transport. As a result, the binding 
probability for each encounter is increased. To test this hypothesis in a more con-
trolled manner, we have also used magnetic fields to rotate the magnetic capture 
particles during the reaction. 

 
Figure 2.7 Quantification of target capture by fluid agitation. (a) Target capture during actuation by 
means of vortex mixing. Different concentrations of magnetic particles (MC) were studied. A fit 
based on Eq. 2.8 was used to determine the overall rate constant of association. (b) The overall rate 
constant of association, in case of fluid agitation with different concentrations of MC (left) and for 
passive target capture (right).  

2.6 Actuation by stationary magnetic rotation 

We have studied the effect of rotation of the capture particles on the association rate 
constant. The experiments were performed in the same way as passive transport ex-
periments, but now a rotating magnetic field was applied in the same plane as the 
surface on which the magnetic particles were sedimented. A rotating field causes the 
superparamagnetic particles to rotate, due to a small ferromagnetic moment in the 
particles134. For a more detailed characterization and description, see Appendix B, or 
the reference 133 or section 7.3. Because of the very small Reynolds number for this 
system, i.e. Re < 10-4 for a 1 Hz rotation, viscous forces dominate the fluid flow, and 
therefore no radial transport of targets is induced by the particle rotation. As verifi-
cation, we have numerically compared radial transport by diffusion with radial 
transport induced by particle rotation (see Appendix 2.C)151. From this estimation, 
we find that diffusive transport has a contribution to the radial target transport that is 
at least a factor 500 times larger as compared to induced fluid flow. Consequently, 
the target transport toward the capture particles is governed by diffusion and the 
particle rotation only affects the particle-to-target near-surface alignment process.  
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In Figure 2.8b, the overall rate constant of association, ka, is shown as a func-
tion of the rotation frequency of the magnetic field. At low frequencies ka equals the 
value for passive transport. For increasing frequencies an increase of the association 
rate constant is observed, and above 1 Hz the association rate constant saturates. We 
can understand this saturation behavior from the rotation characteristics of the parti-
cles (e.g. see the Appendix 2.B). The particles synchronously follow the rotating 
field up to a frequency where the hydrodynamic drag becomes higher than the mag-
netic torque, i.e. at about 1.5 Hz. Above this critical frequency the particles do not 
completely follow the rotating magnetic field anymore and assume a wiggling mo-
tion with a lowered net rotation frequency. Our data show that the wiggling motion 
is still effective for enhancing the capture process, generating a ka with a value of 
about 1.50.2 1010 M-1s-1. For much higher frequencies the particle association rate 
should return to the passive transport value, but this is not visible in the graph be-
cause 20 Hz was the maximum frequency that could be applied with the magnet. 

As no additional radial transport of targets is realized, the increase in reaction 
rate constant must be due to an enhanced near-surface alignment probability. Using 
Eq. 5 and assuming that the chemical reaction is not limiting, we have determined 
the intrinsic rate constant for different rotation frequencies, as shown in Figure 5b. 
The applied rotation clearly causes more targets to associate to the capture particles. 

 

 
Figure 2.8 Influence of stationary rotation of a magnetic particle on the capture rate. (a) Snapshots 
of magnetic particles and bound fluorescent particles at different times during the incubation at a 
field rotation frequency of 1 Hz, over a time period of 20 minutes. (b) The overall rate constant of 
association ka for capture particles that rotate on a glass surface, measured as a function of the rota-
tion frequency of the applied field (5 mT). Up to ~1.5 Hz the particles exhibit synchronous rota-
tions, and above ~1.5 Hz wiggling motion is observed. The lines correspond to the combination of 
Eqs. 2.5 and 2.13, with tc the average lifetime of the encounter complex. (c) The corresponding 
intrinsic rate constant κ = Kenckalign has been determined using Eq. 2.5 and assuming no rate limita-
tions due to the chemical reaction. The lines correspond to the model of Eq. 2.13. 
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It is interesting to see whether we can apply the scaling relationship for the par-
ticle size dependence of the association rate, as proposed in Eq. 2.12. In case of ap-
plied magnetic rotation, the first term of Eq. 2.12 (C1RMC 

-3) should be altered be-
cause that term relates to the rotational motion of the capture particle. The RMC

-3-
character stems from the rotational viscous drag term in the rotational diffusion con-
stant of the capture particle, Drot,MC. Due to the magnetically driven rotation with 
angular velocity , the root-mean-square rotation is effectively enhanced: rms  
rms* = rms + tc. Here tc is the average lifetime of the encounter complex in case 
the chemical reaction does not proceed. From the separation rate constant, we esti-
mate that the average lifetime of the encounter complex is in the range of 3 ms to 13 
ms (see Appendix 2.D). Consequently, we include additional rotation in Eq. 2.12 as: 

1 2
rot,MC c rot,MC c3 1

align 1 MC 2 FT
rot,MC

4D t D t
k C R C R

D
 

 
   

       , (2.13) 

which for   0 reduces to Eq. 2.12. We have neglected the influence of the ap-
plied magnetic field on the rotational diffusion itself, because the external magnetic 
field has only a minor influence on the rotational Brownian diffusion during an en-
counter (see the Appendix 2.E). Using the estimated lifetime of the encounter com-
plex and the earlier found values for the constants C1 and C2 (see Figure 2.5), we can 
calculate the dependence of the association rate constant on the particle angular ve-
locity, which is plotted in Figure 2.8.  

We find that the values are indeed in agreement with the experimental data for 
frequencies up to a few hertz, whereafter the synchronous rotational motion stops 
and is replaced by a decreasing wiggling motion of the particles.   

The results in Figure 2.8 show that the process of near-surface alignment limits 
the capture rate and not the biochemical association, which is consistent with the 
data reported in Figure 2.3, Figure 2.5 and Figure 2.6. Furthermore, by applying a 
heuristic model description of the near-surface alignment process (Eqs. 2.12 and 
2.13), we find that the translation of the target particles and the rotation of the cap-
ture particles are important factors contributing to the near-surface alignment. 

2.7 Conclusions  

We have presented a detailed study on target capture using biochemically coated 
microparticles. Three different types of actuation were employed and the corre-
sponding reaction rate constants were determined by quantifying the reaction kinet-
ics with single target resolution. With respect to passive target capture, fluid agita-
tion affects the overall rate constant of association in two ways.  Fluid agitation in-
creases the encounter rate of target and capture particles (volume transport), and 
interestingly, it also increases the probability of binding during an encounter (near-
surface alignment). Continuous rotational actuation of capture particles also pro-
vides an increase in the overall rate constant, but not in the encounter rate, so rota-
tion generates an increase of the binding probability or the near-surface alignment 
rate when particles encounter. The increase in binding probability is attributed to a 



48    Chapter 2 

 

combination of enhanced displacement and reorientation near the reactive surface, 
which increases the probability that binding sites align. We have shown that for our 
model system with 200 nm sized targets, the overall rate constant of association can 
be increased by a factor of at least 18  5 by applying fluid agitation, representing a 
significant acceleration of target capture by both volume transport and near-surface 
alignment processes.  

We have obtained the above insights from model experiments with nanoparti-
cle targets, with binding via biotin/streptavidin and biotin/antibiotin, and with buffer 
solutions. Yet the field of particle-based target capture is much broader, with the 
targets ranging from small molecules to large cells, with molecular capture moieties 
ranging from strong binders to weak binders, and with the fluids ranging from sim-
ple buffers to complex matrices such as blood and saliva. Now let us discuss the 
follow-up questions that are raised by the results of this chapter.  

Cells are large and diffuse slowly, so both volume and near-surface transport 
will be limiting the reaction rate constant. Molecular targets are small and diffuse 
relatively fast. Yet diffusive motion is random and therefore translation over large 
distances is relatively inefficient. Locally, the diffusive translation and rotation of 
molecules is very efficient. Therefore, for molecular targets the near-surface transla-
tion and rotation after an encounter will be less limiting to the overall reaction in 
comparison to the volume transport that is required to generate the encounters.  

Concerning the fluid matrix, in this study we have employed solutions with a 
viscosity close to water. In real-life situations the biological targets may be captured 
from complex matrices such as blood or saliva, which have higher viscosities. A 
higher viscosity will slow down the transport in the fluid as the viscous drag is in-
creased, and as a consequence both volume transport and near-surface alignment 
will become even more limiting with respect to the chemical reaction. 

Our results shed light on the underlying processes determining the overall as-
sociation rate in biochemical particle-based target capture. The insights are particu-
larly important for the development of target capture methods for small microliter-
sized sample volumes. In small sample volumes, global mixing by mechanical vor-
texing cannot be applied, because global mixing requires relatively large fluid vol-
umes, i.e., at least on the order of 100 L. For small volumes novel actuation meth-
ods need to be developed, e.g., based on active particle rotations and displacements. 
For such purposes magnetic particles are particularly advantageous as they can be 
manipulated with relative ease using externally applied magnetic fields. 

 In summary, we have presented a comprehensive methodology to quantify 
contributions of volume transport, near-surface alignment and biochemical associa-
tion to the rate constants of particle-based target capture. Our results consistently 
highlight the importance of volume transport and near-surface alignment and pave 
the way for a range of further studies on the acceleration of particle-based target 
capture and for the development of ultrahigh-sensitive technologies for the analysis 
of small sample volumes.  
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2.8 Appendix 

2.A Loss in target concentration or saturation of the reactive surface  

As discussed in the Theoretical considerations section 2.2, Eq. 2.7 may only be ap-
plied to determine the reaction rate constant in case no significant depletion in reac-
tants occurs. Here, the potential loss of reactants during the reaction is estimated.  

The magnetic capture particles are completely covered with streptavidin, as 
specified by the manufacturer. Consequently, more than one target particle may bind 
to a capture particle, up to a maximum of ~800 target particles, in which case steric 
hindrance prohibits the binding of more target particles. In our experiments, due to 
the limited capture time which is considered, no more than 10 target particles are 
observed per capture particle. Taking into account only the top hemisphere of the 
target particles, this would correspond to a reduction of less than 3% in reactive sur-
face of a capture particle, which is a negligible loss. 

We can estimate the loss in target particle concentration, both for high and for 
low concentrations of capture particles. ~5  106 target particles are initially present 
in the sample fluid. For relatively low concentrations of capture particles (i.e. less 
than 4  103 MC in sample chamber), the maximum amount of bound targets per 
capture particle was ten FT for a time-span of 25 minutes. This corresponds to a loss 
in target concentration < 1 %, which has a negligible effect on the capture rate. For 
relatively high concentrations of capture particles, less than 300 bound targets are 
observed in a single field of view (containing at maximum ~2  103 capture parti-
cles). In total, at maximum ~3  105 capture particles are dispersed in the fluid 
chamber (0.5 L of 7  108 MC/mL). From these numbers, it follows that ~ 1% of 
the target particles are captured after 25 minutes, which is negligible as well. 

Based on these estimations, it is concluded that no significant losses in reac-
tants occur in the considered time-span. 
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2.B The response of magnetic particles in a rotating magnetic field 

 
Figure B.1 Rotational response of an unbound magnetic particle on a glass surface in a rotating 
magnetic field (5 mT). This behavior is reported and described in more detail by van Reenen et 
al.133 . (a) For low rotation frequencies of the magnetic field, the particle synchronously follows the 
field. Above a certain threshold frequency, called the breakdown frequency, the particle cannot 
follow the magnetic field anymore and assumes a wiggling motion. (b) Above the breakdown fre-
quency, the particle exhibits a wiggling motion, i.e. it sometimes does and sometimes does not 
follow the field. 

2.C Radial transport near a rotating sphere  

The flow around a steadily rotating sphere in an infinite reservoir containing a non-
compressible and homogeneous fluid has been studied extensively, both analytically 
and experimentally (see Fosdick et al. (1980)151 for an overview). We consider in 
spherical coordinates (r,,) a sphere with radius r = R that is rotating in the -
direction with an angular velocity . For this system, an analytical solution describ-
ing the steady flow field has been derived assuming no-slip conditions at the sphere 
boundaries. In our case, we are interested in the radial transport of fluid towards the 
rotating sphere, i.e. 
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with  the kinematic viscosity (i.e. ~10-6 m2/s for water at T = 293 K;  equals the 
dynamic viscosity divided by the mass density of the fluid). Eq. 4S shows that there 
is an inward flow of fluid at the poles of the sphere ( = 0) and an outward flow of 
fluid at the equator ( = 90) due to centrifugal forces. The inward flow is maximal 
at  = 0 and it is found to be maximal at a radial distance of r = 2R, e.g. taking  = 
210 as an upper limit in our experiment: ur,rot (2R,0)= –1.7  10-10 m/s. Note that 
the minus-sign indicates that the fluid is moving towards the sphere. We can use ur 
(r,0) as an upper limit for the velocity at which target particles are transported to-
wards the capture particle surface. 

Now let us compare the rotation-induced with the concentration gradient-
induced inward flow velocity of target particles. Using the analytical steady-state 
solution of the concentration profile, Css [see Figure 2.3d and Smoluchowski 
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(1914)145] and Fick’s first law, we can determine the radial velocity of target parti-
cles: 
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Here J is the diffusion flux of targets. We find that the concentration gradient-
induced flow velocity also depends on the radial coordinate; due to assumed sym-
metry it does not depend on  or . Using Eq. B.1 and B.2, we can determine the 
contribution of diffusive transport with respect to rotation-induced transport, as 
shown in Figure C.1. We find that for r  , diffusive transport is ~525 times larger 
than rotation induced transport (at 10 Hz rotation), whereas for short distances, this 
factor increases up to ~106.  

As a consequence, radial transport induced by a 10 Hz rotation of a r = 1.4 m 
sphere is negligible as compared to diffusive transport due to the concentration gra-
dient. In our experiments, the nearby surface decreases diffusive transport, but only 
by a very small amount (~10%). The surface also slightly lowers the rotation-
induced transport. So we conclude that in our experiments no measurable radial 
transport of targets is induced by the rotation of the magnetic particles. 

 
Figure C.1 Comparison between rotation-induced radial transport and diffusion-induced radial 
transport of targets. The curve corresponds to a rotation frequency of 10 Hz. 

2.D Lifetime of an encounter complex 

A good estimate of the lifetime of an encounter complex is the reciprocal of the rate 
constant which governs the separation of the encountered particles, i.e. tc  ksep

-1. In 
return, the separation rate constant may be obtained by estimating the equilibrium 
constant for complex formation Kenc (= kenc / ksep) and using the Smoluchowski equa-
tion, Eq. 2.3. An analytical equation for this equilibrium constant was found by 
Shoup et al.152. Based on classical statistical mechanics, they found analytically that 
the equilibrium constant for a spherically symmetric system without any additional 
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interaction forces between the particles is simply equal to the reaction volume, i.e. 
the volume in which the binding reaction can occur.  The system which we study 
here is indeed to a large extent spherically symmetric. Also, no significant interac-
tion forces (typically electrostatic) are present at large distances due to the high ionic 
strength of the buffer solution (see section 2.4.2). Consequently, a good approxima-
tion of the encounter complex equilibrium constant may be obtained by calculating 
the reaction volume, which we estimate to be the whole volume of 5 up to 20 nm 
away from the capture particle: 0.12 m3 up to 0.5 m3 respectively. In other words, 
it is assumed that the particles have formed an encounter complex when distanced 
by 5 up to 20 nm. Using this estimation for the equilibrium constant Kenc and using 
kenc = kdif , we find that tc ranges between 3 ms and 13 ms. 

2.E Brownian rotation of a capture particle in an external magnetic field 

In Eq. 2.13, it is assumed that the effect of the external magnetic field on the Brown-
ian rotation of the capture particle is negligible. Here, we support this assumption by 
estimating the energy involved to rotate the ferromagnetic moment of the capture 
particle in a static magnetic field. It was reported by Janssen et al.153 that the locked 
magnetic moment of the M270 magnetic particles equals (1.30.4)  10-16 Am2. In 
the presence of an external magnetic field (B = 5 mT), the magnetostatic energy is 

BmU


 . Thus we find that an angular misalignment between the magnetic moment 
and the field of ~6 comes at a cost of about one times kBT. Now let us compare this 
angle to the root-mean-square rotation angle of the capture particle after 0.01 sec-
onds, which is the typical encounter complex lifetime as estimated in Appendix 2.D. 
Using rms = (2Drot,MCt)0.5, we find a root-mean-square rotation of rms  2. This 
angle is small and involves a magnetostatic energy of only 0.1 kBT. So we conclude 
that the presence of an external field of 5 mT negligibly affects the Brownian rota-
tion of the magnetic capture particle.  

Moreover, we have numerically computed the angular excursion of a magnetic 
particle for the following three cases: (i) no external magnetic field, (ii) a static 
magnetic field of 5 mT and (iii) a magnetic field of 5 mT that rotates at 1 Hz. 
Brownian rotation was included following the numerical scheme as described and 
verified by Grassia et al154, which defines an effective Brownian motion torque, ran-

dom. The angular excursion was computed using a forward Euler method with 
timesteps of t = 0.1 ms: 
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Here C  1.2 is a correction factor to account for the additional viscous drag153 on 
the particle due to the nearby physical surface. 

In Figure E.1a the angular excursions are plotted for the three different cases. 
From the computed data, the angular difference in excursion over 0.01 s (roughly 
equal to the encounter lifetime) was determined, as shown in Figure E.1b and Figure 
E.1c. Comparing cases (i) and (ii), i.e. the absence and presence of a static field, no 



Accelerated particle‐based target capture – roles of volume transport and near‐surface alignment  53 

 

significant differences are found. A static magnetic field of 5 mT causes a reduction 
of the root-mean-square angular rotation of ~3%. Also compared to a rotating mag-
netic field (1 Hz and 5 mT), no significant deviation is found in the root-mean-
square rotation, other than the mean excursion which is clearly non-zero due to the 
forced particle rotation.  

Based on these results, we conclude that an external magnetic field of 5 mT has 
a negligible effect on the Brownian rotation of the capture particle. 

 

 
Figure E.1 Simulation of angular excursion of a capture particle in the absence or presence of a 
static or rotating external magnetic field. (a) Computed excursion with respect to the magnetic field 
direction for the different cases. (b) Processed data from the angular excursion: the angular differ-
ence in excursion over 0.01 s, i.e. the estimated lifetime of the encounter complex. (c) Histograms 
corresponding to the data in (b). The determined standard deviation is shown in the figure. Note 
that the data corresponding to an absent external magnetic field (black curves in (b) or bars in (c)) 
falls for a large part behind the data corresponding to a static magnetic field (red curves and bars). 
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3 
Dynamic actuation of         

magnetic particle chains for 

accelerated target capture  

 

Upcoming generations of highly sensitive and miniaturized biosensing systems need 
target capture methods that are as efficient and as rapid as possible. Particles are 
very effective for target capture from solution due to their high surface-to-volume 
ratio and adaptable surface functionalization. Here, we study the effectiveness of 
protein capture by magnetic particles and quantify association rate constants in 
experiments and numerical simulations. The data reveal that depletion of target 
analyte occurs near the surface of the particles caused by the high density of capture 
molecules on the particle surface. To overcome depletion effects and enhance pro-
tein capture rates, we increase the interaction between the particles and the fluid by 
applying rotating magnetic fields and magnetic field gradients. We quantify the de-
pendence of the association rate constant on actuation parameters and the particle 
concentration, showing that association rate constants can be improved by one or 
two orders of magnitude. We envisage that the reported methods will be very useful 
in future microfluidic sensing applications of magnetic particles.*  

                                                            
*Parts of this chapter have been published: Y. Gao, A. van Reenen, M.A. Hulsen, A.M. de Jong, 
M.W.J. Prins, and J.M.J. den Toonder, Chaotic Fluid Mixing by Alternating Microparticle Topolo-
gies to Enhance Biochemical Reactions, Microfluid Nanofluid, 16, 265-274, 2014. Other parts of 
this chapter are in preparation for publication: A. van Reenen, A.M. de Jong, and M.W.J. Prins, 
Dynamic Actuation of Magnetic Particle Chains for Accelerated Capture of Analytes from Liquid. 
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3.1 Introduction 

Since ancient times155-159, small particles and granular materials have been used to 
extract precious or harmful targets from complex fluid mixtures. For example, char-
coal was used by the ancient Phoenicians to purify drinking water157, 159, and by the 
ancient Greeks against food poisoning due to the adsorption of bacterial toxins159. In 
Roman times, mercury was used to refine gold and silver from low-grade ore mix-
tures155-156. In more recent history, packed beds158, fluidized beds160, activated car-
bon159 or filter columns161 have been used for all sorts of purification, filtration or 
extraction purposes. In all these applications, reaction rates are optimized by using 
dense particle suspensions to maximize the surface contact area of the solid phase 
with the fluid. For several decades, these principles have been studied for clinical 
use to extract substances from a biological matrix, based on generic physicochemi-
cal capture principles142, 162 or on biologically specific capture e.g., using immunoas-
says7. Due to its applicability in complex fluids, specific capture using colloidal par-
ticles forms the basis of many analytical technologies in bio-analysis and in vitro 
diagnostics.  

In medical diagnostic applications, colloidal particles with magnetic properties 
are particularly useful as they can be easily extracted from the fluid by magnetic 
forces. Moreover, their magnetic properties can be exploited to effectuate series of 
processing steps in a diagnostic assay, such as buffer exchange50, washing25, concen-
tration25, 50 and labeling25, 103. By integrating the various steps, complete assays can 
be automated in a lab-on-chip testing device. Several methods based on magnetic 
particles have demonstrated detection of biological analytes with single-molecule 
resolution.9, 13, 82  

However, while the use of high concentrations of particles speeds up the affini-
ty capture in integrated lab-on-chip assays9, 13, 25, 103, 114, it has significant disad-
vantages for downstream processes. High particle densities (i) increase non-specific 
particle-particle and particle-surface interactions, (ii) enhance field-induced particle 
aggregation, and (iii) cause steric hindrance of subsequent biochemical reactions.  

 
Figure 3.1 Concept sketch of dynamic magnetic particle actuation to accelerate capture of target 
analytes from a sample fluid. (a) First the sample fluid containing the targets (small green spheres) 
enters the microfluidic reaction chamber containing the magnetic particles (brown spheres). (b) 
Using field gradients, particles can be translated through the liquid, while particles form into chains 
that are aligned in the direction of the external field. (c,d) Rotating the magnetic field causes chains 
to rotate within the sample fluid. Rotating particle chains can dynamically break and reform de-
pending on the ratio between the magnetic forces and the viscous forces acting on the particles. 
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The problem of using dilute particle suspensions is that an enhancement of the parti-
cle-fluid interactions is needed to avoid a decrease of the effective capture rate. 
However, with sample volumes typically being minute, turbulent fluid mixing13, 82 
cannot be applied and flow-based microfluidics28, 62, 83 complicate device integration 
to generate the fluid flows. Therefore, new methodologies are needed in order to be 
able to use dilute particle concentrations in small sample volumes while maintaining 
a high capture rate.57 

 

To this end, we study here the particle-based capture efficiency as a function of the 
particle density, and how this relation can be understood based on the fundamental 
kinetic and diffusive processes. For optimal target capture, particles should contain 
as many binding sites as possible. We show that particles with high reactivities 
cause diffusive target depletion zones near the particles, which lead to reduced cap-
ture rates. To overcome local depletion and recover high capture rates, magnetic 
actuation can be used to enhance particle-fluid interactions (see Figure 3.1). The 
local fluid can be mixed using rotating magnetic fields and field gradients can be 
used to move particles through the fluid to maximize the scavenging efficiency of 
the particles. To quantify target capture in a direct way, we employ an experimental 
model system, with fluorescently labeled antibodies as targets. To interpret the data, 
we apply theoretical frameworks for particle chain behavior21, 41, 47 and target cap-
ture53, 57. Finally, we discuss the applicability of the studied techniques in the devel-
opment of future diagnostic testing technologies. 

3.2 Experimental section 

3.2.1 Model system for particle‐based target capture 

To study target capture processes, an experimental model system was used consist-
ing of protein G-coated magnetic particles and fluorescently labeled antibodies (Fig-
ure 3.2d). Magnetic particles (2.8 m, carboxylated M270, Dynal Biotech) were 
coated covalently with recombinant protein G (Thermo Scientific) using standard 
EDC-NHS coupling chemistry. As targets, we used goat anti-mouse IgG antibodies 
labeled with Alexa Fluor 488 dye (Invitrogen). Both the particles and target anti-
bodies were diluted in assay buffer, i.e. phosphate buffered saline containing 0.1% 
bovine serum albumin, BSA, (Merck) and 0.02% Tween-20 (Thermo Scientific).  

To quantify the maximum binding capacity of the magnetic particles, we per-
formed a supernatant assay in which magnetic particles (~9 × 106 particles/μL) were 
incubated with ~60 nM antibodies for 3 hours. After a magnetic washing step, we 
measured the fluorescence of the supernatant using a Fluoroskan Ascent FL. Com-
pared to a control in which no magnetic particles were incubated, a 4.4 ± 0.3 % de-
crease was found in the fluorescence signal, from which we calculate that a single 
magnetic particle can bind (1.8 ± 0.2) × 105 antibodies.  

To visualize fluid mixing as induced by the magnetic particles, 500 nm fluo-
rescent spheres (FluoSpheres COOH, Invitrogen) were used as tracer particles. The 
tracer particles were suspended together with magnetic particles in water containing 
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50% glycerol, to increase the viscosity of the fluid to ~6 mPa. This reduced the dif-
fusive mass transport of the fluorescent tracer particles and enabled us to more clear-
ly discriminate advective transport from diffusive transport. 

 
Figure 3.2 Studying particle-based target capture under dynamic magnetic particle actuation. (a) 
External magnetic fields were generated by a 5-pole electromagnet containing soft iron parts to 
concentrate field lines at (b) its center where the incubation chamber is located. (c) Microscope 
images of rotating chains of magnetic particles. (d) The experimental model system to study the 
capture process. (e) Fluorescence microscopy images of particles before and after magnetic actua-
tion. The average fluorescence of the particles is compared to the background to quantify the cap-
ture of targets. Due to the auto-fluorescence, particles are also visible in case no targets are added.  
The observed variation in fluorescence per particle is attributed to the variations in particle capture 
rates depending for example on the position of the particle within an aggregate.  

3.2.2 Preparation and filling of the incubation chamber 

Microfluidic incubation chambers were used that were shaped as a flat cylinder 
(Figure 3.2b). Chambers were made by assembling adhesive Secure-Seal Hybridi-
zation chambers ( 9 mm, height = 0.6 mm; Electron Microscopy Sciences) to a 
glass cover slip (VWR) that was cleaned beforehand using isopropanol. On the non-
adhesive side, the Hybridization chambers had a 0.25 mm thick polycarbonate sheet 
containing two inlets to fill the 38 L chamber. This sheet was transparent to allow 
imaging from this side using a microscope (Leica DM6000). Prior to an experiment, 



Dynamic Actuation of Magnetic Particle Chains for Accelerated Target Capture  59 

 

the incubation chamber was filled with assay buffer (containing no particles or tar-
gets) to block the chamber with BSA which minimizes non-specific adhesion. 

In experiments, a 4 L magnetic particle suspension (2105 particles/L; un-
less stated otherwise) was inserted in the incubation chamber by means of a pipette. 
After one minute – to let the particles sediment to the bottom surface – the incuba-
tion chamber was filled with the target solution (~34 L and diluted to 110 pM; un-
less stated otherwise). To prevent evaporation losses, the chamber was sealed using 
adhesive port seals as supplied together with the Hybridization chambers. 

3.2.3 Magnetic field generation 

To generate time-dependent magnetic fields in the incubation chamber, an electro-
magnet setup was designed and built consisting of five electromagnets (see Figure 
3.2a,b). The setup consists of a quadrupole electromagnet (800 windings with 0.25 
mm copper wires) to generate magnetic fields, oriented in-plane with respect to the 
bottom surface of the incubation chamber (see Figure 3.2b). A separate electromag-
net (1600 windings with 0.25 mm copper wires) is positioned below the center of 
the quadrupole electromagnet to allow for the generation of fields oriented out-of-
plane. Using the quadrupole electromagnet, magnetic fields can be generated that 
rotate in-plane with respect to the incubation chamber (see Figure 3.2c), whereas by 
combining the bottom electromagnet with two opposite electromagnets of the quad-
rupole, magnetic fields can be generated that rotate out-of-plane. To guide field lines 
to the incubation chamber, soft iron parts were implemented in the setup. 

The electromagnets were powered using a controller that was steered using 
LabView software to allow for the application of actuation protocols to each coil 
separately that can vary in time in terms of the amplitude, frequency and waveform 
(i.e. sinusoidal) of the current. The calibration of the magnetic field was performed 
using a Gauss meter (5100 series F.W. Bell); the data can be found in Appendix 3.A. 

3.2.4 Magnetic redistribution of particles after actuation 

After the application of each actuation sequence to incubate the particles, particles 
were actively disaggregated and redistributed over the bottom surface by means of a 
method called rotaphoresis (see Chapter 6 and Appendix 3.B). The redistribution of 
particles by means of rotaphoresis allowed us to microscopically evaluate all parti-
cles distributed over the surface.  

3.2.5 Quantification of target capture 

To quantify target capture for different types of actuation, we monitored the fluores-
cence intensity of the particles. Before actuation and after the application of a single 
actuation protocol, the incubation chamber was placed under a microscope (Leica 
DM6000). Using a water immersion objective lens (63) the bottom surface with 
particles was imaged at a final magnification of 630. The redistributed particles 
stayed on the bottom surface by gravitational forces. Excitation light ( = 48020 
nm) was generated by an external light source (Leica EL6000) combined with a L5 
(Leica) filter cube. Fluorescence (within the range of  = 52715 nm) was recorded 
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using an EMCCD camera (Andor Luca S). For each measurement, images were tak-
en from three random locations (with a field of view of 142  107 m2). After a 
measurement, the incubation chamber was placed back into the electromagnet setup 
to start the next actuation sequence. 

Images (see Figure 3.2e) were processed using ImageJ software (http://rsb-
web.nih.gov/ij/) and Matlab (Mathworks) to determine the average fluorescence 
intensity of the particles with respect to the background intensity. The used method 
is shown in Figure 3.3. First, the area occupied by the magnetic particles was deter-
mined by making a binary image using ImageJ (see Figure 3.3b,c). Subsequently 
Matlab software was used to determine the average intensity of the pixels corre-
sponding to the particles or the background. In Figure 3.3d the average intensity of 
the particles with respect to the background is shown for different thresholds to ob-
tain the binary image. Based on this, a relative error of 10% is estimated for a single 
measurement. As the intensity is averaged over the number of pixels, a single meas-
urement is independent of the number of particles within a single field of view. 

 
Figure 3.3 Image processing to determine the fluorescence of the magnetic particles with respect to 
the background. (a) Original fluorescence image (b) Histogram of pixel intensities for the original 
image. By setting a threshold in between the two peaks, i.e., at a pixel value of 70, (c) a binary 
image is obtained. The binary image is used as a mask to determine the fluorescence signal from 
the particles and the surrounding background. In (d) the average pixel intensity of the particles with 
respect to the background is shown for different values of the threshold for the binary image. Cor-
responding binary images are shown for several data-points. The gray bars indicate the region in 
which the threshold results in binary images containing particles with sizes that are approximately 
equal compared to the fluorescence images. 

3.2.6 Verification of the specificity of antibody capture  

We compared target capture with our experimental model system to several control 
experiments, to investigate whether capture was specific. In each measurement equal 
concentrations of reagents were incubated in a micro-centrifuge tube on a vortex 
mixer (mixing at 1400 rpm for 30 minutes). After incubation, the magnetic particles 
were washed magnetically, re-suspended in assay buffer and pipetted in an incuba-
tion chamber. After sedimentation, fluorescence images of the particles were record-
ed and fluorescence signals were determined.  
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First, we tested different surface functionalizations of the particles: see the 
white bars in Figure 3.4. A clear increase in signal was found for protein G-coated 
particles compared to the other surface functionalizations. The relatively high signal 
for the controls can be mainly attributed to the autofluorescence of the magnetic 
particles; compare the black bar in Figure 3.4. Lastly, we also included a measure-
ment of the protein G-coated particles for the case of 30 minutes of magnetic actua-
tion: the 6th (orange) bar. Interestingly, magnetic actuation shows a larger increase in 
target capture compared to vortex mixing. This is already a first indication of the 
effectiveness of magnetic actuation in target capture. 

 
Figure 3.4 Control experiments for the specificity of the experimental model system: goat anti-
mouse IgG and protein G-coated magnetic particles. The average particle fluorescence was meas-
ured after 30 minutes of incubation of the reagents on a vortex mixer, except for the orange bar. 
Different surface functionalizations were tested: protein G; carboxyl (hydrophilic); sheep anti-
mouse IgG and streptavidin. To determine the contribution to the fluorescence intensity due to the 
auto-fluorescence of the magnetic particles, a measurement was performed with a zero target con-
centration (i.e. the black bar). The error bars correspond to the standard deviation in the determined 
fluorescence intensity. 

3.2.7 Determination of rate constants for association and dissociation 

From the experimental data, rate constants were determined by analyzing the time-
dependence of the fluorescence intensity of the particles. The kinetic analysis is 
based on the overall association reaction between a magnetic particle (MP) and an 
antibody (Ab), described as 

a

d

MP Ab MPAb
k

k


  , (3.1) 

in which ka and kd respectively are the association rate constant and the dissociation 
rate constant. Based on this equation, the rate at which antibodies are captured and 
bound to magnetic particles is: 
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Here, the brackets indicate concentrations of the different species, which depend on 
time. In Eq. 3.2, [boundAb] is used instead of [MPAb] to better express that multiple 
antibodies can bind to the same magnetic particle. To account for saturation of the 
particle surface, the term  is included in Eq. 3.2, which represents the ratio between 
the number of free and accessible binding sites compared to the total number of 
binding sites (i.e. free, occupied or inaccessible). Initially,  is equal to 1, but its 
value will drop to zero as the particle surface becomes saturated and covered by 
bound antibodies. In experiments we used a [MP]:[Ab] ratio of 1:5000, and com-
pared to the binding capacity of (1.8 ± 0.2) × 105 antibodies per magnetic particle 
(see Section 3.2.1), we estimate that only 3% or less of the available binding sites 
will react. Based on these considerations, we assume that   = 1 in our experiments, 
and the corresponding solution of Eq. 3.2 then is: 

   a
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Assuming that [boundAb] scales linearly with the particle fluorescence, Eq. 3.3 can 
be applied to experimental data to extract both the association and the dissociation 
rate constants. However, this is only possible when the exponential behavior is ob-
served, as the initial rate of the kinetic regime (i.e. the limit of small t) does not de-
pend on the dissociation rate constant, but only on the association rate constant. 

3.3 Results and discussion 

To study the effect of magnetic particle actuation on the capture of analytes, we first 
characterized the mixing characteristics of rotating particle chains, and subsequently 
quantified rate constants from actuation experiments on a model system. Besides 
experimental data, we also show simulation results of the capture process for simpli-
fied actuation protocols. Lastly, we present experimental data on scaling relations 
between the capture rate and different actuation parameters.   

3.3.1 Mixing induced by rotating magnetic particle chains 

Fluid mixing induced by rotating chains of particles was studied in experiments us-
ing fluorescent tracer particles with a diameter of 500 nm. Tracer particles were used 
in two ways: (i) in a dilute suspension to determine particle trajectories; and (ii) in a 
dense suspension with a dye-water interface to quantify interfacial mixing. In the 
experiments, we focused on two types of chain rotation, i.e. rigid chains and chains 
that exhibited breaking-and-reformation behavior. 

In Figure 3.5, trajectories are shown of tracer particles in the vicinity of rotat-
ing chains of particles. For rigid rotating chains (Figure 3.5a,b), the trajectories are 
steady, slightly modulated circles around the center of the rotating particle chain, 
similar as was observed by Franke et al.163. The oscillations of the tracer particles 
correspond to the rotational frequency of the chains and depend on the relative dis-
tance to the chain. Specifically, when a tracer particle is located outside the rotation-
al range of the chain (i.e., x2 + y2 > 1 in Figure 3.5b), the amplitude and the wave-
length of the oscillation decreases. 



Dynamic Actuation of Magnetic Particle Chains for Accelerated Target Capture  63 

 

In the regime of periodic chain breaking and chain reformation (Figure 3.5a,c), 
the trajectories of the tracer particles become chaotic, i.e., significant radial transport 
of the tracer particles is observed. This is in contrast to chains that remain rigid dur-
ing rotation (Figure 3.5b). For rigid chains, the tracer particles are confined within 
well-defined regions, indicating that mass transport is linear. When the chains peri-
odically break-up and reform, the tracer particles are distributed spatially along the 
radial range of the chain, indicating that enhanced chaotic mass transport is induced. 
These findings agree with results reported by Kang et al.21 from 2D numerical simu-
lations of rotating particle chains (compare Figure 1.3b,c).  

 
Figure 3.5 Fluid mixing induced for varying rotational behavior of particle chains by tracing sus-
pended fluorescent particles with a diameter of 500 nm. (a) Snapshots of the induced motion of 
tracer particles for a chain that exhibits rigid chain behavior (top) or breaking-and-reformation 
behavior (bottom). The colored lines connect the same tracer particle. In between the snapshots, the 
magnetic field undergoes multiple rotations. (b) Tracked trajectories of tracer particles starting at 
different positions for chains which remain rigid during rotation. The axes are made dimensionless 
by dividing the distance of the particle with respect to the center of the particle chain with the radi-
us of the particle chain. (c) Tracked trajectories for chains which exhibit breaking-and-reformation 
behavior.  



64    Chapter 3 

 

In Figure 3.6, data is shown of fluid mixing by an isolating rotating particle chain at 
a dye-water interface. The interface was obtained by pipetting a dense suspension of 
tracer particles in a fluid chamber containing the same fluid.47 Before the chains 
were rotated, the fluid near the chain was unmixed and a clear interface could be 
seen between the dye and the uncolored water (see the leftmost snapshot in Figure 
3.6a). After 15 rotational cycles of the magnetic field, it was found that the two flu-
ids within the range of the particle chain were mixed.  

Mixing was quantified by determining the mixing index from the images (see 
Appendix 3.C or 47 for the method). The mixing index is defined as the ratio of the 
variance and the average fluorescence intensity. As the chain rotates, the variance 
decreases, whereas the average fluorescence intensity remains more or less constant. 
In Figure 3.6b, the average mixing indices are shown as obtained from six rotating 
magnetic particle chains in the two different mixing regimes. The shaded areas cor-
respond to the calculated standard deviations. Clearly, alternating topological 
changes of the chains yield a better homogenization of fluid with the mixing index 
approaching a value around 0.1. Rigid chains, on the other hand, result in a value of 
the mixing index of only around 0.5, indicating a lesser degree of homogenization. 

 
Figure 3.6 Quantification of fluid mixing by rotating magnetic particle chains at a fluorescent dye 
interface within a water medium. (a) Microscope image of a particle chains exhibiting breaking-
and-reformation behavior at the interface. (b) Mixing index for different rotational behaviors of the 
particle chains. For each case, three measurements were averaged.  
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Based on these results, we conclude that the rotation of magnetic particle 
chains is effective for inducing fluid mixing within the range of the particle chain. 
Furthermore, chains that exhibit breaking-and-reformation behavior mix better com-
pared to chains that remain rigid during rotation. Since the induced fluid mixing is 
effective only in the vicinity of the particle chain, for mixing of a fluid on a large 
scale, it is important that chains are long. In addition, as particle chains only mix 
within the plane of rotation, we expect that mixing can be further enhanced by alter-
ing the plane of rotation or by applying field gradients to translate particles through 
the fluid while they are rotating. 

3.3.2 Effect of magnetic particle actuation on the capture process 

We studied the capture of proteins from a fluid using magnetic particles for different 
magnetic actuation protocols (see Figure 3.7). As a reference, we applied no magnet-
ic actuation. Without magnetic actuation, particles sediment in a random distribution 
at the bottom of the incubation chamber. In case of magnetic actuation, firstly, field 
gradients were applied to translate particles repeatedly up and down through the 
incubation chamber (Bgrad,z), as sketched in Figure 3.7a. During this process, parti-
cles form into chain-like structures oriented in the direction of the applied field; the 
orientation of the magnetic field was fixed in-plane with the bottom surface of the 
incubation chamber. To study the rotation of chains of magnetic particles, magnetic 
fields were applied that rotated in-plane (Brot,h) or out-of-plane (Brot,v) with respect to 
the bottom surface.  

As shown in Figure 3.7b, the actuation of magnetic particles has a strong effect 
on the capture rate. In case of actuation, the measured curves show an initial kinetic 
regime and a saturation of the particle fluorescence after several tens of minutes. By 
fitting Eq. 3.3 to the data, we determined the association and dissociation rate con-
stants for the different cases (see Figure 3.7c). For the dissociation rate constant, 
similar values are found with an average value of kd = 1.50.7 10-4 s-1. This value is 
consistent with the dissociation rate constant of goat-IgG and protein G of kd ≈ 1  
10-4 s-1 as reported in the literature based on localized surface plasmon resonance 
(LSPR).164 The association rate constants on the other hand show a significant varia-
tion for the different types of actuation. Compared to no actuation, a field gradient of 
~4 T/m – which corresponds to a single particle moving at 12 m/s – results in an 
increase in ka by a factor of 84. Combined with a rotating magnetic field, the in-
crease becomes even larger. We find that out-of-plane rotating fields, with an in-
crease in ka of 367 times, are more effective than in-plane rotating fields. Thus, 
moving particles through the sample volume yields a substantial increase in the rate 
at which target antibodies are captured.  

 

We attribute the observed increase in association rate constant to the fact that local 
depletion zones in the target concentration are formed near the particles. Such con-
centration gradients near the particles point to a (translational) diffusion limitation in 
the capture  process and  hence can  explain why  enhanced particle-fluid  interaction  
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Figure 3.7 Magnetic actuation of ensembles of particles. Target capture measured for different 
types of magnetic actuation: no actuation; only translation (Bgrad,z); and translation combined with 
rotation in-plane (Brot,h), out-of-plane (Brot,v), or alternating in both directions (Brot,h+v). For magnetic 
actuation we used B = 20 mT and a rotating frequency of ω = 0.2 Hz. (a) Sketch of the typical ef-
fect of actuation. Initially, particles are distributed over the bottom surface of the incubation cham-
ber. By magnetic actuation, the particles are moved in a layer-like fashion upwards and downwards 
through the fluid, and form (rotating) chains. After actuation, the particles are redistributed over the 
surface and the fluorescence due to captured targets on the particle surface is measured. (b) Time-
dependence of the fluorescence signal. The lines correspond to fits based on Eq. 3.3 to determine ka 
and kd. From the fit parameters, the particle fluorescence is correlated to the number of bound anti-
bodies per magnetic particle, as shown on the right axis. (c) Fitted association and dissociation rate 
constants for the cases corresponding to panel b. Used particle concentrations were 2105 parti-
cles/L in a fluid volume of approximately 36 L. 

increases the capture rate. In the following paragraphs, we will discuss the underly-
ing processes in more detail to prove this hypothesis. 

In the literature on the bimolecular association of proteins (e.g. see ref 53), it is 
found that the association of proteins to antibodies is generally limited by diffusive 
transport and not by the chemical reaction which finally binds the proteins. This 
diffusive limitation in antibody-protein association is, however, not so much caused 
by the relative translational diffusion, but by the angular constraints – or: the relative 
binding site orientation – that need to be met before the antibody can bind the pro-
tein. For example, it has been shown by Schmitz and Schurr58 that moderate angular 
constraints decrease diffusion-controlled association rate constants by several orders 
of magnitude53. Rate constants for antibody-protein association are typically in the 
order of ka = 104-106 M-1s-1 53, 164. This is low compared to the diffusive encounter 
rate as expected based on relative translational diffusion alone, which is in the order 
of 109-1010 M-1s-1 as follows from the Smoluchowski equation145:  

dif 4k DR   , (3.4) 
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with D and R being respectively the combined diffusivity and the encounter radius 
of the reacting proteins. Therefore for values of ka as typically found for antibody-
protein association, no depletion zones would be expected. 

For the particle-based association of proteins, we find values of ka (Figure 3.7c) 
that are much closer to the diffusive encounter rate which we estimate at kdif = 
4(DMP + DIgG)(RMP + RIgG) = 4.1  1011 M-1s-1, where a hydrodynamic radius of 
~5.5 nm was used for goat IgG165. This constant is only a factor 6.90.7 larger than 
the maximum association rate constant that we find in experiments, namely ka = 
6.00.6  1010 M-1s-1. As a consequence, a limitation by translational diffusion can-
not be neglected for the association of protein targets to particles (see Appendix 3.D 
for a discussion about particle-based capture versus planar capture). 

In a previous study where the process of particle-based capture of proteins was 
investigated using a model system with 200 nm particles as targets57 (see Chapter 2), 
we found that the capture process is limited both by the translational and rotational 
diffusion of the reacting species. The results in Figure 3.7 suggest that this is also 
the case for the capture of proteins. Furthermore, the large difference between the ka 
for particle-based protein association and antibody-protein association can be at-
tributed to (i) the larger encounter radius because of the relatively large magnetic 
particle, and (ii) the high number of binding sites on the magnetic particle compared 
to a single antibody. When the surface of the magnetic particle is completely filled 
with binding sites, the magnetic particle can bind a target protein in almost any ori-
entation, and during a collision with a target protein, the target protein can interact 
with multiple binding sites. In this way, the probability to bind is much higher for a 
protein encountering a magnetic particle, than for a protein encountering an antibody 
free in solution. Thus, in particle-based association of proteins, orientational con-
straints for binding are reduced to such an extent that also the number of encounters 
becomes a limitation for the association rate.  

Therefore, we conclude that depletion layers form due to the slow diffusion of 
targets in case the magnetic particles are immobile at the bottom of the incubation 
chamber (see Figure 3.7). By moving particles through the fluid, these depletion 
layers around the particles can be reduced. As depletion zones grow over time, en-
hanced interaction of the particles with the fluid, for example by applying rotating 
fields, diminishes the depletion zones even further. As concentration gradients are 
mainly developed orthogonal to the layer of particles (compare Figure 3.7a), out-of-
plane rotation of magnetic particles is the most effective to reduce the concentration 
gradients (compare section 3.3.1)47.  

Based on these findings and discussion, we further explored the particle-based 
capture process, in the following directions. First, we developed a numerical model 
based on Brownian dynamics to quantitatively validate the expressed hypotheses. 
Secondly, we quantified the capture rate as a function of various field actuation pa-
rameters. Thirdly, we studied the acceleration of target capture for different magnet-
ic particle concentrations. 
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3.3.3 Comparing experimental data to Brownian dynamics simulations  

The experiments of Figure 3.7 involve the following interactions: (i) the hydrody-
namic interactions between the particles and the targets; (ii) the magnetic interac-
tions between the magnetic particles; and (iii) the binding process of the targets to 
the particles. The hydrodynamic interactions between (spherical) particles have been 
modeled in the literature166, but the dynamic particle behavior induced by the mag-
netic interactions complicates the hydrodynamic interactions. For example, the chain 
rotation induces chaotic fluid mixing, which is difficult to model in two 
dimensions21, let alone in three dimensions. Since we are mainly interested in the 
binding process and not in the magnetic particle interactions, simulating the experi-
mental system of Figure 3.7 is unnecessarily difficult. 

Therefore, we designed an experiment which excluded the magnetic and hy-
drodynamic interactions between the magnetic particles. Specifically, we character-
ized the capture rate of magnetic particles at very dilute particle concentrations (100 
particles/L). Furthermore, we compared capture of targets on the one hand for par-
ticles lying on a surface and on the other hand for particles showing linear transla-
tion through a fluid due to gravitational forces, by repeatedly turning the fluid cell 
upside down. In Figure 3.8a the measured fluorescence intensity is shown for both 
cases. The induced particle velocity of vMP = 5.1 m/s is estimated by balancing the 

Stokes drag with the gravitational force on a single particle: 6πηRMPvMP=4π 3
MPR (ρMP – 

ρmedium)g. Comparing both cases, it is found that the capture rate is higher by a factor 
of 1.9  0.1when particles translate through the fluid.  

With these results as a reference, we numerically modeled the capture process 
in a similar system based on Brownian dynamics. For the specific details of the 
method, see Appendix 3.E. Most importantly, as sketched in Figure 3.8b, we simu-
late a magnetic particle at different translation velocities within a rectangular fluid 
cell with a height equal to the incubation chamber. The width of the fluid cell was 
set at 100 m and periodic boundary conditions were used to the sides. For target 
antibodies, spherical particles were assumed with corresponding hydrodynamic ra-
dii165. Initially, target particles are randomly distributed and we compute their ran-
dom displacement and rotation due to Brownian motion as well as hydrodynamic 
interactions due to the movement of the magnetic particle through the fluid. We ne-
glect interactions between the target particles because the target concentrations are 
dilute. The capture process is modeled by treating the boundary of the magnetic par-
ticle as being partially absorbing. Specifically, binding is assumed only for angular 
differences smaller than a pre-defined angle   [0, ] between (i) the orientation 
vector of the target and (ii) the relative position vector between the particle and the 
target. In other words, the target needs to orient itself towards the magnetic particle 
in order to bind. In case  = , targets “bind” to the particle independent of their 
orientation. In case of 0 <  < , targets only bind for a limited range of orientations, 
and otherwise reflect from the surface. In this way, constraints to the relative bind-
ing orientation can be imposed. Lastly, a numerical timestep of 3 s was chosen, 
which is small enough to keep propagation errors negligible (see Appendix 3.E), 
which is important for a reliable outcome of a forward Euler method.   
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Figure 3.8 Linear translation of single particles. Comparison of target capture in experiments and 
numerical simulations. (a) Capture of fluorescently labeled antibodies (110 pM). Particles were 
moved through the incubation chamber by gravitational forces (see inset illustration) by reversing 
the chamber every 2 minutes, leading to an estimated particle velocity of 5.1 m/s. The inset imag-
es show fluorescence microscope images of particles at different incubation times. The indicated 
number of bound antibodies per magnetic particle on the right axis follows from the fits in Figure 
3.7b. The solid lines correspond to least-squares linear fits to the data. (b) Schematic overview of 
the system simulated by Brownian dynamics, showing the magnetic capture particle (brown) and 
the target particles (orange). (c) Simulated capture of antibodies for varying binding range α of the 
targets (see values to the right of the right axis). The target concentration was 0.1 pM. From linear 
fits to the data, (d) corresponding association rate constants were determined. (e) Simulated capture 
for different particle velocities and for  = 10º. The inset figure shows that particles start at the 
bottom and move up and down through the fluid. From linear fits to the data, (f) the association rate 
constants are determined as a function of the particle velocity.  

First, we simulated target capture by non-actuated (i.e., sedimented) magnetic parti-
cles for different values for the binding range . As shown in Figure 3.8c,d, the 
binding rate strongly depends on , especially at low values. For a binding range of 
  10º, we find similar association rate constants as in experiments (Figure 3.8a). 
Note that the different target concentrations vary by a factor of 1.1 × 103; this means 
that in experiments at 0.1 pM approximately 12 targets would be bound after 50 
minutes. Compared to completely absorbing spheres, i.e.,  =  , the association rate 
constant for   10º is less by a factor of 7 ± 1. In the literature, it has been 
reported53 that binding ranges of   5º lead to association rate constants similar as 
found for free antibody-antigen association. The larger binding range that we find is 
likely caused by the presence of multiple binding sites within close proximity on the 
surface of the magnetic particles. During an encounter with a particle, a target pro-
tein can interact with multiple binding sites, which is much less probable for a pro-
tein free in solution. The interaction with multiple binding sites effectively increases 
the allowed binding range for which the target can react. 
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Next, assuming  = 10º, we simulated the effect of active particle translation 
through the sample volume. As shown in Figure 3.8e,f, we find that increased trans-
lation velocities enhance the capture rate. For a velocity similar to gravitation, the 
obtained increase is a factor of 1.40.2, which is smaller than the increase of 1.90.3 
that was found in experiments (Figure 3.8a). Compared to the simulations, the ex-
perimental system however exhibits (i) non-spherical targets, namely antibodies 
which have a flexible structure allowing a dynamic configuration; (ii) magnetic par-
ticles with surface irregularities ranging from 101 – 102 nm in size (see Appendix 
3.F); (iii) specific interactions that may act on a longer range than a hard-sphere col-
lision. All these factors can possibly influence the near-surface alignment process 
during the encounter. In spite of neglecting these factors, the simulated improvement 
comes close to the experimental values and thereby shows that the enhancement in 
the capture rate can be understood from the physical transport processes of the parti-
cles and the targets in the fluid. By actively moving particles through the fluid, the 
capture rate increases. From this it follows that more encounters occur between tar-
gets and magnetic particles and thus that the target concentration becomes depleted 
near the particle surface.   

Having shown that local target depletion plays an important role in the capture 
of proteins using magnetic particles; in the following Sections we study the influ-
ence of different actuation parameters and the particle concentration on the achieva-
ble target capture rate. 

3.3.4 Influence of field rotation parameters  

We investigated the influence of chain rotation on the capture rate. In a rotating 
magnetic field, magnetic particles form into chains and experience a magnetic 
torque to align the chains with the (rotating) field. The magnetic torque is countered 
by hydrodynamic drag, and depending on the ratio of these interactions the chains 
either follow the rotating field or not. This particular behavior is typically character-
ized by the dimensionless Mason number21: 
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   . (3.5) 

For high Mason numbers, chains show breaking-and-reformation behavior, inducing 
chaotic fluid mixing.21, 47 Optimal mixing effects have been reported21, 74 to occur 
when chains show breaking-and-reformation behavior with relatively long chain 
fragments. In case rotating chains remain rigid, no chaotic mixing is induced (see 
section 3.3.1); and when the fragmented chains are short, mixing is only efficient 
close to the original chain.  

We have quantified association rate constants for different Mason numbers by 
varying the magnetic field strength and by varying the rotation frequency of the ro-
tating field. For increasing field strength, see Figure 3.9a,b, longer chains are formed 
and the association rate constant is the highest for the maximum field strength that 
can be generated. While the chain length influences the volume that is mixed, it is 
not represented within the Mason number.41 Furthermore, the Mason number is de- 
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Figure 3.9 Target capture by magnetically actuated ensembles of magnetic particles for different 
field rotation frequencies ω and magnetic field strengths B. (a) Microscope images of particle 
chains for varying B and ω = 0.2 Hz. (b) The corresponding association rate constants. (c) Micro-
scope images of particle chains for varying ω and B = 20 mT. (d) The corresponding association 
rate constants. (e) Relative increase in ka compared to no actuation for different Mason numbers, as 
corresponding to data in panel b and d, respectively represented by the closed circles (●) and the 
open circles (○). The applied field rotation was alternated in-plane and out-of-plane. 

fined for an isolated chain of particles, whereas in our experiments the chains inter-
act with other chains and become longer if the field strength is increased. As longer 
chains mix over a larger volume, it is reasonable why ka is the highest for the highest 
field strength.  

For varying rotation frequencies of the magnetic field (see Figure 3.9c,d), we 
do observe that an intermediate field rotation frequency is the most optimal for rapid 
target capture. For larger frequencies, particle chains remain relatively short (see 
Figure 3.9c; similar to low field strengths) and show less mixing21. For lower fre-
quencies, the formation of longer chains is observed (see Figure 3.9c; similar to high 
field strengths). In this case however, ka decreases. This is reasonable considering 
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that in the limit of ω = 0 no mixing is induced. Rotation of the particle chain will 
only be effective when the particle displacement is large compared to the diffusion 
of the targets. Also this aspect is not reflected in the Mason number, but it is in the 
Péclet number, being the ratio between advective transport and diffusive transport. 
For a chain with a length of 15  5 particles, random diffusion over a similar length 
is achieved in a time period corresponding to a field rotation frequency of 0.06  
0.04 Hz. Below this frequency, chain rotation is not effective anymore to enhance 
the capture rate. Consequently, the optimal field frequency is governed by a balance 
between on the one hand the rate of mixing and on the other hand the mixed volume. 
This implies that the frequency should not be too low or too high, but intermediate. 

In Figure 3.9e, the relative increase in ka with respect to no actuation is plotted 
for the combined data-sets of varying B and ω, but now expressed in terms of the 
corresponding Mason numbers (Eq. 3.5). The different datasets are found to show 
considerable overlap, indicating that the Mason number is still useful to roughly 
assess the capture behavior of rotating particle chains in spite of neglecting the in-
fluence of the chain length and diffusion. Figure 3.9e shows an apparent optimal 
capture regime at a Mason number of (1.8  1.0)  10-5, with an increase in capture 
rate by a factor 4010. Using 2D-simulations on isolated chains consisting of 17 
particles, Kang et al.21 found optimal mixing at a higher Ma = 0.002. First of all, the 
inserted parameters were different, as for example the particle susceptibility was 
assumed to be constant, while at a field strength of 10 mT, the particle magnetiza-
tion shows saturation behavior167. From this it follows that the susceptibility (repre-
sented in M in Eq. 6.5) decreases with increasing field strength. More noteworthy is 
the fact that the optimal Ma in the simulations corresponded to the lowest value for 
which breaking-and-reformation behavior of the particle chain was observed. As 
was also mentioned in the paper, larger particle chain would still exhibit breaking-
and-reformation behavior below Ma = 0.002, resulting in a lower optimal Ma. In our 
experiments, particle chains are not isolated, and interact with other chains. As a 
result particle chains show breaking-and-reformation behavior below Ma = 0.002, 
which may explain why optimal capture is observed at lower Mason numbers.   

3.3.5 Influence of the magnetic particle concentration  

In Figure 3.10 we show how the association rate constant depends on the concentra-
tion of magnetic particles in the fluid. As shown in Figure 3.10a, we only applied 
particle concentrations below a full coverage of the surface of the incubation cham-
ber. As shown in Figure 3.10b, without magnetic actuation, the ka is roughly the 
same at low particle concentrations. Above a certain threshold, the ka becomes 
smaller with increasing particle concentration. This behavior is similar as previously 
observed57 for a different experimental model system comprising Ø 200 nm fluores-
cent particles as targets (see Chapter 2). For low particle concentrations, it was 
found that the reaction reached a steady-state in which the concentration gradient or 
depletion zone around each particle is constant in time. As long as particles are suf-
ficiently separated – i.e., at low particle concentrations – these concentration gradi-
ents or depletion zones do not overlap and the ka remains unaffected by the particle 
concentration. As soon as these depletions zones start to overlap – i.e. at higher par-
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ticle concentrations – the depletion zones will expand further, thereby reducing ka, 
either until a new steady-state is obtained, or when the volume is depleted of targets. 
From Figure 3.10b, we find that the ka drops starting at a concentration of ~2 × 103  

 

 
Figure 3.10 Target capture by magnetically actuated ensembles of magnetic particles for varying 
magnetic particle concentration. (a) Fluorescence microscopy images of magnetic particles after 30 
min of incubation without actuation. (b) Experimentally determined association rate constant with 
and without actuation (B = 20 mT; ω = 0.6 Hz; alternated in-plane and out-of-plane rotation). Using 
this data, we compute (c) the antibody capture rate per μL at short times for an antibody concentra-
tion of 110 pM. On the top x-axis the corresponding binding capacity is plotted (see Section 3.2.1). 
The dashed lines are drawn to guide the eye. 
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particles/L. For a sample volume of 36 L, sedimented particles will on average be 
separated by about 20 m. As follows from the steady-state solution of the diffusion 
equation for an absorbing particle (see Figure 2.3d)57, at half this distance the target 
concentration is ~86%. Particles that are separated by less than 20 m will therefore 
show partial overlap of their depletion zones and have a reduced association rate 
constant. 

This effect is also observed in case particles are magnetically actuated (see 
Figure 3.10b). Compared to no actuation, an elevated ka is found for all particle con-
centrations. Furthermore, the threshold in particle concentration above which the ka 
starts to decrease, is found to be the same for both cases, but the decrease is less 
strong in case of magnetic actuation. The effect of magnetic actuation becomes 
clearer when considering the antibody capture rate at short incubation times (see 
Figure 3.10c). For low particle concentrations, the capture rate is found to increase 
with increasing particle concentration. As soon as the depletion zones start to over-
lap, no actuation leads to constant capture rates, whereas magnetic actuation enhanc-
es the capture rate with increasing particle concentration. Interestingly, the results in 
Figure 3.10c demonstrate that magnetic particle actuation achieves similar or even 
higher capture rates with fewer particles. 

From the values of ka in Figure 3.10, we quantified the increase in the target 
capture rate, as shown in Figure 3.11a. Magnetic actuation has the highest impact at 
high particle concentrations, when depletion is the strongest. In this regime, the cap-
ture rate can be improved by 1 to 2 orders of magnitude. For low particle concentra-
tions, we find an increase in the capture rate of 3 ± 1 by actuating the particles, 
showing also for isolated particles that movement through the fluid enhances the 
encounter rate. For a part, this increase can be attributed to the presence of a nearby 
surface in case of no actuation (compare Section 2.4.1). Yet the steady-state solution 
of the diffusion equation145 clearly shows that individual particles form a depletion 
zone near their surface. In case that the binding probability of an encounter is equal 
to unity, the target concentration c(r) depends on the radial distance r  [R , ) from 
the particle center as c(r) = c()(1 – R/r) with R the encounter radius of the target 
and the particle. For the system studied here, the binding probability is less than 
unity, since ka < kdif (see Eq. 3.4). Consequently, depletion zones are expected to be 
smaller in amplitude, but enhanced particle-fluid interactions will still have a reduc-
ing effect on the depletion zones and thereby improve the capture rate.     

To analyze experimental data quantitatively, target capture was simulated for 
different particle concentrations by varying the width of the simulated fluid cell (see 
Appendix 3.E). Due to the applied periodic boundary conditions, particles are dis-
tributed in a square lattice. Actuation of the particles consisted only of linear transla-
tion of particles upwards and downwards through the fluid volume, corresponding to 
the application of a field gradient, but without magnetic dipole-dipole interactions 
between the particles. As shown in Figure 3.11b, a similar threshold behavior is ob-
tained in simulations as was found in the experimental data shown in panel a. The 
simulated improvements in the capture rate are less, as was expected for actuation 
consisting only of particle translation. Comparing the ka determined for (i) transla-
tion and (ii) combined translation and rotation in Figure 3.7c, it is found that the ka 
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of the latter is higher than the ka of the former by a factor of 4 ± 2. A similar differ-
ence is obtained when comparing the data in panels a and b of Figure 3.11. We 
therefore conclude that numerical simulations confirm the increase in the capture 
rate that is possible by magnetic actuation.  

 
Figure 3.11 Relative increase in capture rate as found (a) in experiments on the magnetic actuation 
of ensembles of particles as shown in Figure 3.10; and (b) in simulations on the linear translation of 
single particles through the sample volume (for two different field gradients). The dashed lines are 
drawn to guide the eye.  

3.5 Conclusions  

In summary, we investigated the use of magnetic particles for affinity capture of 
biological targets from a fluid. Target capture becomes very efficient when magnetic 
particles are functionalized with a high density of specific binding sites on their sur-
face. We have shown that, as a result, depletion zones form near the particles, espe-
cially at elevated particle concentrations. To maintain high capture rates, depletion 
can be reduced by magnetically actuating the magnetic particles to enhance the par-
ticle-fluid interaction. We have shown that magnetic actuation is most effective 
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when magnetic field gradients and rotating fields are combined to translate and ro-
tate magnetic particle chains in the fluid. Using experiments, we quantified that 
magnetic actuation can increase association rate constants by one or two orders of 
magnitude. Using numerical Brownian dynamics simulations, we confirmed exper-
imental observations and showed that detailed information can be obtained on the 
binding process, such as the relative orientation that is required to bind. We have 
also shown that optimal target capture is achieved for low Mason numbers as long as 
the Péclet number is sufficiently high (Pe > 1). Lastly, for higher particle concentra-
tions, magnetic actuation becomes increasingly more effective, as local depletion of 
targets plays a larger role.   

The improvement in the protein capture rate was quantified in a model system 
comprising 2.8 μm sized magnetic particles. These particles show significant sedi-
mentation when not actuated. Smaller particles also show sedimentation. By calcu-
lating the barometric height for particles with a radius RMP ≥ 100 nm and a volumet-
ric mass density equal to the particles used in this study (i.e., 1.4 × 103 kg/m3 ac-
cording to the manufacturer’s specifications), we estimate that most particles will be 
present in a layer near the surface with a height h ≤ 100 μm. For magnetic particles 
with such sizes, we therefore expect that actuated movement of the particles through 
the solution can enhance the capture rate, because magnetic actuation can be used to 
bring the layer of particles to regions where almost no particles are present. As most 
magnetic particle-based assays that have been reported9, 13, 25, 82, 103, 114 employ parti-
cles with diameters ranging from 500 nm to several micrometers, magnetic actuation 
for target capture is very relevant to accelerate microfluidic assays.  

Both experiments and numerical calculations show that magnetic actuation 
most effectively enhances target capture at high particle concentrations. However, in 
a complete detection assay, high concentrations of particles hinder further pro-
cessing steps, like bond-formation at a sensor surface, or detection. Therefore, by 
balancing high capture kinetics with minimal hindrance of further processing steps, 
we assume that particle concentrations are optimal when not far below a full cover-
age of the detection surface. For such concentrations, we have shown that magnetic 
actuation can improve the capture kinetics by almost two orders of magnitude. In 
many reported assays based on magnetic particles9, 13, 25, 103, 114, particle concentra-
tions are larger by at least two orders of magnitude compared to the highest concen-
tration we studied here (i.e., ~4  104 particles/L). The application of magnetic 
actuation for target capture should make it possible to lower the particle concentra-
tion and reduce their negative effects, while maintaining or even increasing the cap-
ture efficiency. As a result, assay performances can potentially be significantly im-
proved.  

In this study, the capture kinetics was quantified by determining association 
rate constants. To enable close comparison with other techniques, we believe that 
quantifying rate constants is the most reliable method as it allows a deep insight in 
the capture process. In addition, different actuation methodologies would be directly 
comparable if a standard assay would be used. The model system used in this study 
is suitable for that, as the protein G-IgG complex is well-studied and commonly 
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used.164, 168-169 If the target molecule is already labeled, target capture can be meas-
ured in a direct way and further fluid handling steps are avoided. 

The particle-protein system used in this Chapter can be useful to further bridge 
the gap between experimental and theoretical research on biological association ki-
netics. As shown, theoretical modeling is facilitated by the relatively well-defined 
geometry of one of the reacting species, but also by the fact that a microparticle can 
bind many targets. Combined with experiments, we expect that insights can be ob-
tained on various binding properties of proteins, such as: association and dissocia-
tion rate constants (for different types of immobilizations); the number of binding 
sites; binding orientations; the influence of long-range interactions (such as electro-
statics), etc.  

Dynamic magnetic particle actuation for target capture is of particular interest 
for improving lab-on-a-chip applications. The methods can be applied not only for 
the capture of proteins, but also for small molecules, nucleic acids, or cells. Com-
pared to other microfluidic capture methods that require the generation of fluid 
flow28, 62, 83, mechanical movement of magnets50, 81 or of fluid containers74 to en-
hance particle-fluid interaction, the magnetic actuation proposed in this Chapter re-
quires only stationary electromagnets and a current controller. In this way, an in-
strument-cartridge system is possible in which the instrument contains the actuation 
technology, while the disposable cartridge can be relatively simple. Therefore, we 
expect that magnetic actuation will enable fast-operating, fully integrated and cost-
effective biosensing systems with high sensitivity. 

Throughout history, dense concentrations of colloidal or granular particles have 
been applied for the rapid and efficient extraction of target material from complex 
fluid mixtures. In medical applications, such particles can be used to effectively cap-
ture analytical targets from complex biological fluids. However, the use of high par-
ticle concentrations in these applications complicates downstream processing of the 
captured targets. By making the particles magnetically responsive and manipulating 
them with magnetic fields, we have shown that it is possible to achieve similar or 
even higher extraction rates with dilute particle suspensions. So, magnetic particle 
actuation leads to fast capture kinetics and facilitates carrying out the further pro-
cessing steps in a diagnostic assay. With the fundamental suitability to extract target 
analytes from a fluid, and the practical suitability for integrated lab-on-chip diagnos-
tic testing, we believe that magnetic particles will have a significant impact on future 
medical technologies.  
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3.6 Appendix 

3.A Field calibration of the 5‐pole electromagnet 

 
Figure A.1 Field calibration data of the 5-pole electromagnet measured using a Gauss meter (F.W. 
Bell). In each calibration figure the inset shows a cross-section of the electromagnets (showing two 
top magnets and the bottom magnet). The cross-sectional views show the position (red rectangles) 
and the component (black arrows) of the measured field. The location of the incubation chamber is 
indicated by the black open rectangle. In the background of the cross-sectional views, the (relative) 
field strength is plotted (following a heat color map) as obtained from simulations using Comsol 
Multiphysics. The following field calibrations are shown in the different panels: (a) In-plane field 
dependence of the distance from the top magnets for the case two opposite top magnets are pow-
ered in series at Itop = 0.4 A. (b) The in-plane field dependence to the current Itop at the position of 
the incubation chamber, for the case two opposite top magnets are powered in series. (c) Depend-
ence of the out-of-plane field to the distance from the bottom magnet for the case that only the 
bottom magnet is powered at Ibottom = 0.2 A. (d) Dependence of the out-of-plane field to the current 
Ibottom at the position of the incubation chamber, for the case that only the bottom magnet is pow-
ered. 

3.B Rotaphoresis to redistribute particles  

To overcome the effects of particle drift and particle aggregation during actuation, 
we applied the method of magnetic rotaphoresis as is described in detail in chapter 
6. Here, we will shortly summarize the applied fields and the effects. 

Basically, the rotaphoretic protocol that was applied consisted of the following 
elements: (i) a field gradient of ~ 4 T/m oriented towards the surface, in order to 
bring and keep particles close to the surface (x,y-plane); (ii) a magnetic field rotating 
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out-of-plane (e.g. x,z-plane) with respect to the surface at 20 Hz, with an out-of-
plane (z) component of 15 mT and an in-plane (x) component of 6 mT; (iii) an alter-
nating magnetic field orthogonal to the applied rotating field, e.g. in the y-direction 
in case the field rotates in the x,z-plane. The effect of such a protocol on magnetic  

 
Figure B.1 Overview of the applied rotaphoresis to redistribute particles over the bottom surface of 
the incubation chamber after magnetic actuation for target capture. (a) Schematic representation of 
the applied applied actuation protocol and the effect on the particle distribution (from left to right), 
in case initially all particles (brown) are collected at the magnets (gray) on all four sides. As indi-
cated by the arrows, rotaphoresis was applied towards each magnet for 15 seconds to move all 
particles away from the side of the incubation chamber. (b) Microscope images of magnetic chain 
actuation followed after 7 minutes by particle redistribution by rotaphoresis. The used microscope 
objective magnification was 10 times and images of the bottom-center of the incubation chamber 
were taken by a Redlake MotionPro X3 high speed camera. At t = 0 min, magnetic field of 10 mT 
was applied, rotating in-plane with respect to the surface at a frequency of 0.1 Hz. At t = 7 min, 
rotaphoresis was applied for 1 minute: 15 seconds in each direction in-plane. 
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particles is the following. Chains of particles traverse or “walk” over the surface in 
the direction depending on the rotation of the magnetic field. The velocity of the 
particle chains depends on their size: larger chains move faster than smaller chains, 
and separate particles are nearly immobile. Furthermore, due to the hydrodynamic 
drag and the normal forces from the surface, particle chains break up in smaller 
chains, and eventually most particles split up in separate particles. Finally, as the 
out-of-plane (z) component of the magnetic field with respect to the surface is larger 
than the in-plane components, separate particles will repel each other more strongly 
than that they will attract each other when the field is oriented in-plane. This effect 
prevents redistributed particles to reform into chains while the rotaphoresis protocol 
is applied. 

Lastly, in order to redisperse particles from all magnet poles back into the in-
cubation chamber and over the whole bottom surface, the rotaphoretic protocol was 
applied in all directions (in-plane; see Figure B.1a). More specifically, rotaphoresis 
was applied to first move particles consecutively in the +x-direction, the –y-
direction, the –x-direction and the +y-direction. Rotaphoresis was applied for 15 
seconds in each direction, resulting in a total time of 1 minute to redistribute parti-
cles over the surface. 

In Figure B.1b, snapshots are shown of a magnetic actuation protocol that first 
consists of magnetic chain actuation for target capture (i.e. for the first 7 minutes), 
followed by one minute of rotaphoresis. As shown, magnetic chain actuation first 
causes particles to form chain-like aggregates that drift away from the center of the 
incubation chamber. Application of the above-described rotaphoresis protocol caus-
es a complete redistribution of the particles over the surface. 

3.C The mixing index 

To quantify the mixing induced by rotating particle chains at a dye-water interface 
(see Figure C.1), we used a mixing index43, Mi. The mixing index is scaled between 
0 and 1, i.e., in a perfectly mixed system Mi = 0, while in an unmixed system Mi = 
1. The mixing index is defined as the ratio of the variance and the average of the 
fluid fluorescent intensities: 
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The term Ik is the fluorescent intensity at a pixel k, and I is the average over N pixels 
corresponding to the fluid confined within the rotational range of the chain. The vol-
umetric boundary in which the mixing of a dye-water interface was investigated is 
restricted to the rotational plane of the magnetic particle chain, i.e., the focal plane 
of the microscope. However, the extracted fluorescence intensities, I, used to charac-
terize the corresponding mixing, Mi, do have fluorescence interferences from above 
and below the focal plane of the microscope. Nevertheless, these interferences occur 
for both the rigid and break and reform regimes which still allow us to use this ap-
proach to characterize the differences in mixing between these two regimes. Moreo-
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ver, both actuation regimes are conducted under similar experimental conditions, 
i.e., a single and isolated rotating magnetic particle chain with no magnetic particle 
chains above and below the rotational plane of the corresponding particle chain. 

 
Figure C.1 Quantifying fluid mixing induced by the alternating topological changes of a rotating 
magnetic particle chain. (a) The mixing of a dye-water system is shown qualitatively. The color bar 
indicates the emitted intensity of the fluorescent dye. (b) Mixing index as a function of the field 
rotational cycles. In the inset, the average fluorescence intensity of the fluid is shown along with 
the standard deviations.  

3.D Comparison of particle‐based capture with planar surface assays 

It is insightful to compare the kinetic analysis of particle-based target capture to a 
technique that is typically used to quantify rate constants of biomolecular reactions, 
namely surface plasmon resonance (SPR).170 In SPR, targets are captured from a 
fluid flow by biomolecules which are immobilized on a planar sensor surface. This 
process has similarities to target capture by actuated magnetic particles. Conversely, 
no magnetic actuation corresponds to SPR without a fluid flow, which generally 
results in the formation of target depletion zones near the sensor surface. Concerning 
the assay kinetics in SPR (i.e., with a fluid flow), the concentration of targets in so-
lution is dominant over the number of binding sites on the solid phase, in contrast to 
our experiments, where targets are only few compared to the number that can be 
bound in total by the magnetic particles. As a result, in SPR analysis an equation is 
used other than Eq. 3.2, because the exponential behavior in SPR depends on the 
target concentration instead of the concentration of magnetic particles or binding 
sites; i.e., [MP] should be replaced by [Ab].  

SPR data allow one to determine rate constants without quantifying the number 
of binding sites on the bio-functionalized surface. It should be noted however, that 
the determined rate constants do not completely represent the rate constants of the 
bimolecular reaction free in solution. For example, the fact that and the way in 
which biomolecules are attached to the surface affect the rate constants, but also the 
application of a fluid flow has an effect on the encounter rate.  
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In the current study, we are not primarily interested in the bimolecular associa-
tion rate between the targets and the proteins immobilized on the particle surface. 
Instead, we are primarily interested in the association rate between targets and a 
magnetic particle. This association process is made selective by using proteins with 
a particular specificity to the targets. Here, the bimolecular association rate plays a 
role, but other factors are equally important, such as the density of capture proteins 
and the way in which they are immobilized on the particle surface. For example, the 
capture rate will be high in case capture proteins are present at a high density with 
their binding sites oriented towards the fluid, compared to the case that only few 
capture proteins are present and have their binding sites oriented in-plane with re-
spect to the particle surface. These aspects, including the bimolecular association 
rate constant, are all reflected by the (particle-based) association rate constants de-
termined in our experiments.  

3.E Brownian dynamics simulation of the capture process 

The particle-based capture process was numerically simulated using Brownian dy-
namics.  

We simulated the dynamics in a rectangular fluid cell with a variable width 
(e.g., 100 m) and a height equal to the experimental incubation chamber, namely 
600 m. The fluid cell contains a single spherical magnetic particle with a radius of 
1.4 m that is moved up and down through the fluid cell at different velocities due 
to an applied field gradient, i.e. 

MP
MP

d
6 d

m Bv
R z

  . (D.1) 

Here, m is the magnetic moment of the particle,167  the dynamic viscosity of the 
fluid and RMP is the radius of the magnetic particle. As targets, spherical particles 
were assumed with a hydrodynamic radius of RIgG = 5.5 nm which is equal to the 
reported hydrodynamic radius of antibodies in PBS.165 Initially, these particles are 
randomly distributed over the simulated volume and for each particle we compute 
the random displacement and rotation due to Brownian motion as well as hydrody-
namic interactions due to the movement of the magnetic particle through the fluid. 
Interactions between the target particles were neglected because target concentra-
tions are dilute. 

The random displacement of target particles in all directions, r, corresponding 
to Brownian motion over a discrete timestep t follows from the fluctuation-
dissipation theorem: (e.g. see Grassia et al.154) 

B
rand,3

IgG

24
6i

k T t
R

  r n  , (D.2) 

 

in which nrand,3 is a 1x3 vector with random numbers, chosen independently at each 
numerical time-step from a normalized Gaussian distribution with zero mean and 
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variance 12-1. Similarly, we also compute the orientation, i.e.,   [0, ] and  [-
,), of each target, which is subjected to Brownian rotation about three axes (x, y 
and z): 

B
rand,3 3

IgG

24
8

k T t
R

  α n  . (D.3) 

Hydrodynamic interactions acting on targets due to the moving magnetic particle are 
accounted by computing the flow field u due to a sphere moving through a fluid, 
i.e.166 
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8 3
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r r r r

         
       
           

r F r r F r
u F F  . (D.4) 

Here, r is the center-to-center distance between the target and the magnetic parti-
cle, and F is the force acting on the magnetic particle, which is the magnetic gradi-
ent force. Based on the small size of the target particles we assume that the target 
particles are dragged along with the induced flow.  

 
Figure E.1 Influence of the numerical time-step on the association rate constant as obtained from 
least-squares linear fits to simulated binding data. For time-steps below 10 µs, the found association 
rate constant does not depend on the time-step anymore. 

In the simulations, the following boundary conditions were applied to a rectan-
gular unit cell with a height of 600 m, and width and length of 100 m. To the top 
and the bottom of the cell, reflective boundary conditions were applied representing 
the boundaries of the incubation chamber. To the sides, periodic boundary condi-
tions were applied. Considering that one magnetic particle is initially situated in the 
bottom center of the unit cell, the periodic boundary conditions imply a periodicity 
of particles over the surface. Basically, the particles are ordered in a square lattice 
with a unit cell with a width of 100 m. As a result, varying the width of the unit 
cell alters the initial concentration of particles at the surface. Lastly, the boundary of 
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the magnetic particle is treated as being partially absorbing, i.e. binding only occurs 
for angular differences smaller than a pre-defined angle   [0, ] between (i) the 
orientation vector of the target and (ii) the relative position vector between the parti-
cle and the target. In other words, the target needs to orient itself towards the mag-
netic particle to bind. In case  = , targets “bind” to the particle independent of 
their orientation. In case of 0 <  < , targets only bind for a limited range of orien-
tations, and otherwise reflect from the surface. In this way, constraints to the relative 
orientation can be imposed. Lastly, the time-steps were chosen to be 3 s, which is 
small enough to keep propagation errors negligible (see Figure E.1) which is im-
portant for a reliable outcome of a forward Euler method. So, for time-steps of 3 s, 
the outcome of the numerical simulations is independent of the time-step. 

3.F SEM image of M270 magnetic particles 

 
Figure F.1 Scanning electron microscope image of a Dynal M-270 superparamagnetic particle 
before protein G is covalently coupled to the carboxyl groups using EDC-NHS coupling chemistry. 
From these images we estimate that surface irregularities are sized ranging in between 10-200 nm.  

 

 

 

 

 



 

 

4 
Dynamics of Magnetic Particles 

near a Surface:              

Model and Experiments on     

Field‐Induced Disaggregation 

 

Magnetic particles are widely being used in biological research and bioanalytical 
applications. As the corresponding tools are progressively being miniaturized and 
integrated, the understanding of particle dynamics and the control of particles down 
to the level of single particles become important. Here we describe a numerical 
model to simulate the dynamic behavior of ensembles of magnetic particles, taking 
account of magnetic inter-particle interactions, interactions with the liquid medium 
and solid surfaces, as well as thermal diffusive motion of the particles. The model is 
verified using experimental data of magnetic field-induced disaggregation of mag-
netic particle clusters near a physical surface, wherein the magnetic field proper-
ties, particle size, cluster size and cluster geometry were varied. The model clarifies 
how the cluster configuration, cluster alignment, magnitude of the field gradient, 
and the field repetition rate play a role in the particle disaggregation process. We 
demonstrate the disaggregation of large clusters of several tens of particles, within 
about one minute. We expect that the simulation model will be very useful for further 
in silico studies on magnetic particle dynamics in biotechnological tools.*  

                                                            
* Parts of this chapter have been published in: Y. Gao† and A. van Reenen†, M.A. Hulsen, A.M. de 
Jong, M.W.J. Prins, and J.M.J den Toonder, Disaggregation of Microparticle Clusters by Magnetic 
Dipole-Dipole Repulsion near a Surface, Lab on a Chip 13, 1394 (2013); and are in preparation for 
publication: A. van Reenen, Y. Gao, A.M. de Jong, M.A. Hulsen, J.M.J den Toonder, and M.W.J. 
Prins, Dynamics of Magnetic Particles near a Surface, Model and Experiments on Field-induced 
Disaggregation, Phys Rev E, accepted.    †equal contributions 
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4.1 Introduction 

Magnetic particles are widely applied in biosciences and in vitro diagnostics, mainly 
because such particles can be manipulated and interrogated by magnetic fields with-
out perturbing the biological matter under study.9, 18, 22, 25, 103, 132, 171 To get a high 
total effective surface area for biological binding and processing, the assays are al-
ways performed with ensembles consisting of many individual magnetic particles. 
With the advent of novel experimental techniques to actuate and detect magnetic 
particles 25, 47, 50, 62, 103, 115, 130, on the level of ensembles as well as on the level of in-
dividual particles, and with the advent of corresponding miniaturized microfluidic 
devices 25, 50, 81, 99, 103, the need appears to understand and predict the behavior of 
magnetic particles in variable configurations. Yet it is difficult to model and predict 
the dynamics of particle ensembles because the behavior of the particle ensemble is 
not simply an extrapolation of the behavior of single particles, due to the strong 
magnetic interactions between the particles 172, the hydrodynamic interactions be-
tween the particles 172-173, and the interactions between the particles and microdevice 
surfaces 25, 115, 147. To avoid tedious experimentation and trial-and-error studies, it is 
important to develop modeling tools for in silico studies of the behavior of particles 
in time-varying magnetic fields and complex device geometries.  

Here, we propose a model and a numerical approach to simulate magnetic par-
ticle dynamics at a fundamental level. The model integrates the known basic interac-
tions that have already been studied separately, namely Brownian motion 174, mag-
netic gradient forces 175-176, magnetic dipole-dipole interactions 25, 119 and particle 
surface interactions 25, 115, 174. 

To evaluate the proposed numerical model, we compare it to a novel method to 
magnetically disaggregate clusters of magnetic particles (see Figure 4.1): by first 
aligning particle-clusters at a physical surface (Figure 4.1a,b) and by subsequently 
inducing repulsive magnetic dipole-dipole interactions between the particles which 
separates the particles (Figure 4.1c). Using this technique, we show that clusters can 
be disaggregated which consist of several tens of particles.  

In this study, we compare the experimental data to simulated data, and we use 
the numerical model to study the influence of underlying parameters such as the 
cluster configuration and the particle size. In this way, a fundamental understanding 

 
Figure 4.1 Schematic disaggregation of magnetic particle clusters. (a) Clustered groups of magnetic 
particles are present in solution and (b) are drawn to a physical surface by means of a field gradient. 
A horizontal magnetic field is applied to optimize parallel alignment of the clusters with the sur-
face. (c) Application of a vertical magnetic field oriented orthogonal to the surface in combination 
with a field gradient results in breaking of the particle clusters by magnetic dipole-dipole repulsion. 
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of field-based disaggregation is obtained and criteria are identified for optimal func-
tional performance. Finally, we discuss how the simulation of multi-particle dynam-
ics can be broadly applied for the development of magnetic particle-based biotech-
nological tools.  

4.2 Theoretical considerations 

Ensembles of magnetic actuated magnetic particles were numerically simulated with 
Brownian dynamics using Matlab (Mathworks). The force on each Brownian parti-
cle consists of three terms: (i) a friction force  which tends to decrease the energy of 
the particle, (ii) a random (Brownian motion) force which increases the energy of 
the particle and (iii) a systematic force due to the interaction potential energy be-
tween Brownian particles plus any external forces.177 The Brownian dynamics simu-
lation 177-178 of an N-particle system involves integrating the following Langevin 
equation:   

     ran
net Bt k T t

t


     


r μ F μ v  , (4.1) 

where r, Fnet, v
ran are, respectively, the vectors containing the 3N coordinates of the 

particle positions, the forces acting on the particles and the random velocities of the 
particles due to Brownian motion. Furthermore,  is the 3N  3N translational mo-
bility tensor, containing 3  3 blocks ij with i, j = 1…N. The tensor ij is the mobili-
ty matrix approximated by the Rotne-Prager-Blake tensor179. In particular, this ten-
sor accounts for the hydrodynamic interactions of particles with other particles and 
the surface 180; for the explicit entries, see for example von Hansen et al.179. The 
blocks ii correspond to the self-mobilities of the particles and are diagonal matrices 
whereas the other blocks ij with i  j correspond to the hydrodynamic interactions 
between particles i and j. Note that the mobility tensor relates to the Diffusion tensor 
via D = kBT, with kBT being the Boltzmann factor. Lastly, the second factor on the 
right-hand side of Eq. 4.1 compensates for the spatial variation in the particle mobil-
ity due to the Brownian motion154, 179. 

Next, we describe expressions for the basic physical forces in the system, 
namely magnetic dipole-dipole interactions, magnetic gradient forces, excluded vol-
ume forces, and random thermal excitations (Brownian motion). The expressions are 
adapted to the process of magnetic field-based disaggregation of magnetic particles, 
as sketched in Figure 4.2. 

In an external magnetic field H superparamagnetic particles become magnet-
ized and obtain a magnetic moment: m = VχH, which depends on the volume V and 
the magnetic susceptibility of the particle . In case multiple, N, particles are pre-
sent, the magnetic dipole-dipole interaction force Fdd,i acting on particle i is given 
by40, 172, 
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where mi is the dipole moment of the ith particle; m̂ is the unit vector of the magnet-
ic moment, which is assumed to be aligned with the external field H. Here we ne-
glect the (minor) influence of other particles on the magnetic field; rij the distance 
between the centers of the ith and jth particles; and ȓij its corresponding unit vector. 
Furthermore, we assume that a physical surface is present at z = 0. Both a magnetic 
field gradient that is oriented towards the physical surface and gravity result in an 
additional downward force on each particle: 
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with ρ being the volumetric mass density and g the gravitational constant. In exper-
iments, the gradient forces are generally much larger than buoyancy forces. Another 
advantage of gradient forces is that their magnitude and direction with respect to the 
surface can be controlled by the magnetic system. 

To prevent the particles from crossing the physical boundary of the surface, re-
flecting boundary conditions were assumed. To model the hard core interactions 
between particles, excluded volume force formulations40, 172 are implemented. The 
excluded volume force is formulated such that (i) upon overlap of the particles, a 
repulsive force is exerted which increases exponentially for increased overlap; and 
(ii) if the particles are not touching each other, rij > 2R, the force is negligible with 
respect to other acting forces. Mathematically, the excluded volume force between 
the particles is formulated as41: 

 
0

ev, 4
1

3 ˆ2 exp 1
24 2

N
ij

i i j ij
j
j i

r
m m

RR




 


  
        

F r
 . (4.4) 

 
Figure 4.2 Overview of interactions of the magnetic particles. (a) Due to magnetic fields and mag-
netic field gradients, magnetic particles show dynamic behavior, interacting with the liquid, physi-
cal boundaries and other particles. (b) Magnetic particles undergo thermal collision forces (i.e. 
exhibit Brownian motion), hydrodynamic interactions, magnetic forces due to magnetic gradients 
and magnetic dipole-dipole interactions, which can be attractive or repulsive. 
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Here R is the particle radius. The parameter  determines at what strength this force 
acts at varying distances. We find that for  = 3000 the excluded volume force has a 
negligible effect on the computed particle movement in case particles are not in con-
tact, as is explained in more detail in Appendix 4.A.  

Lastly, the random thermal motion of the particles follows from the fluctua-
tion-dissipation theorem 154, 177, 179:  

   ran ran 2i j B ijt t k T t  r r μ  . (4.5) 

To obtain the random displacement rran for each particle, several mathematical ap-
proaches have been developed178, of which we use the exact but time-demanding 
Cholesky decomposition. First, it is considered that the random displacement vector 
at any particular time and configuration of particles is equal to 178: 

ran 2 d  r B w  , (4.6) 

with dw a vector with length 3N containing random values picked from a Gaussian 
distribution with zero mean and a variance equal to the (small) numerical time-step 
t; and B a 3N 3N  matrix which results from the factorization of the diffusion 
tensor D = kBT as required by the fluctuation-dissipation theorem: 

T D B B  . (4.7) 

Any matrix B that satisfies Eq. 4.7 can be used in Eq. 4.6. So, we apply a Cholesky 
decomposition of D to obtain an upper triangular matrix, C, that satisfies Eq. 4.7:178   

T D C C  . (4.8) 

Based on these considerations, we integrate Eq. 4.1 with Fnet = Fdd + Fdown + Fev to 
compute the trajectories of all particles. In particular, a forward Euler method was 
applied using numerical timesteps of t = 10-6 s. As discussed in the Appendix 4.B, 
it was found that the size of t was sufficiently small to keep computational errors 
well below 0.1 % relative error in position at 0.5 s of simulated time. 

4.3 Experimental section 

In this section the methods used to actuate and study the magnetic particles are de-
scribed. First an overview will be given of the experimental setup, followed by the 
characterization of the magnetic actuation setup.  

4.3.1 Experimental setup 

A magnetic actuation setup was realized capable of manipulating suspended super-
paramagnetic particles tri-axially, i.e. by generating a user-specified magnetic field 
both in the horizontal as well as in the vertical plane41 (Figure 4.3a). The setup con-
sists of 8 individually controlled copper coils (brown) together with 8 soft-iron 
(ARMCO) poles (dark grey) connected by soft-iron frames (blue and red). Magnet-
ic fields are produced by the flow of electrical currents through the coils and by fol-
lowing the soft-iron frames, they are guided to the sample area surrounded by the 
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poles. The blue soft-iron frames with 4 poles at their ends are used for the generation 
of the horizontal components of the magnetic field whereas the red frames are re-
sponsible for the vertical components. 

A closer view of sample area is given in Figure 4.3b. Here, each copper coil is 
numerically assigned and the sample area is positioned at the focus point of the elec-
tromagnets. At the center of the sample area, a closed fluid cell is placed that con-
tains a suspension of magnetic particles. The fluid cell has a diameter of 9 mm and a 
depth of 120 m and is made using glass substrates and Secure-Seal spacers (Grace 
BIO-LABS). During each experiment (T = 293 K), the suspended magnetic parti-
cles are actuated using the magnetic setup and the resulting dynamics are analyzed 
using video-microscopy. 

We chose to work with polymer-based super-paramagnetic particles (2.8 m) 
coated with streptavidin (Dynal M-270 Streptavidin). Due to the high binding affin-
ity of the streptavidin-biotin interaction, streptavidin-coupled M-270 particles have 
been utilized in numerous applications, e.g. isolation and handling of biotinylated 
nucleic acids, antibodies and other biotinylated ligands and targets. The undiluted 
stock suspension was diluted 10 times (6.5  107 particles/ml) using a buffer solution 
(PBS + 1 mg/ml BSA) before introducing into the fluid cell. The magnetic proper-
ties of the particles were characterized using VSM. 

4.3.2 Characterization of the setup 

The possibility of generating arbitrary magnetic fields using the setup was investi-
gated by modeling the setup in a 3D commercial FEM package (Comsol Multiphys-
ics). The soft-iron and copper materials were modeled as linear media with relative 
permeabilities (r) of 4750 and 1, respectively. 

In the experiments we report in this chapter, we generated three particular 
magnetic fields: (1) a vertical field with a downward gradient by flowing currents 
through coils 2 and 4 simultaneously, (2) a uniform horizontal field by running cur-
rents through coils 5 and 8 and (3) a horizontally rotating field, which is created by 
applying currents to coils 5 to 8 that vary sinusoidally in time, and have a phase shift 
of 90 degrees between them. Figure 4.3c shows the computed magnetic field in the 
z-x (vertical) plane, generated by the flow of opposing electrical currents (0.25 A) 
through coils 2 and 4. As expected, the magnitude of the vertical field shows a de-
crease along the z-axis. In contrast, coils 5 and 8 (0.2 A) induces a more homoge-
nous magnetic field in the horizontal (y-x) plane (Figure 4.3d). 

The setup was experimentally characterized by measuring the magnitudes of 
the generated magnetic fields as depicted in Figures 4.3e and f using a Gauss meter 
(F.W. Bell). The measurements took place at the center of the setup and the electri-
cal currents through the coils were varied from 0.1 A to 1 A. The experimentally 
measured values were compared with results from Comsol simulations. 

The results are shown at the left y-axes of Figures 4.3e and f. It is seen that sat-
uration of the magnetic fields occurs at electrical currents higher than 0.4 A, and 
below this value the experiments and computations show linear trends. The observed 
difference between the simulation and experiment shows that the soft-iron used in 
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the magnetic set-up has non-linear material properties, leading to saturation of the 
induced magnetic field, which is not included in the numerical simulations. In the 
present study, experiments were conducted at a limiting electrical current of 0.5 A as 
higher currents do not yield a higher magnetic field strength. 

The geometry of the set-up is designed in such way that electrical currents 
through coils 2 and 4 (Figure 4.3c) generate in addition magnetic field gradients 

 
Figure 4.3 3D magnetic actuation setup. (a) AutoCAD side-view of the set-up. (b) The magnetic 
setup with the fluid cell at the center under a microscope. (c) Simulated vertical magnetic field 
induced by coils 2 and 4 at a current of 0.25 A. (d) Simulated vertical magnetic field induced by 
coils 5 and 8 at a current of 0.2 A. (e) (left y-axis): Experimental measurements of the magnitude of 
the vertical magnetic field are compared with results from Comsol simulations. (e) (right y-axis): 
Generated field gradient in the center of the setup as obtained from Comsol simulations. The verti-
cal magnetic field of coils 2 and 4 induces a field gradient in the –ez direction. (f) (left y-axis): 
Experimental measurements of the magnitude of the horizontal magnetic field are compared with 
results from Comsol simulations. (f) (right y-axis): Generated field gradient in the center of the 
setup as obtained from Comsol simulations. 
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towards the corresponding poles, whereas this is not the case when coils 5 and 8 are 
operational (Figure 4.3d). Here, magnetic field gradients are defined as the gradients 
of the modulus of magnetic flux density to the square. At the right y-axes of Figures 
4.3e and f, simulated field gradients are plotted for the vertical and horizontal con-
figurations. On the one hand, coils 2 and 4 generate vertical magnetic field gradi-
ents, pulling the suspended magnetic particles to the substrate. On the other hand, 
coils 5 and 8 induce a homogeneous magnetic field in the horizontal plane. 

4.4 Results 

In the current study, we explore the possibility of manipulating a collection of sedi-
mented superparamagnetic particles in a fluid cell, using magnetic actuation proto-
cols. In particular, we are interested in the influence of the vertical magnetic field 
(Figure 4.3e). If the particles are present in the same horizontal plane, applying a 
vertically oriented magnetic field will cause mutual repulsion between the particles, 
due to the vertically oriented magnetic dipoles. 

Specifically, if coils 2 and 4 are actuated with a current of 0.4 A, the corre-
sponding magnetic field and gradient (Figure 4.3e) acting on the particles are equal 
to 13.6 mT and 0.1148 T2/m, respectively. Referring to Eqs. 4.2 and 4.3, the gener-
ated repulsive and gradient forces on a dipole-dipole cluster are strong and are equal 
to ~22 pN and ~0.3 pN. 

This phenomenon can be exploited in a number of ways: (i) it offers the possi-
bility to control the distribution of sedimented magnetic particles and (ii) when 
combined with the ability to generate horizontal magnetic fields intermittent to ver-
tical fields, it provides a new way to disaggregate multi-particle clusters.  

4.4.1 Initialization of particle distribution 

Figure 4.4a shows the initial magnetic particle distribution (t = 0 s) after a suspen-
sion of magnetic particles was introduced into the fluid chamber and the particles 
were allowed to sediment to the bottom substrate, i.e. the floor of the fluid chamber. 
Here, no external magnetic field was applied. The sedimented magnetic particles 
form a random distribution over the surface and due to the presence of a small rem-
nant magnetic field ( 1 mT) cluster formation of the magnetic particles is observed. 
This initial distribution of the magnetic particles is difficult to control and varies per 
experiment. However, in order to obtain experimentally repeatable and reproducible 
data, it is important to have a controllable and fixed initial condition of the magnetic 
particles. 

Figure 4.4b shows the resulting configuration of the magnetic particles after 
applying a vertical magnetic field (14.6 mT, 12 s). The magnetic field was generated 
by the flow of opposing electrical currents (0.5 A) through coils 2 and 4. As shown 
in Figure 4.3e, also vertical magnetic field gradients were generated which pulled 
the magnetic particles to the chamber floor. Due to the vertical magnetic field, the 
sedimented magnetic particles mutually repel each. The repelling interaction causes 
the particles to form into a relatively uniform configuration which approximately 
resembles a hexagonal lattice structure.  
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Figure 4.4 Controlling magnetic particle distribution using a vertical magnetic field (14.6 mT). (a) 
Initial magnetic particle distribution as the particles were introduced into the fluid chamber and 
allowed to sediment on the surface (t = 0 s). (b) After applying a vertical magnetic field, sediment-
ed magnetic particles become vertically oriented dipoles and mutually repel each other (t = 12 s). 
(c) The average nearest neighbor distance calculated from ~1000 particles is plotted against the 
field duration. The grey area indicates the corresponding standard deviation. The inset shows distri-
butions of the nearest neighbor distances plotted at 4 different field durations. 

In Figure 4.4c, the nearest particle-neighbor distance is plotted against the ac-
tuation time. The nearest neighbor distance is calculated by averaging the nearest 
neighbor distances of ~1000 particles. The slope of the graph shows an exponential 
decay which we attribute to the generated repulsive force (Eq. 4.2), i.e. it is a short-
range force as it is inversely dependent on the inter-particle distance to the fourth 
power. Eventually, the particles mutually repel each other, forming an approximate-
ly hexagonal lattice structure with an average inter-particle distance of ~10 m. 

From these results, it is clear that by controlling the initial concentration of the 
magnetic particle suspension along with the magnitude of the vertical magnetic field 
and its gradient, the magnetic particle distribution at the beginning of an experiment 
can be controlled and fixed to an almost uniform distribution. 

4.4.2 Overcoming non‐specific interparticle adhesion 

Besides successful separation of particles (Figure 4.4), we also observed that a small 
fraction of particles is still present as chains aligned in the applied (vertical) field 
direction. We can distinguish two different ways of obtaining such vertical chains. 
On the one hand, thermal fluctuations of individual particles can cause the particles 
to move out of the horizontal plane. As a result, the lifted particles can make a tran-
sition from the weakly stable state of parallel alignment to the surface (in-plane) to 
the more stable state of orthogonal alignment to the surface (out-of-plane). This in-
plane to out-of-plane rearrangement process is enhanced by a roughness of the phys-
ical surface and/or the particles. The in-plane stability of the particles can be en-
hanced by using stronger field gradients or larger particles. 

On the other hand, we also observed that a few clusters realigned to the applied 
vertical field without any observable separation of the particles. This behavior may 
be attributed to non-specific interactions that keep the particles stuck to each other. 
Non-specific interactions may originate from Van der Waals forces or electrostatic 
forces for example. When magnetic fields are used to control magnetic particles, the 
attractive forces acting on the particles are typically on the order of 10 pN (accord-
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ing to Eq. 4.2). Such forces ensure that the particles come into close contact and 
promote attractive non-specific interactions. This is important for particles function-
alized with proteins, as in our experiments, because protein-coated particles can 
have a weak surface charge and contain non-polar (= hydrophobic) regions. 

It is interesting to estimate whether it is possible to rupture non-specific bonds. 
We calculate (using Eq. 4.2) that the repulsive dipole-dipole forces which we apply 
to our particles are in the order of 22 pN; for a flux density in the order of 14 mT. 
Furthermore, we observe that two-particle clusters which do not separate realign 
with the magnetic field within 0.1 – 0.2 seconds. In order to dissociate such bonds, 
not only the force is important, but also the time during which the force is applied. A 
previous study on the breaking of non-specific bonds between magnetic particles 
and a substrate in the presence of surfactants181 has shown that a force of 1.2 pN 
needs to be applied for ~2 seconds to disrupt the weak non-specific bonds. The dis-
sociation constant could be estimated to be 0.83 s-1 at a force of 1.2 pN. 

At the same force, the method presented here would result in a dissociated frac-
tion, i.e. the amount of non-specific bonds being ruptured for two particles clusters, 
of roughly ~0.1. However, we apply a force that is almost 20 times higher. This 
would definitely lead to a higher dissociated fraction as estimated here. Moreover, 
dissociation can still be enhanced by increasing the field gradient or by saturating 
the magnetic moment. Respectively, this would make the application time longer 
and increase the strength of the repulsive forces. Therefore, we conclude that the 
repelling forces exerted using the method presented in this chapter are in a force 
regime which can rupture non-specific bonds. In Chapter 5 we demonstrate how this 
experiment can be used to accu-
rately quantify the magnetic 
properties of the particles. 
 

 

Figure 4.5 Measured and simulated 
disaggregation of a two-particle clus-
ter at a physical surface in an aqueous 
medium. A schematic (a) side-view 
and (b) top-view is shown indicating 
the vectors corresponding to the mag-
netic field, magnetic moments and the 
magnetic dipole-dipole forces. (c) 
Measured top-view images at differ-
ent times. (B = 15 mT êz; B = –3.2 
T/m êz) (d) Simulated top-view imag-
es at different times. (e) In-plane 
center-to-center distance between the 
particles as obtained from the top-
view experimental (black open cir-
cles) and simulated (red lines) data. 
Measurements were repeated on the 
same particle pair. The inset shows a 
log-log plot of the same data. 
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4.4.3 Simulation of the separation dynamics of two‐particle clusters 

First, we experimentally recorded the response of two-particle clusters (2.8 m di-
ameter) on a surface after applying an out-of-plane magnetic field. From top-view 
images (see Figure 4.5c) the in-plane center-to-center distance was determined over 
time, as is shown in Figure 4.5e. Strong non-linear behavior was observed which 
corresponds to the reciprocal dependence of the magnetic dipole-dipole interaction 
force on the fourth power of the distance between the dipoles (see Eq. 4.2). At short 
distances, the response of the different particle pairs is similar and shows no signifi-
cant fluctuations in the distance. At larger distances, fluctuations become stronger 
and we attribute this to the Brownian motion of the particles, which becomes more 
pronounced as the repulsive magnetic force has weakened.  

Using the numerical approach as described, we simulated the response of two-
particle clusters with similar properties; the particle properties were obtained from 
VSM data 41 and the properties of the magnetic fields were characterized from Com-
sol simulations and Hall-probe measurements115. From the numerical data, the in-
plane (top view, see Figure 4.5d) interparticle distance was determined, which is 
shown in Figure 4.5e for several simulations. As can be seen, the simulated interpar-
ticle distance shows exactly the same characteristics over time as was found in the 
experiments. Correspondence between simulation (with a similar method) and ex-
periment was also found earlier for the breaking and reformation behavior of mag-
netic particle chains in a rotating magnetic field 41. We therefore conclude that the 
used numerical method is an accurate tool to study the disaggregation behavior of 
magnetic particle clusters in more detail, as we show next.  

4.4.4 Parameters influencing the separation probability 

The separation dynamics of two-particle clusters was studied for different parame-
ters. First, we varied the orientation of the two-particle cluster with respect to the 
physical surface, at the moment of application of the out-of-plane field. To this end, 
we define the angle of the longest axis of the two-particle cluster with the physical 
surface as the tilt angle, . We refer to the tilt angle at the time of application of the 
out-of-plane magnetic field as the initial tilt angle, 0. Due to Brownian motion of 
the particle cluster, the initial tilt angle will not always be zero, even when an in-
plane magnetic field is applied just before application of the out-of-plane magnetic 
field. For smaller particles, deviation from a zero initial tilt angle will be larger as 
compared to larger particles, due to the larger diffusivity of smaller particles. There-
fore, simulations were carried out in which the initial tilt angle was varied for two 
different particle sizes. In particular, we considered 2.8 m particles (correspond-
ing to Dynal M-270 particles) and 1.0 m particles (corresponding to Dynal My-
One particles) which have a ~9 times smaller magnetic moment167.  

In Figure 4.6 both a top- and side-view are shown of typical simulated particle 
trajectories. It is found that for small initial tilt angles, particles irreversibly separate. 
For larger initial tilt angles, particles rejoin after initial separation and form vertical 
clusters, i.e. unsuccessful disaggregation. The driving force of this cluster refor-
mation is the magnetic dipole-dipole interaction, which only results in complete sep-
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aration of the magnetic particles in case the relative distance vector (rij, see Eq. 4.2) 
between the magnetic moments m is orthogonal to the orientation of the magnetic 
moments. In case the relative distance vector deviates from being orthogonal to the 
magnetic moment, (m  rij ≠ 0), the magnetic dipole-dipole interaction will lead to 
alignment of the moments of the two moments. Brownian motion generates varia-
tions in the direction of rij and therefore additional forces are required to stabilize an 
orthogonal orientation of the particle clusters with respect to the external field. The 
presence of the surface and the field gradient can stabilize such an orientation and 
keep the interaction repulsive, as particles are in a local energy minimum when both 
are in contact with the surface.  This is also observed in Figure 4.6; for a zero initial 
tilt angle, both particle types do not show cluster reformation.  

For non-zero initial tilt angles, one of the particles is lifted initially, while also 
moving away from the other particle. In case the initial tilt angle is small enough the 
lifted particle eventually returns to the surface again due to the field gradient and 
then remains separated from the other particle. For higher angles the lifted particle 
eventually returns to the other particle and reforms the cluster.  

Comparing different particle sizes, the 3 m particles stay closer to the surface 
after successful separation, i.e. the average distance from the surface is much smaller 
than the particle radius, whereas for the smaller 1 m particles the average distance 
from the physical surface is comparable to the particle radius. Comparing thermal 
energy to the potential energy due to the downward force (Fdown = 0.26 pN), we can 
estimate the distance of the particle surface from the planar surface within which a 
particle may be found with a probability of 0.9 (cf the barometric height). For the 
2.8 m particles, this distance is estimated to be 0.05 m, and for the 1.0 m parti-
cles it is 0.45 m, and this is found to be roughly in agreement with our numerical 
findings.  

 

 
Figure 4.6 Computed particle trajectories at different initial tilt angles with respect to the surface. 
(B = 15 mT êz; B = –3.2 T/m êz)  (a1) Side view and (a2) top view of simulations of 2.8 m parti-
cles (M270). (b1) Side view and (b2) top view of simulations of 1 m particles (MyOne). The 
sketched spheres represent initial positions of the particles. 
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Figure 4.7 Quantification of the two-particle disaggregation dynamics in simulations. (a) Schematic 
showing the initial configuration of a particle cluster that is aligned with the surface at an initial tilt 
angle α. When a field is applied perpendicular to the surface, particles either separate, or re-align 
into a cluster. (b) Time required for cluster reformation as a function of tilt angle, for the cases in 
which clusters are reformed after application of the out-of-plane magnetic field. Datapoints repre-
sent the average over ~50 considered simulations. The error bars indicate the standard deviation in 
the found times. The solid line corresponds to a fit of the data using the fitting function: y(x)= y(0) 
+ A  exp (– Bx). (b,c,e) Computed probability of successful separation as a function of the initial 
tilt angle with respect to the surface. (c) Data for different particles using a downward force of 0.26 
pN oriented into the –z - direction. (d) Data for 2.8 m sized particles (M270) at downward forces. 
(e) Comparison of data for 2.8 m sized particles (M270) in case the hydrodynamic interactions 
between the particles or with the surface are excluded in the simulations. Each data point corre-
sponds to the mean of 200 simulations. Particles that did not reform into a cluster within 10 seconds 
contribute to successful separation. The (small) standard error of the mean is represented by the 
shaded area around the data. 

Since Brownian motion introduces statistical variability of the numerical out-
come of a simulation at a certain initial tilt angle, we carried out 200 simulations per 
initial tilt angle and determined the probability of successful separation for both par-
ticle types. In the simulations, a downward force of Fdown = 0.26 pN was used. Each 
simulation was performed for 10 seconds as cluster reformation is found to occur 
typically in less than one second (see Figure 4.7a,b). 

Figure 4.7c shows that smaller particles can reform clusters for a smaller range 
of initial tilt angles. Also the transition from a 100% separation probability to a 0% 
separation probability is broader for smaller particles, which is explained by the 
higher diffusivity of smaller particles. Interestingly, for both particles there is a non-
zero range of initial tilt angles for which two-particle clusters can be separated with 
100% success rate. This indicates the importance of initial pre-alignment of the par-
ticle pair to the physical surface.  
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The influence of the downward force (e.g. by a magnetic field gradient that is 
oriented towards the surface) during the disaggregation process was studied; see 
Figure 4.7d. Compared to a no downward force, we find that a downward force in-
creases the range of initial tilt angles for which disaggregation is successful. Re-
markably, in the absence of a downward force, it is found that particles may still 
successfully separate if the initial tilt angle of the cluster is less than ~9°. Looking at 
this case in more detail, we find that the simulation time plays an important role. For 
small angles, the required time to reform a cluster is found to be (much) larger than 
10 seconds (Appendix 4.C) and it increases exponentially as the initial tilt angle ap-
proaches zero. From this we conclude that a downward force is not strictly neces-
sary, but can be used to increase the effectiveness of cluster disaggregation. 

To study the role of the hydrodynamic interactions in the disaggregation pro-
cess, data was generated in the absence of hydrodynamic coupling between the par-
ticles and to the surface. As shown by Figure 4.7e, hydrodynamic interactions be-
tween the particles decreases the range of initial tilt angles for which successful par-
ticle separation is achieved. This observed effect is a consequence of the two parti-
cles moving away from each other from contact, and in the viscous fluid the parti-
cles tend to drag along nearby particles behind them. The hydrodynamic interaction 
of the particles with the surface however is found to increase the probability of sepa-
rating, and this is due to the additional drag which reduces the lifting motion from 
the surface that occurs when particles re-orient to reform into a cluster. 

4.4.5 Disaggregation of chain‐ and sheet‐like particle clusters 

In addition to two-particle clusters, we numerically simulated the disaggregation of 
clusters consisting of more than two particles. For the same number of particles, 
different cluster configurations are possible in principle: (i) 1-dimensional clusters, 
i.e. chains, (ii) 2-dimensional clusters, i.e. sheets and (iii) 3-dimensional clusters. In 
the simulations only chain- and sheet-like clusters were considered. 3-Dimensional 
clusters were not considered in the simulations because of computational time costs 
due to the large number of particles. Experiments were performed with 2.8 m Dyn-
al M-270 particles (carboxylated), which are easy to optically track because they 
stay within the optical focus of the microscope due to the weak Brownian motion.  

First, we consider the disaggregation of chain-like magnetic particle clusters. 
Figure 4.8a shows typical simulation results; snapshots are shown of the disaggrega-
tion of a 10-particle chain. Data for different chain lengths was processed and we 
determined the disaggregation effectiveness by calculating the probability that 
(smaller) particle chains with length N remain after application of the magnetic field: 
see Figure 4.8b. It is found that for chains containing more than six particles, com-
plete disaggregation occurs less frequently and smaller chains (N = 2,3,4) remain. In 
practice, these smaller chains can be disaggregated further, by first re-aligning the 
chains at the surface and subsequently re-applying the out-of-plane magnetic field.  

Although chains containing more than six particles occasionally are not com-
pletely disaggregated after a single application of the out-of-plane magnetic field, 
partial disaggregation is still achieved. This partial disaggregation may be expressed 
as a disaggregation efficiency, i.e. the number of obtained single particles, divided 
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Figure 4.8 Disaggregation of magnetic particle chains at a physical surface. (a) Snapshots of the 
simulated disaggregation of a 10-particle chain. Besides obtaining single particles, also smaller 
(out-of-plane oriented) chains are observed. (b) Probability to obtain out-of-plane oriented chains 
with N particles after 10 s of application of the out-of-plane magnetic field. For each initial chain 
size 50 simulations were carried out. The standard error of the mean is represented by the shaded 
area. The black squares correspond to the probability to completely disaggregate a chain into sepa-
rate single particles (i.e. after 10 s, all remaining clusters have a chain length of 1). The percentages 
do not add up to 100%, because, in a single simulation, chains of different length may be obtained, 
e.g. N=1,2,3 (see (a)). (c) Comparison of the disaggregation efficiency as found in simulation and 
experiment. Experimental data points correspond to at least 4 measured chains, i.e. for smaller 
chains more measurements (e.g. 20 two-particle clusters) were performed. 

by the number of particles in the initial chain. In Figure 4.8c this disaggregation ef-
ficiency is plotted and compared to experimentally gathered data (on same particles 
and maintaining the same properties of the external field). It is found that for short 
chains, the simulations indicate complete disaggregation, while the experiments in-
dicate disaggregation efficiencies of about 75%. For longer chain lengths, the ob-
tained efficiency from simulations is similar to that from experimental data. Possible 
causes for this difference are variations in particle size or magnetic content, but also 
a misalignment of the chains with the surface. Variations in particle size or magnetic 
content might influence disaggregation less in case of longer chains. Furthermore, 
misalignment of the chains with the surface is likely for short chains (e.g. due to 
Brownian motion), but for longer chains this will be less, due to the larger size 
which makes Brownian motion slower. 

Finally, we consider the disaggregation of two-dimensional particle clusters, 
i.e. sheet-like formations. Although many different types of configurations are pos-
sible for a certain number of particles within the cluster, we chose to simulate only 
closely-packed and highly symmetric configurations. In Figure 4.9a snapshots are 
shown of the simulation of a 19-particle cluster, configured in a closely-packed hex-
agon. In Figure 4.9b is shown the probability of obtaining a certain chain length 
after application of the magnetic field, for configurations, which are depicted in the 
graph. As can be seen, only for large particle clusters, containing more than ~14 
particles, we find a significant probability to obtain incomplete disaggregation of the 
sheet-like clusters. The disaggregation efficiency (see Figure 4.9c) is also found to 
be high compared to chain simulations with the same number of particles.  
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Figure 4.9 Disaggregation of sheet-like magnetic particle clusters at a physical surface. (a) Snap-
shots of the simulated disaggregation of a 19-particle cluster. Besides obtaining single particles, 
also smaller (out-of-plane oriented) chains are obtained. (b) Probability to obtain out-of-plane ori-
ented chains with N particles after 10 s of application of the out-of-plane magnetic field. For each 
initial sheet size 50 simulations were carried out. The standard error of the mean is represented by 
the shaded area. The black squares indicate the probability to completely disaggregate a sheet-like 
cluster into single particles. (c) Disaggregation efficiency computed from the simulation data. 

An insightful way to compare sheet-like clusters to chain-like clusters is by 
comparing the longest chain length present within the cluster. For example in case of 
a sheet-like cluster containing 14 particles, the longest chain length is four particles 
(see drawing in Figure 4.9b). For this particular cluster, we find a probability of 
about 0.25 to obtain a two-particle chain after application of the magnetic field, 
whereas for a chain-like cluster consisting of four particles, this probability is almost 
zero (see Figure 4.8b). The presence of more particles on the side of the chain ap-
parently reduces the disaggregation efficiency. This can be understood, as for a four-
particle chain within a sheet-like cluster, the additional neighboring particles con-
tribute all to the out-of-plane component of the dipole force (see Eq. 4.2), which will 
result in a faster increase of the height difference between particles when a small 
height difference occurs, e.g. due to Brownian motion. Furthermore, for the com-
pletely surrounded particles, the in-plane component of the dipole force is for a large 
part canceled out, reducing the velocity with which the particles separate. In view of 
Eq. 4.8, the relative movement direction angle with respect to other particles in-
creases more rapidly due to the stronger vertical and weaker horizontal component 
of the forces acting on the particles. A small difference in height between sheet-like 
clustered particles, will therefore sooner lead to vertical re-joining of the particles.  

Nevertheless, comparing the different cluster configurations in terms of the to-
tal number of clustered particles, sheet-like structures lead to more separation than 
chain-like structures. This can be understood as follows. Consider the case of seven 
particles, clustered in a chain-like structure. When applying the out-of-plane mag-
netic field, the horizontal force acting on the centered particles is inhibited strongly. 
For the five centered particles, the repulsive interaction with the nearest-neighbors is 
cancelled out. Only more distant neighbors induce a net displacement, but the result-
ing force is much weaker as it depends on the 4th power of the radial distance. Con-
sequently, the time to reach sufficient separation to prevent any re-alignment is rela-
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tively long. On the other hand, in case the seven particles are structured in a hexago-
nal sheet-like structure, only the horizontal displacement of the centered particle is 
inhibited, but the other particles experience the repulsive interaction of three neigh-
boring particles. Therefore, the time to reach sufficient separation will be much 
smaller for sheet-like clusters as compared to chain-like clusters. 

It is interesting to note that for all cluster configurations the induced dipole-
dipole interaction results in one but often more individual particles. This indicates 
that the repeated application of an out-of-plane oriented field should in principal 
result in the complete disaggregation of magnetic particle clusters. Such an actuation 
protocol is studied in the next section. 

4.4.6 Repeated disaggregation of large particle clusters 

We have studied magnetic actuation protocols aiming to achieve complete disaggre-
gation of magnetic particle clusters. In the previous section, we have shown that the 
single application of an out-of-plane magnetic field to a particle cluster that is 
aligned to a surface results in complete disaggregation only when the particle cluster 

is relatively small, i.e. consisting of less than a 
few tens of particles. Here, we study the repeat-
ed application of the magnetic alignment and 
magnetic disaggregation steps, such as to gradu-
ally break down the particle clusters to smaller 
fragments and finally to single particles. 

Actuation protocols were studied by nu-
merical simulations on a chain-line particle clus-
ter consisting of 23 particles. The snapshots in 
Figure 4.10 show that indeed the application of a 
repetitive protocol can lead to complete dis-
aggregation of the particle chain, within less 
than 10 seconds. Important however in this pro-
tocol is that the part in which the particles are re-
aligned in-plane, is shorter or weaker compared 
to the part in which disaggregation is induced. 
This is because the magnetic dipole-dipole inter-
action force for particles with magnetic moments 

 

Figure 4.10 Simulation of the disaggregation of a particle 
chain consisting of 23 particles by alternatingly applying 
an in-plane field (5 mT for 0.5 s) with an out-of-plane 
field (15 mT for 2 s) to respectively align the (fragment-
ed) chains to the surface and disaggregate the chains into 
smaller chain fragments or separated particles. To keep 
the particles near the surface, a downward force of 0.26 
pN was applied on each particle, corresponding to the 
sum of a field gradient force (2.8 T/m and 0.22 pN) and a 
buoyancy force (0.04 pN). 
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aligned in-plane can be twice as large compared to particles with magnetic moments 
aligned out-of-plane (see Eq. 4.2). For effective disaggregation, the in-plane align-
ment step should not undo the achieved particle separation, but only re-align the out-
of-plane oriented chains to make further disaggregation possible.    

 
Figure 4.11 Magnetic actuation protocol to disaggregate particle clusters. (a) Initial distribution of 
the sedimented magnetic particles. (b) Rotating magnetic particle chains are formed with field 
strength equals 13.7 mT and rotational frequency equals 0.5 Hz. (c) Large rotating clusters of mag-
netic particles are formed. (d) Vertical magnetic field (14.6 mT) is used to break the horizontally 
aligned clusters. (e) Horizontal magnetic field (13.7 mT) is applied to realign the vertical clusters 
with the surface. (f) At the end of the protocol (50 s), the suspension is homogenously distributed 
over the physical surface. 
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Furthermore we studied the application of a repetitive actuation protocol in experi-
ments, to investigate whether even larger and three-dimensional multi-particle clus-
ters can be disaggregated. Starting from a random distribution of particles (see Fig-
ure 4.11a), we formed large particle aggregates by applying an in-plane rotating 
magnetic field for 8 seconds (see Figure 4.11b,c). Subsequently, we repeatedly in-
duced particle disaggregation by sequentially applying out-of-plane (Figure 4.11d) 
and in-plane (Figure 4.11e) magnetic fields at a frequency of 5 Hz. At the end of the 
disaggregation protocol (50 s), the resulting particle suspension was homogenously 
redispersed over the substrate (Figure 4.11f). 

Video-microscopy results from the disaggregation experiment were analyzed 
using computer software (ImageJ) and the results are shown in Figure 4.12. Here, 
both unclustered particles and particle aggregates are defined as individual entities. 
The total amount of the entities and the average amount of particles per entity are 
counted and plotted against time (Figure 4.12a). The corresponding shaded areas 
represent the errors related to the counting statistics.  

In agreement with Figure 4.11, at the beginning of the experiment (t = 0 s), the 
average amount of particles per entity is low and the amount of entities is high. As 
many rotating particle chains form into few rotating clusters, the average size of the 
entities reaches a peak (t  8 s). After applying the breaking protocol (starting at t > 
8 s), both quantities return to the values similar to the beginning of the experiment.  

In a similar way, Figure 4.12b shows the fraction of unclustered particles – or 
single particle entities – during the experiment. For t  10 s, the single-particle frac-
tion decreases from 0.4 to 0 due to the formation of large aggregates. When the dis-
aggregation protocol is applied, the fraction of unclustered particles climbs up to a 
value around 0.3 which indicates a regeneration of 0.3 / 0.4 = 75% within 50 s. 

These results clearly show that the developed actuation protocols can almost 
completely disaggregate large multi-particle clusters.  This indicates that the method 
has a general applicability and is not limited to only minor clustering of particles. 

 
Figure 4.12 Particle analysis of the disaggregation experiment. The light grey areas indicate the 
period of cluster formation. The dark shaded areas indicate the error related to the Poisson distribu-
tion. (a) The total amount of entities (left y-axis) and the average amount of particles per entity 
(right y-axis) are plotted against time. Here, we define both unclustered particles and particle ag-
gregates as entities. (b) The fraction of unclustered particles is plotted against time. 
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4.5 Conclusions  

In summary, we have developed a numerical model to simulate the Brownian dy-
namics of ensembles of magnetic particles in a viscous fluid. To validate the model, 
it was applied to study the dynamics of magnetic field-based disaggregation of su-
perparamagnetic particle clusters near a surface. Disaggregation is achieved by in-
ducing repulsive magnetic dipole-dipole interaction forces between the particles 
aligned at a surface. Numerical simulation results were compared to experimental 
data as a function of magnetic field properties, particle size, cluster size and cluster 
geometry. In case of two-particle clusters, we find that the probability to disaggre-
gate the cluster is strongly determined by the degree of alignment of the cluster with 
the surface, at the instant when the repulsive interaction is induced. The degree of 
alignment for which separation is achieved is found to depend on (i) the size of the 
particles, as this determines the Brownian motion, (ii) the magnetization properties 
of the particles, (iii) the strength of the field gradient, and (iv) the application time of 
the magnetic field. Typical angles with respect to the surface for which separation is 
achieved are on the order of 10 to 15 degrees.  

The probability to reach complete cluster disaggregation scales down with 
cluster size and depends strongly on the cluster configuration. In particular, sheet-
like clusters disaggregate more effectively than chain-like clusters containing the 
same number of particles. A linear configuration (1D) has two limiting effects with 
respect to a sheet-like configuration (2D) with the same number of particles, namely 
(i) a steric hindrance for particle motion toward the cluster extremities for more par-
ticles due to the reduced dimensionality, and (ii) lower repulsive dipole-dipole forc-
es because on average the particles have fewer nearest neighbors. The insights ob-
tained from the numerical simulations will help to improve magnetic field-based 
disaggregation and dispersion of magnetic particles in microfluidic applications. The 
disaggregation method opens new possibilities for magnetic particle based lab-on-
chip applications. For example, the method may be applied to undo magnetic clus-
tering effects that may have occurred in magnetic actuation steps such as for fluid 
mixing and target capturing. Also, a disaggregation step can reset the particle distri-
bution for subsequent labeling or detection steps. 

Most importantly, the method presented in this chapter to numerically simulate 
multi-particle dynamics has a very general applicability for particle-based biotech-
nological assays, because such assays are always performed using ensembles of 
many particles. Examples of assay processes that can be studied and optimized by 
the simulation methodology are surface-binding assays 25, agglutination assays 62, 103, 
methods to perform magnetic washing or apply stringency to particles at a biosensor 
surface 25, 130, 132, and technologies for particle-based target purification and enrich-
ment 50, 99. Simulation results give detailed insights into the fundamental dynamics 
of magnetic particles, allow for a more in-depth interpretation of experimental data, 
and give new ideas on how assays can be controlled and used. We expect that the 
numerical simulation of multi-particle dynamics will be broadly applied and will be 
very useful for the further development of magnetic particle-based bio-
nanotechnologies.  
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4.6 Appendix 

4.A Error analysis of the excluded volume force between particles 

To prevent simulated particles from overlapping, excluded volume forces were im-
plemented, according to Eq. 4.4. However, following its formulation, this force may 
already exert a force on particles which are nearly (but not exactly) in contact. This 
is an non-physical effect, and the distance at which it becomes non-negligible 
strongly depends on the magnitude of , i.e. a numerical constant which determines 
how fast this excluded volume forces decays when the interparticle distance increas-
es. In this respect,  is preferably very large. However, in case of a large value of , 
if the situation occurs in which the particles slightly overlap, a huge repulsive force 
would exerted on both particles, which may result in a huge displacement of the 
particles away from each other when calculating the next positions. Obviously, this 
effect also depends strongly on the used numerical timestep. As a consequence, the 
value of  should be chosen such that the force still exhibits a fast decay in case par-
ticles are slightly separated, while not causing any overshooting effect when the 
particles overlap. 

 
Figure A.1 The effect of the excluded volume force on the numerical outcome for (a) separating 
particles (2.8 m diameter), and (b) re-colliding particles. For both situations, the relative position 
is shown of one of the particles with respect to the other. The initial particle configuration is shown 
in the figures, and the arrow indicates the corresponding starting position within the graph. Simula-
tions were done for different values of , but also for the case of no excluded volume force imple-
mented (black lines). The simulations corresponding to the highest values of  are found to overlap 
with the simulations without excluded volume forces implemented (both are difficult to distinguish 
within the graphs). 

To find the optimal value for , simulations (timestep 10-6 s) were performed of 
two-particle clusters in different configurations and with varying values of . In Fig-
ure A.1 computed trajectories are shown for two starting configurations, i.e. in case 
(a) particles successfully separate or (b) become attracted again after initial separa-
tion. In the figure, also trajectories are plotted in case no excluded volume forces are 
considered (Note that these simulations are stopped after particles re-collide). It was 
found that for values of  above 600, the relative error in computed particle positions 
is smaller than 1%. For values of  above 10000, overshooting is observed as soon 
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as particles re-collide and slightly overlap. Based on these results, it was chosen to 
perform simulations at  = 3000, which contributes to only a maximum relative error 
of 0.2% to the computed particle trajectories.   

4.B Numerical scheme: error analysis 

As a forward Euler method is vulnerable to error propagation, the accuracy of the 
described numerical method was evaluated by varying the size of the timesteps.  

In Figure B.1, the particle separation is plotted for a varying size of the numer-
ical time-step, for the case of two M-270 particles, which are initially aligned at a tilt 
angle of 10 degrees with respect to the surface. It is found that below a numerical 
timestep of 10-4 s, the solution does not improve significantly anymore.  

 
Figure B.1 The influence of the numerical timestep on the computed interparticle distance for the 
case of a two-particle system, at a starting tilt angle of 10 degrees. (a) Decreasing the numerical 
timestep, the solution converges. Note that the lines for a timestep of 10-5 s and 10-6 s coincide with 
the line for a timestep of 10-4 s.  (b) Computed absolute error for different numerical timesteps .  
The inset shows the corresponding relative error. 

More clearly, this is shown in Figure B.1 in which both the absolute and rela-
tive error are estimated for different simulated times. The absolute error is obtained 
by computing the same inter-particle distance using a numerical timestep of 10-8 s 
and assuming this as an accurate estimate for the real solution. The validity of this 
assumption is shown by the result: i.e. a decrease in numerical timestep of a decade, 
results roughly in a decrease in absolute error by a decade. The estimation at a nu-
merical timestep of 10-6 s will therefore be correct to several percent. As shown in 
the inset of Figure B.1 (right), the relative error made using a numerical timestep of 
10-6 s is in the order of 10-5. For other computed trajectories we find similar errors, 
and based on this it is concluded that using a numerical timestep of 10-6 s, the rela-
tive computational error is clearly below 10-3 and thus is negligible. 
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4.C Breaking two‐particle clusters in the absence of a field gradient 

Simulations were performed on 2.8 m magnetic two particle clusters (correspond-
ing to the M270 particles) in the absence of a magnetic field gradient. Since no field 
gradient is present, no force acts on the particles to keep or bring these particles back 
into contact with the physical surface, besides Brownian motion (which is a random 
force).  

Simulations were performed with no limitation to the simulated time (after ap-
plying the out-of-plane magnetic field), other than that the simulation was stopped 
as soon as a two-particle cluster was reformed. By repeating such simulations for 
different initial tilt angles, the average time was determined to reform the cluster. 
Note that all simulations finally resulted in cluster reformation, which is a conse-
quence of the magnetic dipole-dipole interaction. As shown in Figure C.1, the clus-
ter reformation time increases exponentially as the initial tilt angle decreases. From 
extrapolation it is found that at an initial tilt angle of 0º, the average cluster refor-
mation time is in the order of 105 seconds. Note that no simulations of initial tilt 
angles below 10º were performed due to the exponential increase in simulation time 
for lower angles. 

 
Figure C.1 Time required for cluster reformation in the absence of a field gradient force. Note that 
all simulations resulted in cluster reformation and not cluster separation. No data is obtained for 
initial tilt angles below 10 degrees due to the too large amount of simulation time required. The 
datapoints and errorbars respectively correspond to averages over ~50 measurements and the stand-
ard deviation therein. The line corresponds to a fit of the data using the fitting function: y(x)= y(0) + 
A  exp (– Bx). 
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5 
Quantification of              

magnetic particle properties by 

intra‐pair magnetophoresis  

 

The ability to analyze biological material at the single-molecule and single-cell level 
in a highly parallelized fashion will significantly enhance biomedical research and 
in vitro diagnostics in the future. Magnetic particles play an important role in this 
development because such particles can be manipulated by magnetic fields without 
perturbing the biological matter under study. An important requirement is that the 
magnetic properties of the particles are accurately known, with single-particle reso-
lution as well as with good statistics. However, a combined accurate and high-
throughput method for the characterization of the field-dependent magnetization of 
magnetic particles does not yet exist. In this chapter we report intra-pair magneto-
phoresis as a novel method to accurately quantify the field-dependent magnetic mo-
ments of magnetic particles and to rapidly generate histograms of the magnetic mo-
ments with high statistics. We demonstrate our method with particles of different 
sizes and from different sources, with a measurement precision of a few percent. We 
expect that the intra-pair magnetophoresis methodology will be a powerful tool for 
the characterization and improvement of particles for the upcoming field of particle-
based nanobiotechnology.*   

                                                            
*This chapter has been published in: A. van Reenen, Y. Gao, A.H. Bos, A.M. de Jong, M.A. 
Hulsen, J.M.J. den Toonder and M.W.J. Prins, Accurate Quantification of Magnetic Particle Prop-
erties by Intra-Pair Magnetophoresis for Nanobiotechnology. Appl. Phys. Lett. 103, 043704 (2013). 



110    Chapter 5 

 

5.1 Introduction 

Presently a generation of tools is being developed for the biosciences and in vitro 
diagnostics based on acquiring data at the single molecule and single cell level with 
good statistics. An example is the flow cytometer, which collects data of single bio-
logical cells with high throughput and thereby establishes detailed histograms of cell 
population characteristics182. Another example is the field of high-throughput single-
molecule DNA sequencing183-184, where technologies are able to read the bases of 
individual nucleic-acid molecules with high throughput. An important advantage of 
single-cell and single-molecule data compared to ensemble-averaging measurements 
is that high sensitivities are achieved and that deeper insights are gained into the 
biological processes, e.g. into the development of population heterogeneities in 
space and/or in time.185  

Superparamagnetic particles are a potent component in many single molecule 
analysis technologies13, 82, 131-132 because such particles can be manipulated and inter-
rogated by magnetic fields without perturbing the biological matter under study. To 
be able to use magnetic particles in high-throughput methods with single-particle 
and single-molecule resolution, it is important that the size as well as the magnetic 
properties of the particles are accurately known. The size of single magnetic parti-
cles can be accurately determined, e.g. by transmission electron microscopy186, 
scanning electron microscopy or pore sensing187. However, the characterization of 
magnetic properties remains challenging. The magnetic moments of single particles 
have been measured by Brownian motion analysis188, field sensing189-190, and mag-
netophoresis176, 191-192; but the reported methods all suffer from large measurement 
uncertainties (above 30%) because of large uncertainties in the fields and field gra-
dients applied within the reference frames of the particles. 

In this chapter we describe a way to characterize the magnetic field dependent 
moments of magnetic particles with a high accuracy. The high accuracy is achieved 
by recording particle movement in the high and local field gradients generated by 
the particles themselves, see Figure 5.1. We measure the trajectories of pairs of par-
ticles, present in a liquid close to a physical surface in an applied magnetic field, and 
we deduce the magnetic moments from the time dependency of the particle pair sep-
arations. The applied magnetic field is generated by two electromagnets with soft-
iron poles41. The field is applied uniformly to the particles and is repeatedly 
switched between out-of-plane (Figure 5.1b) and in-plane (Figure 5.1c) orientations 
in order to repetitively induce separation and rejoining of the particle pairs at the 
surface (Figure 5.1d). In this intra-pair magnetophoresis method (i) the field gradi-
ents and therefore the magnetophoretic velocities are high, (ii) the applied field 
strength is uniform and well-controlled, and (iii) many particles are simultaneously 
and repetitively measured. In the following we will demonstrate that pair-based dis-
tribution functions can be accurately measured and can be translated into single-
particle based histograms of the magnetic moments, with a measurement uncertainty 
of only a few percent. Furthermore, we will show that repeated measurements can 
be performed on the same particles in order to determine field-dependent magnetiza-
tion curves and grain size distributions within the magnetic particles.  
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Figure 5.1 Sketch of the intra-pair magnetophoresis methodology. (a) The separation S of magnetic 
particle pairs due to magnetic dipole-dipole interactions is measured in (b) out-of-plane and (c) in-
plane magnetic fields. (d) Repeated separation and rejoining of magnetic particles S (black line) at 
different field strengths (blue line) with alternating in-plane and out-of-plane orientation (red line). 
(e) Microscopy images of M-270 superparamagnetic particles at different times, upon application 
of an out-of-plane magnetic field at t = 0. The image is a zoom-in of the total field of view. 

5.2 Methods 

The magnetic moments have been characterized for different types of superpara-
magnetic particles. Suspensions were made by dispersing the particles in PBS buffer 
with 1 mg/ml BSA (to reduce particle-surface interactions) in a small fluidic cham-
ber made of two glass cover slips, separated by a 100 μm thick spacer. The studied 
particles were  2.8 μm, Dynabeads M-270 COOH (Invitrogen);  1 μm, Dyna-
beads MyOne COOH (Invitrogen); and  2.6 μm Micromer PEG-COOH (Micro-
Mod) particles. Imaging was performed using a microscope (50x magnification ob-
jective; Leica DM4500) and a high speed camera (100 frames per second; IDT Mo-
tionPro X3). Typically about 20 particle pairs were simultaneously imaged. Particle 
pairs were excluded from analysis when other particles were present within a dis-
tance of about 15 m. We applied a magnetic field that alternated between out-of-
plane and in-plane orientations at a frequency of 0.5 Hz. Each measurement con-
tained one four-second sequence of the resulting separation and rejoining of parti-
cles. In this way, several consecutive recordings were made, as shown in Figure 
5.1e. The applied field strength was uniform in the plane of the particles, within a 
few percent over a 1 mm2 surface area115. The magnet also creates a field gradient 
toward the surface, which keeps the particles at the bottom surface of the fluid 
chamber. Custom image processing software was used to determine the time-



112    Chapter 5 

 

dependent intra-pair separations r(t) (see Figure 5.2). Particle position tracking was 
based on cross-correlation of the images with a reference image of a particle, which 
gives positional accuracies well below 100 nm.  

5.3 Results 

In an out-of-plane oriented magnetic field, the intra-pair separation, S, increases due 
to the repulsive dipole-dipole forces between the particles with magnetic moments 
m1 and m2, 

0 1 2
4

3
4dd

m m
F

S





 . (5.1) 

This force is opposed by the hydrodynamic drag that acts on the particles when they 
move parallel to the surface180. The corresponding differential equation can be 
solved (see Appendix 5.A) resulting in the following time-dependence of the intra-
pair separation S:   

   5 50 1 2
2
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64

m m
S t t S
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   . (5.2) 

Here  is the dynamic viscosity (10-3 Pa·s for water) and R is the particle radius. 
Due to the very strong distance dependence of the magnetic dipole-dipole force, the 
perturbation of the intra-pair separation due to particles at a further distance is very 
small (a particle at a distance of 10 the particle diameter from the particle pair  

 
Figure 5.2 (a) Intra-pair separation S as a function of time of a single pair of M-270 particles, de-
termined for different field strengths (open circles). The solid curves correspond to fits based on the 
solution of the equation of motion [Eq. 5.2]. The inset shows the same data, but now with the fifth 
power of the intra-pair separation (S5) on the y-axis. The dynamic range of the intra-pair force in 
the experiment is on the order of 103 (ranging from ~10 pN to ~0.01 pN at 16 mT, obtained using 
Eq.5.2 for the smallest and the largest distance). (b) Intra-pair separation measured for repulsive 
interaction and attractive interaction on the same M-270 particle at a field strength of 13 mT. From 
the fits (using resp. Eq. 5.2 and A.8), the determined magnetic moment is (7.18  0.04)  10-14 Am2 
from repulsion data and (7.22  0.03)  10-14 Am2 from attraction data. Comparing the values, we 
conclude that similar values are obtained using both methods. 
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exerts a force that is four orders of magnitude smaller than the forces exerted within 
the particle pair). The observed separation behavior is accurately described by Eq. 
5.2, as shown in Figure 5.2. From the fit, the geometric mean of the magnetic mo-
ments of the particles is determined. In Eq. 5.2 the hydrodynamic particle-particle 
interactions have been neglected; this – see Appendix 5.B – gives a slight overesti-
mation of the magnetic moments, by about 0.8% for the 2.8 µm particles and about 
0.2% for the 1.0 µm particles. Furthermore, we verified that electrostatic forces do 
not play a role in our experiments (see Appendix 5.C).  

In order to measure complete field-dependent magnetization curves, a magnetic 
actuation protocol was implemented in which the current through the electromagnets 
was increased in subsequent repulsion trajectories, as sketched in Figure 5.1d. 
Measurement results for the M-270 particles are shown in Figure 5.3, for the MyOne 
particles in Figure 5.4a and for the Micromer particles in Figure 5.4b. The obtained 
magnetization curves fluctuate around the curve measured by VSM (Vibrating Sam-
ple Magnetometry), as is expected for single-particle based measurements compared 
to an ensemble-averaging method. By fitting the magnetization curves with a log-
normal distribution-weighted Langevin equation, the grain size distribution can be 
obtained (for an explanation see Mihajlovic et al.190). The inset in Figure 5.3 shows 
the obtained grain size distributions (colored lines) and the distribution obtained 
from the VSM measurements (black line). 

 
Figure 5.3 Magnetization curves determined for three individual particle pairs (M-270, denoted by 
open squares, open diamonds and open circles; the error-bars are shown within the symbols). The 
data for all three pairs were collected within a timespan of 40 seconds. The solid circles correspond 
to VSM measurements (Vibrating Sample Magnetometry) performed on an ensemble of the same 
batch of particles. The curves correspond to a log-normal distribution-weighted sum of Langevin 
curves. The best fitting log-normal distribution functions f(mgrain) of the magnetic moments of the 
particle grains are shown in the inset for the four experimental data-sets. From repeated measure-
ments on the same particles, the error in particle magnetic moment per measurement point is found 
to be about 4%. 
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Figure 5.4 Measured and fitted magnetization curves of (a) 1 m MyOne and (b) 3 m Micromer 
superparamagnetic particles. Data-points correspond to different particle pairs, explaining the 
spread. The data is fitted using a log-normal distribution-weighted sum of Langevin curves.190 Fit 
parameters were the distribution center, the distribution width, and the saturation magnetization. 
The best fitting normal distributions are shown in the insets. 

We have recorded the magnetic moments for many particle pairs and different 
types of particles, yielding the histograms in Figure 5.5a. For each pair-averaged 
distribution, there exists a unique original single-particle distribution, because pair-
averaging causes an over-determination of the original distribution. For example: an 
original single-particle distribution with two peaks (m1, m2) gives a pair-averaged 
distribution with three peaks (m1, m2, and m1m2). For the original distribution, we 
assumed a parameterized peak function with three underlying parameters, namely 
the peak position, the peak width and the skewness of the distribution. From the 
original distribution, we calculate the pair-averaged distribution and we apply an 
iterative least-squares optimization routine to find the best fit to the data (see Ap-
pendix 5.D for the details). Figure 5.5a shows that the fitted histograms describe the 
measured data well. In Figure 5.5b the corresponding single particle distributions are 
shown. As expected, the single particle distributions are broader compared to the 
pair-averaged distributions, roughly by a factor 1/2 (also see Appendix 5.E). The 
data and analysis in Figure 5.5 demonstrate that the intra-pair magnetophoresis 
method yields accurate distributions of single-particle magnetizations.  

Table 5.I summarizes the magnetic particle properties obtained by intra-pair 
magnetophoresis, including the properties determined by fitting the magnetization 
curves. Interestingly, the M-270 and the Micromer particles have a similar zero-field 
magnetic susceptibility but the saturation magnetization differs by about a factor 5. 
We conclude that the Micromer particles have a lower magnetic content (explaining 
the lower saturation magnetization) but to achieve the same zero-field susceptibility, 
the grain size needs to be larger, in agreement with the distribution-weighted Lange-
vin fit of the magnetization curves. We find that the saturation magnetization of 
MyOne particles is roughly a factor ten lower than that of M-270 particles. Assum-
ing the same iron density within both particles, a decrease of (2.8/1)3  22 would be 
expected. Since the average grain size is similar in the two particle types, the iron 
density within the MyOne particles must be higher compared to the M-270  
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Figure 5.5 Histograms of the pair-averaged and single particle magnetic moments. (a) Measured 
distributions of pair-averaged magnetic moments for the different types of magnetic particles, i.e. 
M-270, MyOne and Micromer particles at a field of 13 mT. Each histogram corresponds to about 
50 individual measurements on different particle pairs. The curves are obtained by calculating the 
pair averaged moment distribution from the single particle moment distributions in panel b. (b) 
Deduced single particle moment distributions. Asymmetric peak functions are shown of single 
particle moment distributions which lead to the optimal fit of the measured pair-based distributions 
in panel a.    

particles, in agreement with the higher susceptibility found for the MyOne particles. 
We conclude that intra-pair magnetophoresis yields detailed quantitative information 
about the magnetic properties of the different types of particles. 

We can compare intra-pair magnetophoresis to other magnetophoresis tech-
niques. In existing magnetophoresis techniques the field gradients are generated by 
magnets and/or magnetic structures that are external to the particles. The applied 
fields are non-uniform in magnitude and in orientation, which complicates the mag-
netophoretic analysis, limits the analyzable field of view, and gives large uncertain-
ties in the fields and field gradients experienced within the reference frames of the 
particles. In intra-pair magnetophoresis, the field gradients are locally very large 
while the applied field is constant over the surface. The uniformly applied field is 
well-controlled and the analyzable field of view is large. Furthermore, the field gra-
dients are easily reversed by changing the orientation of the applied field, allowing 
repeated measurements on the same particles, including measurements at different 
field strengths so that complete magnetization curves can be established. 
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TABLE 5.I. Magnetic properties of three different particle types quantified by intra-pair magneto-
phoresis.  

Particle 
type 

Particle 
diameter 

[µm] 

Zero-field 
Susceptibility 

 
mp,sat 

a       
[x10-14 Am2] 

FWHM 
/mp,max 

b at 
13mT [%] 

mgrain,mean 
c 

[x104 µB] 
m,grain 

c 

[x104 µB] 

From: supplier magnetization curve histogram magnetization curve 

M-270 2.8±0.1  1.2±0.2 13±1 19±2 5.8±0.8 1.1±0.2 
Micromer 2.6±0.1  0.91±0.15  2.7±0.4  49±7 21±3 1.0±0.3 
MyOne 0.99±0.04 1.7±0.3  1.2±0.1 34±4 6.6±2.0 0.57±0.3 
a mp,sat is the average particle saturated magnetic moment. 
b FWHM/mp,max is the full width at half maximum of the single moment distribution, relative to the peak position of the 
distribution. 
c mgrain,mean and m,grain are the mean and standard deviation of the natural logarithm of the magnetic moment of the grains 
within the particles. 

5.4 Discussion and Conclusions  

Here we discuss the outlook for further development of the intra-pair magneto-
phoresis method. First, it will be interesting to extend the method to the characteri-
zation of smaller particles, i.e. sub-micrometer and nanometer sized particles. Mag-
netic particles can be optically tracked down to very small particle sizes193. Howev-
er, the accuracy of the magnetic moment quantification will decrease if the magnetic 
forces become smaller because Brownian motion becomes more important in the 
particle trajectories. For example, the in-plane pair alignment prior to application of 
the out-of-plane magnetic field is important to reproducibly achieve repulsion be-
tween the particles. Comparing the pair alignment energy by magnetic dipole-dipole 
interaction to the thermal energy, we expect that magnetic particles with a size down 
to 100 nm should be analyzable by the intra-pair magnetophoresis method (see Ap-
pendix 5.G). Another interesting experiment will be to apply intra-pair magnetopho-
resis to mixed particle types. When a first particle type has been accurately charac-
terized, it can be used to analyze a second particle type in a mixed-particle experi-
ment. It will be particularly useful to analyze broadly distributed particles using par-
ticles with a sharp distribution of magnetic properties. Finally, commercially availa-
ble magnetic particles are known to have broad distributions of magnetic properties, 
since in industrial settings the magnetic properties are monitored only by ensemble-
averaging techniques such as Vibrating Sample Magnetometry. The intra-pair mag-
netophoresis method is accurate, rapidly yields statistically relevant data, and it is 
easy to use. We expect that the analysis method will support the development of 
fabrication processes for next generations of particles with sharply defined magnetic 
properties. Used in nanobiotechnological research settings, we expect that the intra-
pair magnetophoresis method will improve the accuracy of highly parallel single-
molecule measurements in magnetic tweezers8, magnetic force-induced dissociation 
experiments130, measurements of the mechanical response of cells to actuated parti-
cles194-195, and of particle-based biosensing techniques to measure protein concentra-
tions25, 103.  

In summary, the intra-pair magnetophoresis method enables the characteriza-
tion of magnetic particle properties with an accuracy of a few percent, with good 
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statistics, yielding histograms and full magnetization curves over a large range of 
field strengths. The technique makes it possible to characterize particles with differ-
ent sizes and does not require complicated fabrication techniques. In addition to ap-
plications in industry, the intra-pair magnetophoresis method will be easily adopted 
by academic research groups, as groups working with magnetic particles already 
have the required infrastructure like microscopes and cameras. We envisage that the 
intra-pair magnetophoresis methodology will be a very convenient tool to character-
ize and improve particles in the emerging field of particle-based nanobiotechnology. 
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5.5 Appendix 

5.A Intra‐pair separation due to repulsive dipole‐dipole interaction between the 

two particles 

In this section, the derivation of Eq. (5.2) is given. This equation describes the cen-
ter-to-center distance, S, between two particles (with radius R) in the presence of an 
external magnetic field B = Bêz. In Figure S1, the definition of the initial configura-
tion is shown. In particular, the two particles with coordinates r1(t) = (x1, y1, z1) and 
r2(t) = (x2, y2, z2)  are initially in physical contact with each other, as well as with a 
physical surface, at z = 0, i.e.: r1(0) = (R, 0, R) and r2(0) = (–R, 0, R). As a conse-
quence, the external magnetic field induces a repulsive dipole-dipole force on the 
particles, causing the particles to separate. 

 
Figure A.1 Sketch of the initial configuration (t = 0) of a particle pair on a physical surface upon 
application of an external magnetic field B. Note that the in-plane component of 

21r
 is equal to S. 

To obtain an equation for the center-to-center distance, we start out from the 
force balance on particle i=1,2 , i.e.: 

dd, drag, 0i i F F  . (A.1) 

Here Fdd is the magnetic dipole-dipole interaction, which is opposed by the Stokes 
drag, Fdrag (Reynolds number  < 10-4, thus inertia may be neglected). For the chosen 
initial particle configuration both forces are only nonzero in the x-direction. Fur-
thermore, x = 0 is located in between the particles, such that x1 = -x2 (in case of equal 
radii of the two particles). Using the general definitions for the forces, the force bal-
ance becomes, e.g. for particle 1 
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Here, r21 is the distance vector, directed from the center of particle 2 to the center of 
particle 1. The absolute center-to-center distance r = |r21| = |r12|. In this case, r21 = (x1 
– x2)êx. Furthermore, m1 and m2 are both oriented along êz, leading to, 
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We still need to include the additional drag caused by the proximity of the particles 
to the physical surface at z = 0. Leach et al.19 have reported an equation to determine 
the effective drag coefficient for a particle moving parallel to a surface: 
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Thus, we obtain for particle 1 (taking z1 = R, since the particle touches the surface) 
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Based on symmetry considerations x1 = ½r (for equally sized particles; see Figure 
S1; and the magnitude of the dipole-dipole force is equal for both particles), leading 
to an inhomogeneous first-order nonlinear ordinary differential equation: 
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This differential equation can be solved by using a separation of variables: 
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Resulting in Eq. 5.2. 

In a similar way, the intra-pair separation for attractive dipole-dipole interac-
tion can be derived: 
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Note this case applies to separated particle pairs  0 2S R in an in-plane magnetic 

field. Furthermore, the magnitude of the magnetic dipole-dipole force for rejoining 
particles is twice that of repelling particles. 

5.B Hydrodynamic interactions between particles 

In a Stokesian regime, a particle moving in a liquid medium induces a variation in 
the fluid velocity field. In a multi-particle system, this effect causes the movement 
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of one particle to induce a hydrodynamic interaction force on another particle. To 
estimate the effect of these hydrodynamic interactions between separating particle 
pairs, we numerically simulate the particle separation behavior, using a forward Eu-
ler algorithm that was reported by Von Hansen et al.179 and Sing et al.196 In particu-
lar, the time discretized form of the Langevin equation for the equation of motion is 
given by 

       self RPB ,i i i i i j jt t t z      r r μ F μ r r F  . (B.1) 

in which ri is the position of particle i, t is the numerical time-step and Fi is the net 
force acting on particle i. To determine the net force on the particle, we include 
magnetic forces and excluded volume forces196 between the particles and the sur-
face. Furthermore, μself (zi) is the self-mobility tensor of particle i, which depends on 
the distance of the particle to the surface (z = 0). Note that the entries of the self-
mobility tensor is equal to the inverse of the Stokes drag corrected using the correc-
tion factors as reported by Leach et al.180 (which we incorporated in Eq. A.5 for par-
allel displacement along the surface). To account for the hydrodynamic interactions 
due to other particles that are moving near a non-slip wall (z = 0), we use a Rotne-
Prager-Blake tensor, μRPB (ri,rj) as an approximation179, 196. This tensor does not only 
account for the hydrodynamic drag on particle i resulting from an external force 
acting on particle j, but also accounts for the interaction with the image of particle j 
with respect to the surface as well as for Stokes and source doublets at the position 
of the image. For the exact equations and further background on the approximation, 
see von Hansen et al.179.  

Using this approach, we can compare the separation behavior of pairs of parti-
cles without hydrodynamic interactions to the separation including hydrodynamic 
interactions. To allow for an exact comparison, Brownian motion was not included 
in the model. In Figure B.1 the computed separation of 2.8 m M270 particles and 
1.0 m MyOne particles is plotted. As expected, hydrodynamic interactions reduce 
the particle velocity. As in intra-pair magnetophoresis the magnetic moment of the 
particles is determined, we determine the influence of hydrodynamic interactions on 
the measured magnetic moment, by applying Eq. 5.2. Compared to the inserted val-
ue of the magnetic moment, we find that neglecting hydrodynamic interactions 
causes an underestimation of the magnetic moment by ~0.8% and ~0.2%, for the 
2.8m and 1.0m particles respectively.  

We reason that the effect of hydrodynamic interactions on the particle separa-
tion in time is minor because only two particles are interacting, and only initially 
these particles are in close contact. Due to hydrodynamic interactions, both particles 
move away from each other at a slightly smaller velocity, but in time this is compen-
sated by the repulsive magnetic dipole-dipole interaction force, which is stronger 
(Fdd  r–4) compared to the case the particles would have already separated further 
away.  

In conclusion, by comparing numerical simulations of the separation of particle 
pairs with and without hydrodynamic interactions, we conclude that hydrodynamic 
interactions have only a minor influence on the particle separation and on the mag-
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netic moments determined from the measurements. Neglecting the hydrodynamic 
interactions in the fits of intra-pair magnetophoresis data causes a slight underesti-
mation of the magnetic moments, by about 0.8% for the 2.8m particles and about 
0.2% for the 1.0m particles. 

 
Figure B.1 Computed trajectories of M270 and MyOne particle particles, with and without hydro-
dynamic interactions (H.I.) between the particles. The numerical timestep was 10 s, but the plotted 
curves contain timesteps of 0.01 s. In case of the MyOne particle pairs, both curves mainly overlap. 
Using Eq. 5.2, we determine the magnetic moment of the particles. 

5.C Electrostatic interactions between particles 

As colloidal particles generally carry a surface charge, electrostatic interactions 
might affect the particle-pair separation behavior. Here we estimate and compare the 
repulsive electrostatic forces that are mutually exerted by the particles. Between two 
particles in a liquid medium, the electrostatic (double-layer) interaction energy be-
tween two spheres of equal size and at a surface-to-surface separation x, is128 

 exp
2es
RE Z x   . (C.1) 

Here  is the inverse Debye length, which depends on the ionic strength of the liquid 
medium, and Z is the interaction potential, which depends on the surface potential 
0 of both surfaces and on the dielectric constant of the medium  , i.e. 
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0
0128 tanh
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zek TZ
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 , (C.2) 

with z the valency of the electrolyte. As an approximation of the surface potential, 
we use the Zeta potential of the particles which we measured using a Malvern  
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Figure C.1 Comparison between the electrostatic interaction and the magnetic dipole-dipole inter-
action between the paired particles. Interactions were computed for both the 2.8 m M270 parti-
cles (solid lines) and 1.0 m MyOne particles (dashed lines) at an external field strength of 1 mT.  

Zetasizer nano ZS. The zeta-potential for all particles (M270, Micromer and My-
One) was found to range between ~30 and50 mV at pH = 7.4 (i.e. in PBS). Note 
that all surfaces were carboxylated, i.e. containing acidic end-groups. 

Using Eq. C.1 and C.2, we can compute the strength of the repulsive electro-
static force on each particle and compare this to the weakest force that was obtained 
for the magnetic dipole-dipole interaction, i.e. the repulsive force at B = 1 mT. As 
shown in Figure C.1, the electrostatic interaction is only significant at a distance of 
up to about 10 nanometers. This distance is small compared to the distances meas-
ured using intra-pair magnetophoresis: from 100 nm up to 10 to 20 m (see Figure 
5.2). As a result, the separation behavior might only be affected during the first 100 
ms after application of the out-of-plane magnetic field. Moreover, in case electro-
static interactions would have been significant, the 5th power of the separation would 
not depend linearly on time. However, as can be seen in the inset of Figure 5.2, such 
nonlinearity is not observed, indicating that the electrostatic repulsion does not cause 
a significant additional separation of the particles during the measurement.  

Based on these arguments, it is concluded that electrostatic repulsion does not 
have a measurable influence on the intra-pair separation behavior of the particle 
pairs, and thus does not influence the characterization of the magnetic moment. 

5.D Translating a pair distribution into a single moment distribution 

The method used to determine the single moment distribution from the measured 
pair-averaged moment distribution is described here. First we describe how a pair-
averaged distribution follows from the original distribution and subsequently the 
applied fitting routine is explained.  
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To determine the transformation of an original distribution to a pair-averaged 
distribution, we first inspect the representation of our measurement data. The pair-
averaged distribution in Figure 5.5a is a plot of two arrays, i.e. one array containing 
the values of the magnetic moment, 

pair-averagedm , and another array containing the 

relative probability, 
pair-averagedp . As an example, let us assume an original distribu-

tion function ( )p m  containing peaks at m = 2 and m = 4, i.e. 

1 2 3 4 5   m  and 0 1 0 1 0   p . From the original distribution, 

the pair distribution may be obtained by first multiplying each value of p with all 

values of p , which corresponds to multiplying two magnetic moments, each inde-

pendently picked from the original distribution:     

T

0 0 0 0 0 0
1 0 1 0 1 0

0 1 0 1 00 0 0 0 0 0
1 0 1 0 1 0
0 0 0 0 0 0

   
   
   
         
   
   
   

pp
,  

T

0 0 0 0 0 0
1 0 1 0 1 0

0 1 0 1 00 0 0 0 0 0
1 0 1 0 1 0
0 0 0 0 0 0

   
   
   
         
   
   
   

pp
,  

with corresponding moments, 

T

1 1 2 3 4 5
2 2 4 6 8 10

1 2 3 4 53 3 6 9 12 15
4 4 8 12 16 20
5 5 10 15 20 25

   
   
   
         
   
   
   

mm
 .  

In order to obtain a pair distribution with constant bin-sizes (e.g. bins with 
2m  ), the above matrices are converted into arrays as: 

pair

pair

[2 4 6 8 10 12 14 16 18]
[0 1 0 2 0 0 0 1 0]





m

p
 .  

Going from the pair distribution to the pair-averaged distribution, we take the 
square-root of the moment values and redistribute the measured counts into an 
equally binned distribution, which leads to  
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pair averaged

pair averaged

[0.5 1 1.5 2 2.5 3 3.5 4 4.5]
[0 0 0 1 0 2 0 1 0]









m

p
 .  

This example shows that indeed three peaks appear in the pair distribution, namely 

at 2
1m , 

1 2m m  and 2
2m , as is expected for an original distribution containing 

1 2m   and 
2 4m   .  

As shown in the example above, we can compute the pair-averaged moment 
distribution starting from the original single particle moment distribution. Converse-
ly, we use this technique to propose a single particle moment distribution and then 
iteratively modify the proposed distribution to achieve a good fit to a measured pair 
distribution. We apply an iterative least-squares optimization routine and for the 
original distribution we use a parameterized peak function with three underlying 
parameters, namely the peak position c, the width w and the asymmetry a. The func-
tion was reported before for similar data transformation purposes. We will briefly 
describe the function here; for more details, see reference 197.  

The used function ( , , , )P c w a  describes a smooth peak function in the range 

of 0 1  ,    

   
2

( , )( , )
sin ( 1)

( , , , ) 1
( ( , ) 1) ( ( , ) 1)

w w g aw g aw
P c w a c c

wg a w wg a





 
 

 
    

 , (D.1) 

where  corresponds to the normalized magnetic moment within a certain range of 
moments, i.e., 0  m  mmax: 

max

m
m

   . (D.2) 

In Eq. D.1  is the Euler Gamma function, and the function ),( ag  is a transfor-

mation of ),( ag   which introduces the asymmetry to the peak function 

  2 3 4( , ) 1g a a x y z          . (D.3) 

The coefficients x, y and z are chosen such that (i) in case of zero asymmetry,
( , 0)g   , (ii) the end-points of the function are unchanged, i.e. (0, ) 0g a   and 

(1, ) 1g a  , and (iii) the peak position 
peak   is unchanged, i.e. 

peak peak( , )g a     and   
peakd 1

d
g

 





  . 

Applying this function in the fitting routine, first a choice has to be made in the 
range of moments (0  m  mmax) over which the function is calculated. The range 
was chosen wider than the range in which pair-averaged values were found. For ex-
ample, in case of the M-270 particle, mmax was chosen to be 13  10-14 Am2, while 
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measured pair-averaged moments only reached 10  10-14 Am2. Second an initial 
guess of all parameters was made, i.e. c = 0.5 (corresponds to a peak at the center: 
peak = 0.5), w = 5 (corresponds to a broad peak), and a = 0 (corresponds to no 
asymmetry). After the initialization, the three peak parameters were fitted one after 
another and the process was repeated until convergence was obtained. 

We note that several parameterizations can be used to solve the transformation 
problem. The validity of the used parameterization is determined by comparing the 
calculated pair distribution with the measured pair distribution, see Figure 5.5a. The 
accurate description of the data makes us conclude that the used parameterization is 
suited to retrieve the single particle moment distributions. In case the measured dis-
tribution would contain more than one peak or a different shape, one may need to 
use superpositions of Eq. D.1 or other more suitable functions (e.g. see reference 
198). 

5.E Gaussian distributions: change in width by pair‐averaging 

Here, an equation is derived to determine the change in width of a Gaussian distribu-
tion in the magnetic moment per single particle, 

1 2m m m    ., as compared to 

width in the pair-averaged distribution, 
1 2avm m m

  . In case both m1 and m2 are 

randomly taken from the same population with 
1 2m m m    , and their average 

value is measured, i.e. 
1 2avm mm with 

1 2avm m m
  .  Then the resulting standard 

deviation in the pair-averaged moment is given by 

1 2

2 2

2 2

1 2
av

av av
m m m

m m
m m

  
    

           
 . (E.1) 

Filling in the definition for the pair-averaged moment: 
1 2avm m m , we obtain 

1 2

2 2

2 12 2

1 22 2avm m m m

m m

m m
   

   
    
   
   

 . (E.2) 

Finally, we use 
1 21 2m m mm m m        (which is valid in case of 

many measurements on different two-particle clusters), we obtain:  

1
2avm m   . (E.3) 

From this it follows that the width in the pair-averaged distribution differs from the 
width in the original (Gaussian) distribution, by a factor of 2-0.5. 
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5.F Influence of the magnetic field due to particle magnetization 

We analyzed the influence of the particle magnetization on the magnetic field of a 
neighboring particle at an intra-pair separation distance r. First of all, we consider 
the magnetic field due to a magnetic dipole: 

   0
moment 5 3

3
4 r r



 
  
  

r m r m
B r  . (F.1) 

In case the external magnetic field, and as a result the magnetic moment, is oriented 
in the ẑe  direction, the magnetic field at a position next to the location of this mo-

ment (i.e. in the plane z = 0) is given by 

0
moment 3

ˆ
4 z

m
r




 B e                   for z = 0 and 0r   . (F.2) 

Using Eq. F.2, we estimate the magnetic field due to a neighboring dipole moment 
with size m for any given intra-particle separation distance. Using the measured 
magnetization curves, as shown in Figures 3 and S5, we computed the ratio between 
the external field Bext and the field induced by a neighboring magnetic moment 
Bmoment, as is shown in Figure F.1. From Figure F.1a, it follows that for the Dynal M-
270 particles, the maximum reduction in field strength is in any case less than 4%. 
Furthermore, the relative reduction in field strength falls off rapidly with increasing 
intra-particle distance, as also follows from Figure F.1b. Comparing this to the 
measured data in Figure 5.2, only a minor effect would be expected in the first ~0.1 
seconds after applying the external field, while measurement data over 5 seconds 
may be recorded. Furthermore, in case this effect would be significant, non-linearity 
should be observed for the r5 –dependence in the inset of Figure 5.2, which we do 

 
Figure F.1 Effect of the magnetic field due to magnetic particle magnetization Bmoment compared to 
the external field Bext. (a) Magnetic induction due to a magnetized particle at distance r, relative to 
the external magnetic field due to the electromagnets. Data corresponds to Dynal M-270 (2.8 m) 
particles. Note that Bext is related to the magnetic moment based on the magnetization curve in 
Figure 3. Data is shown for different particle intra-pair separation distances r. (b) Magnetic induc-
tion due to a magnetized particle in an external field of 15 mT, for different particle types.  
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not observe. Therefore we conclude that magnetization effects on particle-pairs con-
tribute a negligible effect on the magnetic field strength experienced by the particles. 

5.G Estimation of the smallest particle size for intra‐pair magnetophoresis 

The smallest magnetic particle size that may be characterized with intra-pair magne-
tophoresis is foremost limited by the in-plane alignment of the particle pairs, prior to 
the application of the out-of-plane magnetic field. Only if the out-of-plane field is 
orthogonal to the particle pair axis, will a repulsive force be exerted on the particle. 
For in-plane alignment, an in-plane magnetic field is applied. Brownian motion of 
the particles, however frustrates in-plane alignment. Estimating the magnetic align-
ment energy as a function of particle size, and comparing this to thermal energy, 
allows an estimation of the minimum particle size that is suited for intra-pair magne-
tophoresis.  

The alignment of particle pairs to the physical surface is achieved using in-
plane magnetic fields. From the dipole-dipole interaction (see Eq. A.2, the first 
term), it follows that the energetic minimum of this interaction is at alignment of the 
magnetic moments. Based on the dipole-dipole interaction, we can estimate the 
probability that particle pairs (radius R) stay aligned with the external field with an 
angular deviation less than , by assuming a Boltzmann distribution for the different 
states of alignment. More precisely, we define  to be the angle between the mo-
ment vector and the center-to-center vector. The resulting probability function is 
then equal to: 

            
2

20
4

3
1 2 cos 5 cos 2 sin

4( ) exp expdd

m
F h RP R
kT kT


  



 
                  

 

. 

 (G.1) 

Assuming that the magnetic content scales proportionally to the particle size, R3, and 
using the magnetic moment found for the Dynal MyOne particles as a reference, we 
can now estimate the probability that particle-pairs stay aligned in the field with a 
deviation of less than 5. From Figure G.1 it follows that particle-pairs with a radius 
larger than ~100 nm stay aligned with the in-plane magnetic field within 5. For 
these particle sizes, the out-of-plane magnetic field, which immediately follows the 
in-plane field, will induce repulsive interactions. Note however that for particles 
with a smaller radius (e.g. ~75 nm), still ~80% of the particle-pairs will be aligned 
within 5, and thus also allow intra-pair magnetophoresis, albeit with a decreased 
efficiency. Taking this into account, we estimate that the minimum particle size for 
which repulsion should be observable, is about 50 nm in particle radius. It should be 
noted that besides the magnetic dipole-dipole interactions, also a magnetic field gra-
dient oriented toward the surface will improve the in-plane alignment of the particle 
pairs. 



128    Chapter 5 

 

 
Figure G.1. Probability of particle-pair alignment with an external field with an angular deviation 
of less than  = 5, 10 degrees, as a function of the particle radius. The inset shows the probability 
of field alignment within less than  for particles with a radius of 0.5 m (i.e. corresponding to 
Dynal MyOne particles).  

 

 

 

 

 

 

 

 



 

 

6 
Magnetic field‐induced            

rotaphoresis for controlled         

redistribution of magnetic          

particles over a surface 

 

Optimal performance of magnetic particle-based assays in lab-on-chip devices re-
quires a high level of control over the behavior of magnetic particles. By the appli-
cation of magnetic fields, both the individual and the collective behavior of the par-
ticles can be manipulated. However, this ability is often accompanied by the aggre-
gation of the magnetized particles as well as the drift of particles towards external 
magnets. Here, we report a method to overcome these effects by magnetic field-
induced rotaphoresis: the conversion of rotational motion of particles near a sur-
face into effective translational motion. Using experiments and numerical simula-
tions, we show that particles in the vicinity of a physical surface can be moved along 
the surface at several mm/s by using an out-of-plane rotating magnetic field. In ad-
dition, we show that particle clusters within the ensemble are completely disaggre-
gated within a few seconds by increasing the frequency of the rotating field and by 
modulating its amplitude. We demonstrate that this method is effective for particles 
with various sizes and surface properties. As only externally generated magnetic 
fields are used, magnetic field-induced rotaphoresis is a useful tool in the develop-
ment of stationary-fluidic assays on a chip.*    

                                                            
*This chapter is in preparation for publication: A. van Reenen, A.M. de Jong, and M.W.J. Prins, 
Magnetic Rotaphoresis for Controlled Assembly of Colloidal Magnetic Particles at a Solid-Liquid 
Interface. 
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6.1 Introduction 

Magnetic particles are effectively applied in lab-on-chip systems to perform separa-
tion, purification and immunoassays.13, 18, 82 In such applications, magnetic particles 
are used as carriers, substrates or labels because magnetic particles are very versa-
tile: magnetic particles rapidly capture analytes from a liquid due to their high sur-
face-to-volume ratio and have adaptable surface properties;25, 28, 82 magnetic particles 
can be manipulated by using externally generated magnetic fields;25, 115, 119 and mag-
netic particles can be sensitively detected with magnetic and optical fields25, 103, 199. 
In many microfluidic systems, fluids are actively moved on the chip; however, the 
application of magnetic fields to magnetic particles removes the necessity to actuate 
fluids, as the particles themselves can be used as the moving components inside the 
fluid, with advantages for miniaturization, integration, reliability and cost-
effectiveness.  

The use of magnetic particles to control assays consisting of multiple process 
steps, such as washing steps9-11, buffer exchange9-11, analyte capture from liquid25, 28, 

82, sandwich formation25, 62, 103 and 
detection25, 62, 200, requires that the 
particles maintain their effective-
ness over all these steps, and thus 
that their behavior and distribution 
within the fluid volume can be 
controlled. Unfortunately, a high 
level of control over magnetic 
particles is frustrated by the effect 
of particle aggregation in a mag-
netic field due to magnetic dipole-
dipole interactions. Furthermore, 
external (electro)magnets ulti-
mately  act  as  magnetic  point-
sources to which particles are at-  

 
Figure 6.1 Schematic overview of rota-
phoresis applied to an ensemble of mag-
netic particles near a surface. The parti-
cles are kept near the surface for exam-
ple by an applied field gradient. In addi-
tion, a rotating magnetic field is applied, 
rotating out-of-plane, i.e. rotating in the 
plane perpendicular to the surface. The 
field applies a torque to the aggregated 
particles and causes them to rotate. The 
interaction with the surface causes the 
rotating aggregates (i) to translate over 
the surface, (ii) to disaggregate into 
smaller components, and finally (iii) to 
evenly redistribute over the surface. 
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tracted, resulting in particles are attracted, resulting in undesired particle drift, which 
is difficult to overcome with stationary magnets. 

To effectively overcome magnetic particle clustering and drift, we report the 
effect of rotaphoresis: the conversion of rotational motion of particles near a surface 
into effective translational motion, see Figure 6.1. The rotation of chains of particles 
has been studied before with the aim to generate fluid flow in solution41 or fluid flow 
near a surface196; here, rotating chains are studied with the purpose to rapidly trans-
late, disaggregate and redistribute ensembles of particles over a surface. 

In the experiment, the particles are brought in the vicinity of a physical surface 
by a field gradient directed toward the surface, and in addition a magnetic field is 
applied that rotates out-of-plane with respect to the surface. The resulting rotational 
motion of the particle ensemble can translate the ensemble away from magnet poles, 
in a direction opposite to the in-plane magnetic field gradient. Furthermore, we show 
that particle clusters within such an ensemble can be disaggregated by increasing the 
frequency of the rotating field and by increasing the amplitude of the out-of-plane 
component of the rotating field. In experiments and numerical simulations, we 
demonstrate that rotaphoresis can be used to displace and disaggregate magnetic 
particles with various sizes and surface properties. As only externally generated 
magnetic fields are used, the approach is suited for application in particle-based mi-
crofluidic assays that are entirely controlled by magnetic fields. 

6.2 Experimental section 

To show the broad applicability of the approach, several types of magnetic particles 
were used in experiments. Most experiments were performed using 2.8 m diameter 
carboxyl M270 particles from Dynal Biotech. Other particles that were used are, 
from large to small size: 2.8 m diameter streptavidin-coated M270 particles from 
Dynal Biotech; 2.6 m diameter carboxyl micromer particles from Micromod;1.0 
m diameter carboxyl and streptavidin MyOne particles from Dynal Biotech; and 
500 nm diameter carboxyl and streptavidin MasterBeads from Ademtech. Particles 
were suspended in undiluted phosphate buffered saline containing 0.1% bovine se-
rum albumin (Merck) and 0.02% Tween-20 (Thermo Scientific).    

Particle suspensions (of about 0.5 mg/mL) were pipetted in 38 L fluid cham-
bers, assembled by attaching adhesive Secure-Seal Hybridization chambers (9 
mm, height = 0.6 mm; Electron Microscopy Sciences) to a glass cover slip (2222 
mm2 from VWR) that was cleaned beforehand using isopropanol. On the non-
adhesive side, the Hybridization chambers contained a 0.25 mm thick polycarbonate 
sheet containing two inlets to fill the 38 L incubation chamber. This sheet was 
transparent to allow imaging from this side using a microscope (Leica DM6000). 
Before an experiment, the incubation chamber was filled with assay buffer contain-
ing no particles for 30 minutes to block the chamber walls. After blocking, the assay 
buffer was removed from the fluid chamber and the chamber was filled with the 
particle suspension. To prevent evaporation losses, the fluid chamber was sealed 
using adhesive port seals as supplied together with the Hybridization chambers. 
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To apply magnetic fields to the suspended particles, the fluid chamber was 
placed in a 5-pole electromagnet setup as shown in Figure 6.2. The setup consists of 
a quadrupole electromagnet (800 windings with 0.25 mm copper wires) to gener-
ate magnetic fields, oriented in-plane with respect to the bottom surface of the fluid 
chamber (see Figure 6.2a,c). In addition, a separate electromagnet (1600 windings 
with 0.25 mm copper wires) is positioned below the center of the quadrupole elec-
tromagnet to generate perpendicular fields. Using the quadrupole electromagnet, 
magnetic fields can be generated that rotate in-plane, whereas by combining the bot-
tom electromagnet with two opposite electromagnets of the quadrupole, magnetic 
fields can be generated that rotate out-of-plane. To guide field lines to the incubation 
chamber, soft iron parts were implemented in the setup.  

The electromagnets were powered separately using a controller that was 
steered by LabView software. Applied actuation protocols varied in time in terms of 
the amplitude, frequency and shape (i.e. sinusoidal) of the current. The calibration of 
the magnetic field was performed using a Gauss meter (5100 series F.W. Bell) and 
can be found in Appendix 3.A in Chapter 3. 

 
Figure 6.2 A 5-pole electromagnet was used to apply fields in all directions. The setup consists of a 
quadrupole electromagnet and a separate electromagnet oriented orthogonal with respect to the 
center of the quadrupole. (a) Schematic drawing of the center of the setup, indicating the position of 
the magnets and the microscope with respect to the fluid cell. (b) Picture of the 5-pole electromag-
net system. The quadrupole electromagnets are connected via a soft-iron yoke, to guide the field 
lines. (c) Picture of the fluid cell positioned within the center of the 5-pole electromagnet (compare 
to panel a). 

6.3 Numerical methods 

A numerical model ( Matlab, Mathworks) based on Brownian dynamics was used to 
simulate the response of ensembles of magnetic particles to applied magnetic fields. 
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Several methods have been reported to numerically simulate multi-particle behavior 
away from a surface41 or near a surface196. The Brownian dynamics simulation177 of 
an N-particle system involves integrating the following Langevin equation: 

    ran
N

ij ij i
j

U t t
t


      
 

j ji r r
r μ D v  , (6.1) 

where ri is the position of particle i and ij is the mobility matrix approximated by 
the Rotne-Prager-Blake tensor.196 In particular, this tensor accounts for the hydrody-
namic interactions of particles with other particles and the surface; for the explicit 
entries, see for example von Hansen et al.179. Furthermore, U(t) is the time-
dependent interaction potential, that takes into account magnetic dipole-dipole inter-
actions, field gradient forces, gravitational forces, but also excluded volume forces 
to account for steric repulsion between particles and the surface; see Gao et al.41 for 
the implementation applied here. To include Brownian motion of the particles, a 
stochastic random velocity  ran

i tv  is introduced, which follows from the fluctua-

tion-dissipation theorem154, 196:  

   ran ran 2i j B ijt t k T t  r r μ  , (6.2) 

in which rran  is the random position vector, which relates to the random velocity. 
To obtain the random displacement for each particle, we refer to the method as dis-
cussed in Chapter 4 in section 4.2. To compensate for the spatial variation in the 
particle mobility for Brownian motion, the term containing the diffusion tensor Dij = 
kBTij is used in Eq. 6.1.177, 179  

In simulations, Eq. 6.1 is solved with iterative time-steps of t = 2 s which 
was found to be sufficiently small to generate constant results.41, 196 

6.4 Results and discussion 

6.4.1 Rotaphoresis to redistribute particle clusters over a surface 

When exposed to magnetic fields, ensembles of magnetic particles reduce their 
magnetic potential energy by forming clusters, by aligning with the fields, and by 
moving in the direction of field gradients. To overcome these effects, we make use 
of a kinetic phenomenon that we call rotaphoresis, as sketched in Figure 6.1. Rota-
phoresis refers to the translation and redistribution of ensembles of particles over a 
surface, generated by a rotational excitation in combination with a surface interac-
tion. The rotational excitation is applied by a rotating magnetic field and the surface 
interaction is controlled by a field gradient. Rotaphoresis can be achieved in various 
actuation configurations. A straightforward field configuration is the application of a 
rotating field with constant field amplitude and the normal vector of the plane of 
rotation parallel to the surface, as in Figure 6.1. However, the rotating field does not 
necessarily need to be constant, and the normal vector of the plane of rotation can 
also have a component along the surface normal. Therefore, we will report the in-
duced behavior of magnetic particles for different rotaphoretic field protocols. 



134    Chapter 6 

 

 



Magnetic Field‐induced Rotaphoresis for Controlled Redistribution of Magnetic Particles over a Surface  135 

 

Figure 6.3 Effect of different actuation protocols to overcome aggregation and drift of 2.8 μm Dyn-
al M-270 particles. (a) Top-view microscope images for different times and different rotaphoresis 
protocols. (b) From the images, the relative coverage of the surface by particles is determined and 
plotted in the diagram, as a function of time. The applied magnetic actuation is shown in the top-
left 3D diagrams and is as follows: (i) First, aggregation and drift of particles is induced by apply-
ing for 500 seconds (~8.3 minutes) a magnetic field of 6 mT rotating in-plane at 0.1 Hz with re-
spect to the surface on which the particles are initially sedimented. After 500 seconds, different 
actuation protocols are applied: (ii, ) the in-plane rotating field is continued; (iii,) an out-of-
plane rotating magnetic field of 15 mT (20 Hz) with a field gradient of 2 T/m towards the surface. 
Two variations to this rotaphoresis protocol were (iv,) a modulation of the amplitude, i.e. with a 
high out-of-plane component of 15 mT and a small in-plane component of 5 mT, or (v,) a similar 
amplitude modulation combined with a small alternating field component orthogonal to the rota-
phoretic field (2.5 mT, 10 Hz). To redisperse particles over the whole surface and from all sides, 
the field actuation was rotated clockwise over 90º (as seen from the top) for three times and applied 
for 20 seconds in each direction. 

The rotaphoresis experiments start with a homogeneous distribution of parti-
cles on a surface (see Figure 6.3 at t = 0 min, particles are sedimented on a surface) 
to which particle clustering and drift are applied. The clustering and drift are applied 
by a magnetic field that rotates in-plane with respect to the surface (B = 6 mT; f = 
0.1 Hz; for 0-8 min). In Figure 6.3, microscope images show that such a field causes 
the particles to aggregate into rotating chains of that move away from the center of 
the fluid chamber. As a measure for the amount of particles that are present in the 
center of the fluid chamber, images were processed to determine the relative surface 
area that was occupied by magnetic particles within the recorded field of view. As 
shown in Figure 6.3 (black circles), the particle coverage on the surface decreases 
roughly exponentially from initially about 25%, down to 2.5% after 20 minutes. 
After several minutes, the majority of the particles have moved to the edge of the 
fluid chamber, toward the poles of the external magnets. In essence, external mag-
nets act as magnetic point sources, generating in-plane field gradients directed to-
ward the magnets.  

To move the magnetic particles away from magnetic point sources, magnetic 
rotaphoresis was applied. In order to move particles away from all four electromag-
nets of the quadrupole (see Figure 6.2c), the rotaphoretic field was applied to move 
particles successively for 20 seconds in all four directions (i.e., like north, east, 
south, west). After application of the protocol, the in-plane rotation was applied 
again for 500 s (8.3 min), followed by the same rotaphoresis protocol, etc..  

The simplest rotaphoresis actuation protocol is applying a field that rotates out-
of-plane with respect to the surface, combined with a field gradient oriented towards 
the surface to keep the particles near the surface. As shown in Figure 6.3 (orange 
triangles), this protocol causes particles to move away from the edges of the fluid 
chamber (e.g., see the image at t = 9.5 min). In particular, the particle coverage on 
the surface is brought back to ~20%. However, particles are not well dispersed, but 
rather they are aggregated in large multi-particle clusters, as can be seen by compar-
ing the images at t = 0 min and t = 9.5 min. As soon as the in-plane rotating field is 
applied again, the particle coverage drops down again to a similar percentage as for 
the case that no rotaphoresis would have been applied. From these results, we con-
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clude that this rotaphoresis protocol allows displacing particles away from external 
magnetic point sources, but the particles are not redistributed and rather form large 
multi-particle clusters. 

Based on an approach reported by Gao et al.115, a rotaphoresis protocol was 
tested with an out-of-plane component of the rotating field larger than the in-plane 
component. The effect is that after the application of the in-plane field (orienting 
clusters parallel to the surface) the stronger out-of-plane field induces repulsive 
magnetic dipole-dipole interactions between the particles. While disaggregation of 
clusters was observed in recorded movies, for high local particle concentrations the 
particles remain ordered as long chains, as disaggregated particles tend to stay in the 
plane of the rotating cluster and do not sufficiently separate to prevent aggregation. 
As a result, no effective particle redistribution is obtained as shown in Figure 6.3 
(purple diamonds). 

To solve this problem, the rotaphoretic field was made to move its orientation 
in three dimensions instead of two, by also powering the two magnets that are not 
used for generating the out-of-plane rotating field. For example, when the out-of-
plane rotating field is generated by the north and south electromagnet of the quadru-
pole and the electromagnet below the fluid chamber, the east and west magnet are 
also powered using a smaller current and at a lower frequency. This causes the rotat-
ing field to change direction over time: the normal vector of the plane of rotation has 
a component that is parallel to the surface and a time-dependent component along 
the surface normal, i.e., the field shows rotation combined with a wiggling motion 
orthogonal to the rotation direction. As shown in Figure 6.3 (green squares) this 
rotaphoretic field surprisingly causes particle clusters to completely disaggregate, 
and evenly redistributes particles over the surface. Furthermore, the initial particle 
configuration and coverage are retrieved, and subsequent in-plane field rotation has 
a similar effect as it had at t = 0.  Recorded movies showed in more detail that parti-
cles, as they disaggregate, move in layers over the surface. In particular, it is ob-
served that large particle clusters move faster over the surface than small particle 
clusters, and non-clustered particles show almost no translational motion. On a larg-
er scale, it is observed that dense particle concentrations move faster than dilute par-
ticle concentrations. This behavior is characteristic for effective redistribution of 
particles over the surface: groups of particles near the edge (e.g. the west side) of the 
fluid chamber rapidly move towards the center (e.g. to the east side) or another di-
rection (e.g. to the north or south side), and leave behind smaller clusters and finally 
individual particles. The process stops when the particle population is diluted and 
redistributed.  

Based on these results, we conclude that rotaphoresis is able to revert magneti-
cally-induced drift and aggregation of magnetic particles, and to completely redis-
tribute particles over a surface within 80 seconds. Next, we will study the applied 
rotaphoresis in more detail by quantifying the particle velocities and by modeling 
the disaggregation behavior. 
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6.4.2 Particle velocities induced by rotaphoresis 

By means of rotaphoresis, magnetic particles can be efficiently moved over a sur-
face. It is observed that particles move faster when the (local) particle concentration 
is higher, and single particles are almost immobile. We quantified the maximum 
rotaphoretic velocity that can be achieved, when starting out with a dense pack of 
particles that is centered within the fluid chamber using a small ferromagnet: see  

 
Figure 6.4 Maximum velocity induced to magnetic particles (2.8 μm Dynal M-270 particles) by 
rotaphoresis. (a) Microscope image of a concentrated pack of particles with a diameter of ~1.5 mm. 
The red arrow indicates the velocity of the particles at the front. The image is cropped from the 
sides according to the green rectangle to obtain (b) a kymograph of the response of the particles to a 
rotaphoretic field. (c) The velocity of the particles at the front of the pack during rotaphoresis, for 
different amounts of particles, as represented by the inset images with the same relative scales. 
Different amounts were obtained by corresponding dilutions by 1, 3, 9 and 27 times. The applied 
rotaphoretic field rotated out-of-plane at 20 Hz with 5 mT in-plane and 15 mT out-of-plane compo-
nents, combined with an orthogonal field of 2.5 mT, alternating at 10 Hz. 
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Figure 6.4a. Applying rotaphoresis and recording the response, we obtain a kymo-
graph as shown in Figure 6.4b. In the images, a gradient in image brightness is ob-
served that appears behind the moving cluster. The gradient indicates that the parti-
cle density is reduced, in agreement with the fact that clusters break up in increas-
ingly smaller clusters until separate particles are obtained.   

From the kymograph, the velocity of the particles moving at the front can be 
determined; see Figure 6.4c for different amounts of particles. Particle clusters are 
observed to accelerate initially and for larger clusters, higher front velocities are 
obtained, i.e., of several mm/s. At a certain point, the front velocity saturates and 
thereafter decreases. Such a decrease is expected as rotaphoresis gradually lowers 
the local particle density. The observed maximum in the particle velocities is not 
determined by the magnet configuration, as for the different sizes of the packs of 
particles, the maximum is reached at a different position within the fluid chamber. 
For larger packs, the maximum is obtained over a larger distance, because it takes 
longer before the particle concentration at the front decreases (e.g., see the gradient 
in image brightness in Figure 6.4b).  

Concerning the physical background of the collective particle movement, it 
would be interesting to numerically model the observed particle behavior. However, 
this is challenging, as the smallest particle cluster in Figure 6.4 contains still more 
than 100 000 particles. To numerically simulate such a system, for each particle Eq. 
6.1 needs to be integrated, which for each particle includes calculating the hydrody-
namic and magnetic interactions with the other particles. An alternative approach 
might be to consider the particle collection as a magneto-rheological fluid, but this is 
outside the scope of this Chapter. 

The experimentally determined particle velocities are high, i.e., several mm/s, 
which is much larger than the velocities achievable by typical magnetic field gradi-
ents. For example, typical magnetic field gradients (0.1 to 10 T/m) generate magne-
tophoretic velocities up to few tens of m/s for single particles. Thus rotaphoresis is 
a very effective mechanism to move magnetic particles over a surface. 

6.4.3 Disaggregation of particle clusters by rotaphoresis 

In experimental data, rotaphoresis was observed to disaggregate large particle ag-
gregates on almost all relevant length scales, i.e. from mm-sized aggregates down to 
particle clusters consisting of several particles. Here, we are interested in the final 
disaggregation step, where relatively small particle clusters are turned into isolated 
particles, as this is the most challenging to achieve. Large clusters can be broken 
into small clusters by applying a rotating field41 or fields in alternating directions25, 
but more sophisticated protocols are needed in order to achieve complete disaggre-
gation. Figure 6.5 shows that rotaphoresis is capable to disaggregate a relatively 
small particle cluster within two seconds. After 0.08 s, only single particles and two-
particle clusters remain, demonstrating that breaking large particle clusters is easier 
than disaggregating two-particle clusters.  

To better understand the physics underlying the rotaphoresis-induced disaggre-
gation, we simulated a collection of N magnetic particles near a surface by num- 
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Figure 6.5 Microscope images of the disaggregation of a particle cluster by rotaphoresis. The ap-
plied rotaphoretic field rotated out-of-plane at 20 Hz with 5 mT in-plane and 15 mT out-of-plane 
components, combined with an orthogonal field of 2.5 mT, alternating at 10 Hz. 

erically integrating Eq. 6.1. Relatively small particle clusters (e.g., N = 14) were 
simulated, to reduce computational times and efficiently study the influence of the 
many actuation parameters on the particle behavior. 

In simulations, first the different rotaphoresis protocols were applied as in ex-
periments corresponding to Figure 6.3: see Figure 6.6a. In an out-of-plane rotating 
field with constant amplitude, particles formed into rotating chains that erect them-
selves from the surface. Additionally applying a field gradient towards the surface, 
particles still formed chains, but stayed closer to the surface. When also modulating 
the amplitude of the rotating field such that the out-of-plane component was larger 
than the in-plane component, it is found that particle clusters disaggregate almost 
completely. Out of the 14 particles, six particles remained as two-particle clusters 
after two seconds of simulated time. Finally, adding also magnetic actuation in the 
direction orthogonal to the rotating field, it is observed that particle clusters com-
pletely disaggregate into separated particles within 0.32 seconds.  

To study the two latter cases in more detail, we analyzed simulations for differ-
ent sized of the in-plane and out-of-plane components of the rotating field (Figure 
6.6b and c). For both cases, complete disaggregation is obtained for a limited com-
bination of in-plane and out-of-plane fields. In case additional actuation orthogonal 
to the rotating field is applied, the range of possible field components is slightly 
broadened, but mostly for small out-of-plane components. In both cases, the possible 
range of in-plane field components does not increase linearly with the out-of-plane 
field component. This is mainly caused by the saturation in the particle magnetiza-
tion within this regime167, as the magnetic dipole-dipole interaction between parti-
cles depends on the particle magnetization and not directly to the external field. Im-
portantly, these results show that complete disaggregation requires that the in-plane 
fields are smaller than the out-of-plane fields. Mostly likely, this is necessary to pre-
vent the reformation of particle clusters during the actuation.  

Interestingly, the simulations indicate that magnetic actuation orthogonal to the 
rotating field is not required to disaggregate particle clusters, in contrast to experi-
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mental data shown in Figure 6.3. We attribute this to the relatively small particle 
cluster that was simulated. In the recorded movies, particle concentrations are such 
that long, linearly-shaped clusters are formed with widths of several particle diame- 
ters. These clusters are oriented in the plane of the rotating field and in-plane with 

 
Figure 6.6 Simulation of disaggregation induced by a rotaphoretic field. (a) Snapshots of numerical 
simulations of a 14-particle cluster for different rotaphoretic field configurations. The shadows 
indicate the location of the nearby surface. (b) Influence of the relative size of the in-plane and out-
of-plane field components of the rotaphoretic field, for the case that only an out-of-plane rotating 
(20 Hz) magnetic field is applied and a field gradient of 2 T/m. (c) Influence of the relative size of 
the in-plane and out-of-plane field components of the rotaphoretic field, for the case of additional 
actuation orthogonal to the rotating field. 
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respect to the surface; e.g., see the snapshot at 9.5 min in panel iv of Figure 6.3a. 
Such clusters are observed to only translate over the surface at a relatively low ve-
locity. This weak response is caused by several factors. Firstly, due to the relatively 
high frequency of the rotating field, the required hydrodynamic drag is too high to 
erect such large clusters from the surface.41 Secondly, the induced repulsive forces 
between the particles are directed mostly towards the long axis of the clusters, and 
will therefore be largely cancelled. To overcome these inhibiting effects, a field can 
be applied orthogonal to the rotating field. Such a field will cause large particle clus-
ters to also rotate in-plane and thereby break up in smaller clusters that can respond 
to the out-of-plane field rotation. The application of magnetic fields in all three di-
mensions therefore seems essential to control the particle disaggregation. 

Obtained movies and simulations were analyzed in more detail by determining 
the average cluster velocities for different particle chain lengths. As shown in Figure 
6.7, both in experiments and in simulations we observe dispersive translational mo-
tion, i.e., longer chains moved faster compared to shorter chains. This behavior is 
similar as found on a macroscopic scale (Figure 6.4). In particular, the chain velocity 
is found to increase almost linearly with the length of the particle chain. Larger 
chain lengths, however, were not observed for the applied rotaphoretic field, or only 
for times much shorter than the period of the rotating field. This is due to the fact 
that for larger chains the hydrodynamic drag is so large that the chains rapidly break 
up in smaller chain fragments. Shorter chains encounter less hydrodynamic re-
sistance by their rotation, but the presence of the surface enhances the resistance to 
also break up these chains, down to the level of separated particles. We think that 
this behavior, combined with the chain-length-dependent translational motion, is the 
reason for rotaphoresis to be so effective in dispersing magnetic particles over a sur-
face. 

 
Figure 6.7 Average velocity of particle chains with different sizes, as found (a) in experiments and 
(b) in simulations. Errors correspond to the standard deviation in the average velocity for different 
clusters. The lines are drawn to guide the eye. In both cases, the rotaphoretic field rotated out-of-
plane at 20 Hz with 5 mT in-plane and 15 mT out-of-plane components, combined with an orthog-
onal field of 2.5 mT, alternating at 10 Hz. 
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Table 6.1 Overview of rotaphoresis applied to different types of particles. In all cases, applied 
weight percentages were 0.3 mg/mL. Information on the particle size and magnetic properties were 
obtained either from the suppliers or from scientific literature167.  

Particle 
type 

Particle 
diameter 

[m] 

Surface 
functionalization 

Saturation 
magnetization 

[emu/g] 

Maximum 
induced ve-

locity [mm/s] 

Disaggre-
gation 

observed 

Dynal     
M270 

2.8  0.1 Carboxylic acid 7.1  0.5 3.0  0.2 Yes 
Streptavidin  2.6  0.2 Yes 

Protein G  2.7  0.3 Yes 
Micromod 
Micromer 

2.6  0.1 Carboxylic acid 2.6  0.4 2.6  0.2 Yes 

Dynal   
MyOne 

0.99  0.04 Carboxylic acid 13  0.1 4.0  0.3 Yes 
Streptavidin  3.8  0.3 Yes 

Ademtech 
Masterbead 

0.5  0.1 Carboxylic acid 40  5  2.7  0.2 Yes 
Streptavidin  2.6  0.3 Yes 

 

6.4.4 Influence of particle size and surface functionalization 

To assess the general applicability of rotaphoresis, we tested rotaphoresis on differ-
ent types of magnetic particles, as listed in Table 6.1. In particular, we varied both 
the size and the surface functionalization of the particles. For each type, the maxi-
mum induced velocity was measured for the same weight percentage of particles in 
the solution (see Table 6.1). It was found for all particle types that induced particle 
velocities are comparable and not strongly related to the particle magnetization. Fur-
thermore, Figure 6.8 shows that the complete disaggregation for different particles. 
These results show that rotaphoresis is applicable to wide range of particle types.  

It is interesting that the applied protocols are still effective in case the particles 
are functionalized with proteins. Protein-coated particles often suffer from non-
specific interactions128 which causes adhesion between particles. The effectiveness 
of rotaphoretic disaggregation for functionalized particles is important, as this makes 
the method applicable in biological assays based on magnetic particles9-11, 25, 62, 200. 

Finally, we compare magnetic rotaphoresis for particle redistribution to other 
methods that have been reported. To redistribute particles, particle clusters need to 
break up and disaggregate into separate particles. A commonly applied method is to 
simply remove the magnetic field (e.g. see102-103) and allow Brownian motion to sep-
arate clustered particles. However, more often than not particles remain largely clus-
tered, especially when functionalized with reactive molecules (e.g. proteins) and/or 
suspended in regular buffer solutions (which efficiently shield any present surface 
charges) or in complex matrices such as undiluted plasma (clear data on this is 
shown by Ranzoni et al.103). To overcome such adhesive interactions between parti-
cles, the particle functionalization can be optimized103 and magnetic forces can be 
applied. In previous work115, we have shown that the alternated application of in-
plane and out-of-plane magnetic fields can almost completely disaggregate particle 
clusters containing up to 100 particles within 50 seconds. Here, we show complete 
disaggregation within only a few seconds. Moreover, rotaphoresis allows to simulta-
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neously control the transport of particles over the surface, even in the opposite direc-
tion of magnetic field gradients. 

 
Figure 6.8 Microscope images of magnetic particle distributions after rotaphoresis for different 
types or functionalizations of particles. The applied rotaphoretic field is: field rotating out-of-plane 
at 20 Hz with in-plane component of 5 mT and out-of-plane component of 15 mT; orthogonal field 
of 2.5 mT alternating at 10 Hz. 

6.5 Conclusions  

We have developed a method to rapidly and effectively transport and redistribute 
collections of magnetic particles over a surface, by applying magnetic rotaphoresis. 
Rotaphoresis refers to the translation and redistribution of particles by a rotational 
excitation in combination with a surface interaction. The rotational excitation is ap-
plied by a rotating magnetic field and the surface interaction is controlled by a field 
gradient. Experimental data shows that magnetic particles can be moved over a sur-
face at velocities of several mm/s. Experiments and numerical simulations demon-
strate that particle clusters can be completely disaggregated within several seconds. 
Rotaphoresis works for particles with various sizes and surface functionalizations. 

The behavior of ensembles of magnetic particles in time-dependent magnetic 
fields in three dimensions is complex due to the interplay between several magnetic, 
hydrodynamic and steric interactions. This rotaphoresis study shows that very inter-
esting phenomena occur and that such phenomena can be highly controllable and 
useful. Both numerical and experimental tools have been developed to study this 
rather complex regime where many particles interact with the fluid, with each other 
and with interfaces. It will be interesting to further expand the experimental and nu-
merical toolbox, e.g. for studies in different fluids and near fluid-fluid interfaces. 

Rotaphoresis is an effective tool to improve control over magnetic particles in 
lab-on-chip applications where external magnets are used. We expect that rotaphore-
sis will be suited for application in agglutination assays102-103 and surface-based as-
says25, where particles are used as a label to sandwich analytes respectively between 
two particles or between a particle and a sensor surface. Rotaphoresis may help to 
enhance particle-particle or particle-surface contact, or to redistribute particles for 
further processing. As rotaphoresis is completely controlled by externally applied 
magnetic fields and does not require the actuation of fluids, we believe that rotapho-
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resis will be a valuable tool in the development of miniaturized, integrated, and cost-
effective lab-on-chip assays that are entirely controlled by magnetic fields. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

7 
Magnetic field accelerated 

molecular bond formation in 

surface‐binding assays based on 

magnetic particles  
Magnetic particles are used in bioanalytical assays as labels to signal specific mo-
lecular binding at a sensor surface. Here, we report on the use of magnetic fields to 
accelerate the target-induced binding process of magnetic particles to the sensor 
surface. The binding process is largely determined by the dynamic behavior of the 
magnetic particles, which is driven by random thermal motion supplemented with 
applied magnetic forces and torques. We quantify and model the remanent proper-
ties of superparamagnetic particles, by which torques can be applied. Using assay 
experiments and numerical Brownian dynamics simulations, we study the influence 
of magnetic fields to enhance the exposure of the particles to the sensor surface. We 
find that pulsed magnetic fields with varying orientations and field gradients can 
increase specific binding rates by a factor of 3 ± 1, independent of the particle size. 
However, a fraction of particles with captured targets are observed to bind non-
specifically to the surface. This suggests that it will be beneficial to incorporate 
magnetic stringency steps in the actuation protocol, in order to break weak non-
specific bonds while not affecting the specific bonds. The methods presented in this 
Chapter allow further detailed studies on the physical and biochemical interactions 
in particle-based immunoassays, which are expected to lead to actuation protocols 
that enhance the sensitivity and specificity of magnetic particle-based detection as-
says.*   

                                                            
*Parts of this chapter have been published in: A. van Reenen, F. Gutiérrez-Mejía, L.J. van IJzen-
doorn and M.W.J. Prins, Torsion Profiling of Proteins using Magnetic Particles. Biophysical Jour-
nal 104, 1073-1080 (2013); and other parts are in preparation for publication: A. van Reenen, A.M. 
de Jong, M.W.J. Prins, Magnetic field accelerated molecular bond formation in surface-binding 
assays based on magnetic particles. 
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7.1 Introduction 

Micro- and nanoparticles are frequently applied as labels in affinity biosensing for 
the high detection signals per label, the high stability, and the convenient bio-
functionalization of particles201. A disadvantage of using such particles as labels is 
that they diffuse more slowly compared to molecular labels. One way to resolve the 
kinetics limitations is by using superparamagnetic particles which can be actuated 
by magnetic fields. The actuation by magnetic fields has the advantage that transport 
and binding can be accelerated, and that well-controlled stringency forces can be 
applied to the particles, resulting in rapid and compact biosensing systems25, 99, 103.  

An interesting question in the field of particle-based biosensors is how the par-
ticle-to-surface binding process can be measured and modeled, including the influ-
ence of magnetic fields and the role of the small targets that cause the specific bind-
ing between particle and surface. In several magnetic particle-based affinity assays, 
target analytes are first captured from the fluid by the particles and subsequently a 
target-induced molecular sandwich is formed at a planar biofunctionalized sensor 
surface.25, 117, 119, 202 In such assays, the magnetic particles have a diameter ranging 
from 100 nm up to several m, which is much larger than the size of the target ana-
lytes. Due to their size, the magnetic particles can be actuated and detected with 
ease, but the formation of the molecular sandwich at a sensor surface can be hin-
dered by the particle size. To enhance the interaction of particles with the surface, 
several methods have been applied, such as the application of fluid flows118-119, field  

 
Figure 7.1 Formation of a molecular sandwich in a magnetic particle-based assay, accelerated by 
magnetic actuation (red arrows) to bring and keep particles (brown) with captured analytes (green) 
near a bio-functionalized surface. (a) Initially, particles are randomly distributed and oriented due 
to Brownian motion and Brownian rotation. (b) Magnetic field gradients are used to bring particles 
in close contact with the surface and (c) rotating magnetic fields are used to bring captured analytes 
in contact with the surface in order to (d) specifically bind the particles to the surface.  
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gradients111, 118-119 and alternating in-plane and out-of-plane magnetic fields25. Thus 
far, the influence of the applied methods on the particle dynamics have not been 
studied and characterized in detail. 

Here, we present a comprehensive study of the dynamics of magnetic particles 
with captured targets near a reactive surface (see Figure 7.1). To separate the under-
lying physics from the biochemistry that is involved in the binding process, we 
compare numerical Brownian dynamics simulations with experimental data. We use 
a model system of magnetic microparticles and fluorescent nanoparticles as targets 
which bind to a surface via the biotin-neutravidin complex. We use fluorescent na-
noparticles to provide direct information about the bond specificity, as well as to 
simplify the comparison with numerical simulations. Using these tools, we first 
characterize the remanent magnetic properties of superparamagnetic particles, based 
on which the particles can be rotated.134 Subsequently, we study the influence of 
magnetic fields to accelerate and optimize the particle exposure to the surface. Final-
ly we quantify the influence of non-specific interactions in these types of assays and 
discuss how such interactions can be minimized in a magnetic incubation protocol.   

7.2 Methods 

In this Section, we give details on the used experimental model system (see Figure 
7.2a) and explain the experimental protocols used to label particles, characterize the 
particles and perform incubation experiments. Also the numerical Brownian dynam-
ics simulation method is described for simulating a particle with a captured target 
near a surface.  

7.2.1 Materials 

For experiments, superparamagnetic particles (M-270 carboxylated; 2.8 m diame-
ter; from Dynal Invitrogen, Carlsbad, CA) were coated with recombinant protein G 
(Merck Whitehouse Station, NJ) using standard EDC-NHS coupling chemistry as 
described by the manufacturer. Particles were stored in phosphate buffered saline 
(PBS) buffer containing 0.02% Tween-20 and 10 mg/mL BSA. 

As captured targets on the magnetic particles, fluorescent nanoparticles were 
used (Fluospheres®, biotinylated, yellow/green, 0.2 m diameter) which were pur-
chased from Invitrogen (Carlsbad, CA).  

Fluid chambers (Figure 7.2c) consisted of a polystyrene bottom surface (22  
22  0.18 mm3 cover slips; Agar Scientific) that was attached to a glass surface (18 
 18 mm2 cover slips; VWR international) by means of an imaging spacer (Se-
cureSeal™ 0.12 mm thickness and a  9 mm  well; Sigma-Aldrich). In surface 
binding experiments, the polystyrene surfaces were washed and coated with neu-
travidin (Thermo Scientific) by means of physisorption; a 90 L droplet containing 
0.5 mg/mL neutravidin in PBS was pipetted into an unclosed well. After 20 minutes, 
the droplet was removed by means of a pipette and the well was washed by adding 
and removing for five times a droplet of PBS containing 1 mg/mL BSA and 0.01% 
Tween-20. Subsequently, the surface was blocked against non-specific interactions 
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by incubating a 90 L droplet of PBS containing 1 mg/mL BSA and 0.01% Tween-
20 for 10 minutes. In case of no surface binding experiments, only the blocking step 
was performed. Fluid chambers were prepared prior to use.  

To actuate the magnetic particles, we used an adapted version of the magnet 
setup as presented in chapter 3. To enable imaging by the immersion objective, a 
larger soft-iron yoke was made for the quadrupole electromagnet, effectively result-
ing in a further separation of the electromagnets to a final tip-to-tip distance of 23 
mm (see Figure 7.2b). Calibration data of this setup is shown in Appendix 7.A. 

Samples were analyzed using a 63 water immersion objective lens on a Leica 
DM6000M microscope mounted with an EMCCD camera (Luca S from Andor). For 
excitation of the fluorescent particles, an excitation light source (EL6000; from 
Leica) was used in combination with a Leica L5 filter cube. To visualize the fluores-
cent particles and the magnetic particles, images were recorded with combined fluo-
rescence and bright field transmitted light (Figure 7.2d). Images were analyzed us-
ing customized software developed in MATLAB (The MathWorks, Natick, MA) 
and ImageJ.  

 
Figure 7.2 Experimental setup to study the binding of a captured target on a magnetic particle to a 
bio-functionalized surface. (a) Overview of the bound model system consisting of protein G-coated 
magnetic particles with biotin-coated fluorescent nanoparticle as captured targets which bind to a 
neutravidin-coated polystyrene surface. The insets show the involved bio-molecules sketched to 
scale. (b) The 5-pole electromagnet used to actuate (c) the particles in a fluid chamber in the center 
of the magnet system. (d) Microscope image of a fluorescent particle (green) attached to a magnetic 
particle (dark circle) as obtained by combining fluorescence and bright-field transmitted light. The 
bright yellow spot at the center of the particle is an artifact due to the applied bright-field light, and 
it is exploited to track the particle center. The particle orientation is tracked by determining the 
relative position of the fluorescent particle with respect to the center of the magnetic particle.  
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7.2.2 Attaching fluorescent nanoparticles to magnetic microparticles 

Fluorescent nanoparticles were attached to magnetic particles in a two-step assay. 
First magnetic particles (at 2.5107 particles/mL) were incubated with a low concen-
tration (13 pM) of anti-biotin antibodies (Thermo Scientific). The reagents were 
incubated in a 78 L PBS solution containing 1 mg/mL BSA (blocking agent) and 
0.01% Tween® 20 (surfactant), for 50 minutes on a vortexer. Subsequently, biotin-
labeled fluorescent targets (1109 particles/mL, 160 L) were added and incubated 
for 20 minutes on the vortexer. Fluorescent targets were at an excess compared to 
antibiotin antibodies in order to bind all bound antibodies and avoid agglutination. 
After incubation, the magnetic particles were washed using a magnet and redis-
persed in 100 L PBS with 1 mg/mL BSA and 0.01% Tween® 20. Particles were 
immediately used after preparation.  

7.2.3 Characterization of the remanent magnetic moment 

In previous work, it was shown by Janssen et al.134 that the remanent magnetic mo-
ment of superparamagnetic particles can be extracted from the response to a rotating 
magnetic field. The method was shown on a batch of particles, (i.e., Dynal M-280 
particles) which exhibited a surface roughness such that the orientation of the parti-
cles could be tracked from bright-field microscopy data. The particles used in this 
study (i.e., Dynal M-270), are much smoother and do not allow tracking of their 
orientation as easily. We therefore used the 200 nm fluorescent particles to also 
track the particle orientation. Attachment of the fluorescent particles was performed 
in a slightly different way but with the same result (see Van Reenen et al.133 for the 
details). 

In experiments, a droplet of 9 L and 2  104 L-1 magnetic particles was in-
serted in a fluid chamber containing a surface blocked with BSA. The fluid chamber 
was closed and placed under the microscope together with the magnetic setup. The 
particles were allowed to sediment onto the surface by the force of gravity for 2 
minutes. Subsequently a rotating field was applied. Images were recorded (see Fig-
ure 7.2d) and analyzed using customized Matlab software. By determining the cen-
ter of the magnetic particle and the position of the fluorescent particles, the particle 
orientation could be obtained. The orientation of the magnetic particle can be deter-
mined for each frame with an estimated accuracy of 2133.  

7.2.4 Sandwich formation experiments  

The following protocol was used to study the rate at which bonds are formed at a 
reactive surface by a magnetic particle with captured fluorescent targets. First, bio-
tin-coated fluorescent targets were attached to the particles following Section 7.2.2. 
Meanwhile, fluid chambers were prepared with a neutravidin-coated polystyrene 
surface following Section 7.2.1. Subsequently, a 9 L droplet of 2107 magnetic 
particles/mL was pipetted onto the neutravidin surface and the reaction chamber was 
closed using a glass cover slip. The time was recorded at which the droplet was 
placed on the surface. The reaction chamber was put in the center of the 5-pole elec-
tromagnet and a magnetic actuation protocol was started. For control experiments 
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the reaction chamber was not placed in the magnetic setup. After a certain incuba-
tion time – typically several minutes – the incubation was stopped by turning the 
incubation chamber upside down to separate bound from unbound particles by 
means of sedimentation. Finally, the reaction chamber was placed under the micro-
scope to analyze the binding.  

To quantify the binding, images were taken of the particles at the neutravidin-
coated surface as well as of the unbound particles that had sedimented to the glass 
surface. Images of both surfaces – i.e. taken at different heights – corresponded to 
the same lateral position in the reaction chamber. To distinguish specific bonds from 
non-specific bonds, we combined fluorescence with bright-field transmitted light in 
a single image. In case a fluorescent particle was observed near the center of the 
magnetic particle, the particle was considered as being bound specifically. Further-
more, the used exposure time was 5 seconds, which is long enough to let unbound 
fluorescent particles fade out from the images due to their Brownian motion (rrms = 
√(4DRFP) ≈ 7 µm). As bound fluorescent particles are much more restricted in their 
motion due to the bond, these particles remained visible in the images.  

7.2.5 Brownian dynamics simulation of the surface binding reaction 

To support experimental data with theory, a numerical model was used based on 
Brownian dynamics. The dynamic behavior of a magnetic particle with a captured 
target was simulated within the vicinity of a reactive surface.  

The Langevin equation for the displacement of the particle is similar to Eq. 6.1 
but then for a single particle: 

     ran
self selfBU t k T t

t


      


r μ μ v  , (7.1) 

with self the self-mobility of the particle which is approximated by the Stokes drag 
on a sphere, corrected for the vicinity of the surface (compare Eq. 6.1).179-180 The 
second term in Eq. 7.1 is due to the spatial variation of the self-mobility and com-
pensates the flux caused by the position dependent random velocity contribution vran, 
which represents the Brownian motion (also see Eq. 6.2).179 Furthermore, the energy 
potential U(t) consists of a gravitation and a magnetic energy term: 

   3
MP MP fluid

4
3

U t R gh     m B  , (7.2) 

in which g is the gravitational constant, h the height of the particle with respect to 
the surface, m the magnetic moment of the particle and B the magnetic field. MP 
and fluid are the volumetric mass density of respectively the particle and the fluid. 
Following the specifications of the manufacturer, MP = 1.4 103 kg/m3; and the 
fluid density is assumed to be equal to water at T = 293 K: fluid = 1.0 103 kg/m3.  

 We also consider rotation of the particle about each axis 

   ran
self,rot rem,net t

t


   

ψ μ m B ω  , (7.3) 
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with mrem,net the vector describing the size and orientation of the remanent moment 
in the superparamagnetic particle. This orientation is assumed to be fixed with re-
spect to the orientation of the particle, and any rotation applied to the particle is also 
applied to the remanent moment of the particle. The random angular velocity contri-
bution ωran is implemented similar to Eq. 3.6. Last of all, self,rot is the rotational self-
mobility of the particle which is approximated by the Stokes drag on a sphere in the 
vicinity of the surface. Specifically, we use the Faxèn’s correction as reported by 
Leach at el.180 for a sphere rotating about an axis parallel to the surface normal: 

   
||

3
1 1 / 8 /MPR h

 


 ; (7.4) 

and for a sphere rotating about an axis perpendicular to the surface normal: 

       3 6
1 5 / 16 / 15 / 256 /MP MPR h R h

  
 

 . (7.5) 

In Eq. 7.4 and 7.5,   = 8RMP
3 corresponds to the rotational drag coefficient on a 

sphere in a viscous medium. 

 

To simulate the displacement and the rotation of a magnetic particle over time, we 
integrate Eq. 7.1 and Eq 7.3 using a forward Euler algorithm with time-steps of 0.01 
ms. To account for the physical surface, reflective boundary conditions were as-
sumed. The height of the particle at t = 0 is randomly chosen following a Boltzmann 
factor which includes the gravitational energy. The orientation of the particle and the 
magnetic moment at t = 0 is chosen randomly for each simulation. As shown in Ap-
pendix 7.C, for a time-step below 0.2 ms a correct root-mean-square rotation of the 
particle is obtained. 

Finally, we model the captured target on the particle as a reactive sphere with 
radius Rtarget, which represents a bound target particle. In case of a fluorescent parti-
cle that is coated with biotin, we apply Rtarget = 100 nm, and assume binding as soon 
as the target comes into contact with the reactive surface (hit-and-stick behavior). 
This assumption seems valid as the fluorescent particle is completely coated with an 
excess of biotin and the surface is coated with an excess of neutravidin (which has 
four binding sites). Biotin and neutravidin have a high affinity203, and when the sur-
faces come into contact, multiple biotin-groups will come into contact with multiple 
neutravidin molecules. 

7.3 The remanent moment of superparamagnetic particles 

Here, we present the characterization of the remanent moment of the used superpar-
amagnetic particles. Data and observations from experiments were combined in a 
numerical model to determine the remanent moment as well as to obtain insight in 
the magnetization dynamics of superparamagnetic particles. The size and behavior 
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of the remanent moment will determine the fields necessary to rotate particles near a 
reactive surface. 

7.3.1 Response of magnetic particles in a rotating magnetic field 

The remanent moment of Dynal M-270 superparamagnetic particles was character-
ized by studying the rotational response of the particles to a continuously rotating 
magnetic field – similar as reported by Janssen et al.134. The particle rotation fre-
quency was measured for different field strengths and field rotation frequencies 
(Figure 7.3a). Magnetic particles are observed to keep up with the magnetic field 
rotation up to the so-called breakdown frequency. Above the breakdown frequency, 
the average particle rotation frequency declines and a wiggling behavior is observed 
as shown in Figure 7.3b. In a repetitive fashion, particles rotate in the same direction 
as the magnetic field for some time, thereafter slow down, rotate backwards shortly, 
and then rotate along with the rotating field again. The breakdown occurs when the 
magnetic torque cannot overcome the viscous drag that comes along with synchro-
nous rotation of the particle with the field.  

 
Figure 7.3 Experimentally determined rotational response of unbound Dynal M-270 superparamag-
netic particles in a rotating magnetic field. (a) The rotation frequency of an unbound particle as a 
function of the rotation frequency of the applied magnetic field, for field strengths of 5 mT and 10 
mT. The particle continuously follows the magnetic field up to the breakdown frequency. Above 
the breakdown frequency, the particle rotation frequency decreases due to remagnetization of the 
particle magnetic moment (characterized by the wiggles). (b) The angular behavior of a particle for 
a field rotation frequency above the breakdown frequency. The response is plotted for two different 
field strengths (on the x-axis normalized with the field rotation time), showing a different response 
for the two cases. Since the difference is related to the relative orientation of the magnetic field, we 
also show the orientation of the magnetic field as solid grey lines phase-shifted by multiples of 
360. The dotted grey lines correspond to a 180 phase-shift of the magnetic field. For the case of 2 
mT, the particle orientation only shows one wiggle for a full cycle of the field relative to the parti-
cle orientation. For the case of 5 mT, two wiggles are found per full cycle of the magnetic field 
with respect to the particle orientation, indicating uniaxial remagnetization of the remanent moment 
of the particle.  

Janssen et al.134 also observed a breakdown frequency and wiggling behavior 
of magnetic particles, but for a slightly different type of superparamagnetic particles, 
namely Dynal M-280 particles (diameter of 2.8 m), and for fields up to 2 mT. The 
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wiggling frequency appeared to correspond to the difference between the field rota-
tion frequency and the net particle rotation rate, which means that every wiggle pe-
riod corresponds to one full rotation of the field relative to the magnetic particle. 
This observation proves that at low fields the magnetic torque is dominantly gener-
ated by a magnetic moment that has a fixed orientation inside the particle. In later 
experiments on M-270 particles at higher fields, Janssen et al.153 observed a switch-
ing of the magnetization in the particles, but the dynamic properties were not quanti-
fied in detail. 

We have studied the magnetic properties of the M-270 particles by recording 
the breakdown frequency and wiggling behavior at different field strengths. For field 
strengths below 4 mT, we observe the same behavior as reported by Janssen et al.134, 
i.e. every wiggle corresponds to one full rotation of the field relative to the magnetic 
particle; see the black circles in Figure 7.3b. Accordingly, the frequency at which 
wiggles occur is found to be approximately equal to the difference between the field 
rotation frequency and the average particle rotation frequency. However, above 4 
mT we observe a different behavior of the particle, as shown by the orange circles in 
Figure 7.3b. In this case, the wiggling frequency equals twice the difference between 
the field rotation frequency and the average particle rotation frequency. So two wig-
gling cycles occur during one relative rotation of the field with respect to the parti-
cle. In other words, the particle is dragged along with the field twice during one rela-
tive field rotation. This proves that the magnetic moment of the particle reorients 
during one relative field rotation. So at fields above 4 mT the magnetic moment of 
the particle becomes dynamic and has two preferential magnetization directions, 
indicating a dominant uniaxial magnetic anisotropy of the magnetic particles.  

An important consequence of the dynamic magnetic moment is that the size of 
the magnetic moment can no longer be directly determined from the breakdown fre-
quency, because the angle difference between the moment and field becomes uncer-
tain.  

Furthermore, we find that remagnetization of the magnetic moment does not 
occur at a phase difference above 90 between the field and the magnetic moment, 
but well below 90, i.e. at 3510º. This becomes especially clear when analyzing the 
rotational response of particles that are bound to a surface and experience a con-
straint in the orientation as reported elsewhere.133 It is found that the small remag-
netization angle is present for all particles with a variation of ~10% and per particle 
varies less than 4% for repeated remagnetizations.133 

 

Considering the observed uniaxial magnetic anisotropy, a single remanent moment 
remagnetizes only when the coercive field is overcome, i.e. at an angular difference 
between the moment and the field above 90. Nevertheless, smaller angles are ob-
served in experiments. To reconcile this observation with uniaxial anisotropic be-
havior, we consider an effective particle magnetic moment that is built up from sev-
eral independent magnetic moments within the particle.  

At an angle of 35  2, a fraction of moments within the effective particle 
magnetic moment already remagnetizes. For this fraction, the angular difference has 
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to be larger than 90 (or else no remagnetization is possible), and thus their orienta-
tion deviates at least 90 – 35 = 55 degrees from the effective magnetic moment. 
Assuming a symmetric angular distribution of the magnetic moments, the angular 
spread of the magnetic moments has to be at least two times 55, i.e. 110. 

Fast remagnetization of the effective particle magnetic moment can be under-
stood using the following rationale. When a first fraction of magnetic moments has 
remagnetized over 180, the direction of the magnetic torque due to these particular 
moments reverses. As a consequence, the total magnetic torque on the particle de-
creases, leading to a decreased angular velocity of the particle and thus in a larger 
phase lag between the original magnetic moment and the field. Due to this increase 
in the phase lag, more magnetic moments in the particle remagnetize, causing the 
particle to rotate backwards even further. This is repeated until the total moment is 
remagnetized. In this way, partial remagnetization speeds up remagnetization of the 
total magnetic moment, explaining the relatively fast remagnetization of the total 
magnetic moment.   

 

The origin of the observed remagnetization of the particle’s remanent moment can 
be attributed to the anisotropy of the ferrimagnetic (magnetite) grains of which the 
particles consist. Three types of anisotropy are possible: magneto-crystalline, shape 
and surface anisotropy. It was reported by Klaue et al.204, that the saturation behav-
ior of the remanent moment of Dynal M-280 particles corresponds quantitatively to 
values for the magneto-crystalline anisotropy. However, this saturation was ob-
served at relatively large field strengths, over 100 mT, whereas for the M-270 parti-
cles, remagnetization already occurs at 5 mT. These large differences indicate a 
large difference between ferromagnetic properties of different types of superpara-
magnetic particles. Consequently, it is not unlikely that for the M-270 particles other 
forms of anisotropy such as shape anisotropy govern the ferromagnetic behavior 
instead of magneto-crystalline anisotropy. Moreover, based on the uniaxial remag-
netization behavior observed in our experiments, it is unlikely that magneto-
crystalline anisotropy of the grains is the dominant type of anisotropy, because mag-
netite exhibits 4 dominant easy axes. Therefore we exclude magneto-crystalline ani-
sotropy as a possible cause of the ferromagnetic behavior of these particles.   

Since the detailed shape of the magnetite grains is unknown, it is difficult to es-
timate the significance of surface anisotropy. Shape anisotropy however can easily 
allow for uniaxial anisotropy of the grains, as the presence of one elongated dimen-
sion with respect to the others would already cause this type of anisotropy. By esti-
mating the anisotropy energy density for a magnetite prolate spheroid (see Appendix 
7.B), we find that for a deviation larger than 5% in aspect ratio compared to a 
sphere, shape anisotropy already dominates over magneto-crystalline anisotropy.  

Note that one magnetic particle contains a large ensemble of grains with a log-
normal size distribution and a random orientation. Only the large grains contribute 
to the remanent moment of the particle. The net remanent moment can be due to the 
discrete character of a limited number these grains or to a production process that 
does not yield a completely random distribution. 
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Figure 7.4 Overview of the different parameters used to study the remagnetization dynamics of a 
superparamagnetic particle. In the background, a sketch is shown of the cross-section of a super-
paramagnetic particle, showing magnetite grains (brown ovals) with varying shape, size and orien-
tation within a polystyrene matrix (gray). Each grain has its own remanent magnetic moment 
(brown vectors), which adds up to the total remanent magnetic moment of the magnetic particle. 
This magnetic moment remagnetizes as the coercive fields of the separate grains are overcome by 
the magnetic field (orange vector). In experiments, the orientation of the magnetic particle is 
tracked by determining the position of a fluorescent particle (green vector) which is attached to the 
surface of the magnetic particle. 

7.3.2 Numerical model of the remagnetization dynamics 

Based on the observations on the remagnetization behavior of the remanent moment 
of superparamagnetic particles, a numerical model was developed to verify the pro-
posed rationale.  

Essentially, the observed behavior is attributed to a granular distribution of 
remanent moments with an uniaxial magnetic anisotropy within one grain, which 
together add up to a net non-zero magnetic moment (mrem,net) of the particle (see Fig-
ure 7.4). Assuming a discrete distribution consisting of N magnetic grains, the mag-
netic torque m may thus be expressed as follows:  

 m rem, field
1

sin
N

i i
i

B m  


   , (7.6) 

with 

 rem,net ,
1

sin 0
N

rem i i
i

m m 


   .  

Here, B is the field strength; mrem,i is the size of magnetic moment i; field is the field 
orientation and i is the orientation of magnetic moment i. For simplicity, we as-
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sume a distribution of equally sized magnetic moments over a total angular range 
which is less than 180, i.e. 

 m rem, fieldsin with
2

N

i
i N

m B i N    


        . (7.7) 

Note that Eq. 7.7 describes the torque exerted on a distribution of static magnetic 
moments, but remagnetization does not follow from the equation. Remagnetization 
occurs when the coercive field is overcome, and as a consequence i is history de-
pendent. Numerically, this process can be treated by evaluating at each next time-
step the previous orientation of the separate magnetic moments with respect to the 
field orientation. In case the coercive field is overcome, 180 is added to the orienta-
tion of the corresponding magnetic moment i, to reflect the remagnetization. 

Using this approach to compute the magnetic torque at time t, the angular dis-
placement after a certain time-step t is determined following a forward Euler nu-
merical scheme. Specifically, the magnetic torque is balanced with the hydrodynam-
ic drag and inertia is neglected as Reynolds number for this system is much smaller 
than 1 (Re < 10-3 at 10 Hz rotation). From the torque balance, the angular velocity at 
time t can be computed and is used to determine the particle orientation at t + t, i.e. 

    m BR
particle particle 3

drag MP8
t t t t

C R
 

 



       , (7.8) 

with  the dynamic viscosity, Cdrag a correction factor to account for the vicinity of 
the surface, estimated at 1.14 based on the method of reflections205, as reported by 
Leach et al.180; RMP is the particle radius and t is the numerical time-step which is 
set at 0.2 ms. The random torque BR is computed in a similar way as presented in 
Eq. 3.6 (see Appendix 7.C for a validation of the method). The magnetic torque is 

 

 
Figure 7.5 Simulated unbound particle rotation with and without Brownian motion included at a 
field strength of 5 mT and a field frequency of (a) 1.4 Hz and (b) 2 Hz. (Note that ffield = tfield,rot

-1.) 
Simulation time steps were 0.2 ms. A moment distribution is assumed consisting of 22 separate 
magnetic moments of equal size (i.e. 1.5 10-18 Am2), which are equally distributed from -63 to 
+63, in steps of 6. 
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added corresponding to Eq. 7.7 and combined with evaluating whether the coercive 
fields of the separate magnetic moments are overcome. The angular moment distri-
bution is chosen such to obtain a computed torque that is close to the experimentally 
determined magnetic torque and the angle difference upon remagnetization. Specifi-
cally, 22 magnetic moments (2N = 22 in Eq. 7.7) of equal size  = 1.510-18 Am2 are 
spread out over 126 with = 6. 

In Figure 7.5, the simulated time-dependent behavior is shown for a 5 mT 
magnetic field rotating at a frequency of 1.4 Hz (a) and 2 Hz (b). Numerical data is 
shown with and without Brownian rotation included. In particular, for the case of 1.4 
Hz with Brownian motion, the computed curve is similar to the experimental curve 
obtained at this frequency and magnetic field strength, which is shown in Figure 
7.3b. Based on this qualitative agreement, and also on the fact that the simulated 
particles remagnetize at the experimentally observed angular difference – i.e. around 
35 degrees – we conclude that the numerical model accurately describes the experi-
mental data. The numerical model can therefore be used to increase the understand-
ing of the rotational particle behavior.  

Comparing the average particle rotation frequency in Figure 7.5, it is observed 
that for a field rotation frequency of 1.4 Hz, there is a large difference in the rota-
tional behavior if Brownian rotation is included. In case of a field rotation frequency 
of 2 Hz, this difference is much less and Brownian rotation may even lead to a faster 
average particle rotation frequency. 

 
Figure 7.6 (a) Rotation frequency of the particles plotted as a function of the field rotation frequen-
cy, for different field strengths. The open circles (black and grey-scale) correspond to simulations 
including Brownian rotation, whereas the closed circles (red, pink and purple) correspond to simu-
lations without Brownian rotation. The inset shows the comparison between numerically obtained 
breakdown frequencies for the cases with and without Brownian motion. The data is shown as a 
function of the field strength. (b) Schematic representation of the remagnetization of the magnetic 
moment of a single magnetic grain, for the case the magnetic field strength B is low or high, and 
with and without Brownian rotation of the particle (BR). The Brownian rotation of the particle is 
represented by the green arrow, but is also made visible in the orientation of the grain magnetic 
moment (dark brown arrow) as physical orientation of the grain is fixed within the magnetic parti-
cle. In particular note the effect of the different cases on the relative orientation of the field with 
respect to the particle moment (φfield - φi) that is required to overcome the coervice field, Hcoercive,i.  
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To study the influence of Brownian rotation on the particle rotation in further 
detail, the average particle rotation frequency over 20 seconds of simulation was 
determined for different field frequencies and magnetic field strengths as shown in 
Figure 7.6a. It is found that Brownian rotation most strongly influences the rotation-
al behavior of the particles near the breakdown frequency. In particular, the break-
down frequency is lowered due to Brownian rotation. This can be explained as fol-
lows. Just below the breakdown frequency – in case of no Brownian rotation – the 
particle and the field are at a maximum angular difference between field and effec-
tive magnetic moment such that no remagnetization of single magnetic moments 
within the particle occurs. In this configuration, a small increase in the angular dif-
ference causes a first fraction of magnetic moments within the particle to collapse, 
which leads via a cascade of other moments which collapse to fully remagnetize the 
particle. The closer the field frequency is to the breakdown frequency, the smaller 
this increase needs to be for a collapse of the magnetic moment. Brownian rotation, 
however, causes the particle orientation to fluctuate around the equilibrium orienta-
tion, and can trigger such a collapse even when the field frequency is below the 
breakdown frequency. As a result, the experimentally observed breakdown frequen-
cy is lower as expected on a balance between the magnetic torque and hydrodynamic 
drag alone. 

The breakdown frequency both with and without Brownian rotation was de-
termined for different field strengths. In the inset of Figure 7.6a the relative differ-
ence, fBD, excl BM / fBD, incl BM, is shown as a function of field strength. Remarkably, it is 
found that the relative difference is almost constant for the simulated field strengths. 
For increasing field strengths, a smaller relative difference would be expected, be-
cause a higher field rotation frequency is required to reach a collapse of a magnetic 
moment. At higher field rotation frequencies, there is less time to build up Brownian 
fluctuations. It should be noted however that fBD, excl BM / fBD, incl BM does not depend 
linearly on the relative difference in (φfield – φmoment,net) with and without Brownian 
rotation. For example, at 5 mT, this angular difference between field and particle 
moment at the breakdown frequency changes from (511) to (395) for respec-
tively no Brownian rotation and with Brownian rotation included. At a field strength 
of 30 mT, these values are found to be (311) and (262). Thus, for increasing 
field strengths – or: for an increasing breakdown frequency – the decrease in critical 
breakdown angle due to Brownian rotation becomes less (also see Figure 7.6b). In 
spite of this, the corresponding relative decrease in breakdown frequency due to 
Brownian rotation is roughly constant over the range of 5 to 30 mT. Since the simu-
lated data correspond closely to experimental results, we will use this relative differ-
ence to correct for influences of Brownian rotation on the breakdown frequency. To 
that end, a correction factor CBR is defined which is found to be CBR = 1.160.05 
from averaging the numerically determined relative differences in Figure 7.6a. 

7.3.3 Determining the magnitude of the remanent moment 

Based on the previous experimental and theoretical analysis, we can determine the 
remanent moment from the response of superparamagnetic particles in a rotating 
magnetic field. First, we determine the magnetic torque from the angular velocity of 
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particles at the breakdown frequency, BD, by balancing the magnetic torque with 
the hydrodynamic drag: 

  3
m rem,net field drag BR MP BDsin 8Bm C C R         , (7.9) 

with  the orientation of the net magnetic moment and the factors Cdrag and CBR to 
respectively correct for additional drag by the presence of a nearby surface and the 
influence of Brownian rotation on the breakdown frequency, as discussed in the pre-
vious paragraphs.  

In Figure 7.7a, the experimentally determined breakdown frequency is plotted 
as a function of the applied magnetic field strength. On the right axis, the corre-
sponding magnetic torque is given.  

As follows from Eq. 7.9, the net magnetic moment can be determined if the 
relative orientation between the moment and the field is known. As shown in Figure 
7.7b, the angular difference between moment and field at the breakdown frequency 
decreases for increasing field strength. This can be explained by the fact that the 
coercive field of the separate remanent moments in the particle will be overcome at 
smaller angles for higher field strength. 

Finally, using Eq. 7.9 and inserting the magnetic torque (Figure 7.7a) and the 
corresponding angular difference between moment and field (Figure 7.7b), we ob-
tain a value for the remanent moment of the superparamagnetic particles, as shown  

 
Figure 7.7 Quantification of the remanent moment of Dynal M-270 superparamagnetic particles. (a) 
Experimentally determined breakdown frequency of magnetic particles for different magnetic field 
strengths. Using Eq. 7.9, the corresponding magnetic torque exerted on the particles just below the 
breakdown frequency can be determined. An approximate linear relation is obtained in this range of 
field strengths. To compute the remanent moment from the magnetic torque, it is necessary to know 
the relative orientation of the field with respect to the magnetic moment. (b) Experimentally deter-
mined relative field orientation with respect to the magnetic moment of the particle at the moment 
of particle remagnetization. Data originates from another study on the rotation of particles bound to 
a surface133. The different datasets (open and closed circles) correspond to two different particles. 
(c) Using the determined magnetic torque and relative field orientation, the size of the remanent 
moment of the superparamagnetic particles can be computed. The histogram here shows the data 
obtained for 11 different particles at a field strength of 10 mT. The mean and the standard deviation 
in the remanent moment are shown in the figure.  
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in Figure 7.7c. Specifically the average remanent moment is found to be 3.1 10-16 
Am2 with a particle-to-particle variation of 30%. 

It is interesting to note that Klaue et al.204 reported a much larger particle-to 
particle variation of the maximum magnetic torque (~55%) on similar particles (2.8 
m, Dynal M-280). Janssen et al.134 also measured a large particle-to-particle varia-
tion (~70%) of the remanent moment of Dynal M-280 particles – using a similar 
approach as shown here, but without remagnetization. Interestingly, the M-270 par-
ticles exhibit much smaller sustainable torques at the same field strengths (~10 fold 
lower), with a smaller variation (~30%). For the M-280 particles Klaue et al. found 
saturation in the applicable torque (corresponding to overcoming the coercive field) 
at field strengths of ~150 mT. In our experiments with the M-270 particles, the coer-
cive field is already overcome at field strengths of 5 mT, which indicates that the 
internal magnetic structure is very different. Finally, it should be noted that these 
particles are produced for their superparamagnetic properties (i.e. a high magnetic 
susceptibility) and that the remanescence and coercive field which are studied here 
are neither specified nor controlled by the supplier.   

7.4 Binding of particles with a target to a reactive surface 

In this Section, we present results on the rate at which magnetic particles with cap-
tured targets bind to a reactive surface and how this rate can be enhanced by magnet-
ic actuation. Results were obtained using numerical Brownian dynamics simulations 
and experiments on a model system. The numerical simulations were used to deter-
mine the important time-scales for the experiments as well as to develop an ansatz 
for a relevant magnetic actuation protocol to accelerate bond formation in the assay 
experiments. 

7.4.1 Numerical Brownian dynamics simulations  

Based on Brownian dynamics (see Section 7.2.5), we simulated the exposure of an 
isolated particle (RMP = 1.4 m) with one captured target to a reactive surface (see 
Figure 7.8). In the simulations, target radii were chosen of Rtarget = 100 nm or 5.5 
nm, respectively corresponding to the fluorescent particles of the experimental mod-
el system or the hydrodynamic radius of an antibody in buffer165. Furthermore, the 
magnetic particles were subjected to Brownian motion, Brownian rotation, gravity, 
magnetic forces and hydrodynamic interactions. 

First, the particle behavior was simulated in the absence of an external magnet-
ic field. In Figure 7.8a, simulated trajectories of the particle orientation are shown at 
different times. During the first few seconds, Brownian rotation is efficient at expos-
ing the surface area of the particle to the reactive surface. However, over longer 
time-scales, the exposure becomes less efficient and several hundreds of seconds are 
required before almost the complete particle surface has been exposed to the reactive 
surface. This effect is inherent to the random rotation, of which the first moment 
vanishes whereas the second moment increases only linear over time. The rotation 
of the particle is proportional to the square-root of the elapsed time, and thus be-
comes less efficient at larger time-scales.  
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Figure 7.8 Numerical simulation of the exposure of a magnetic microparticle (brown) with a cap-
tured target (green), with and without magnetic actuation. (a) Simulated trajectory (dark green) of 
the orientation of a magnetic particle (RMP = 1.4 m) near a surface in case of no magnetic actua-
tion. (b) Schematic representation of the applied magnetic actuation protocol to accelerate the ex-
posure of the particle surface to the reactive surface. In a pulsed sequence, the magnetic field is 
applied in the orientations indicated by the colored circles. The colors correspond to the time at 
which a certain orientation is applied. The lines aid in visualizing the direction in which the field 
was rotated in subsequent steps. In a single pulse the magnetic field is on for 0.2 s and off for 0.2 s. 
(c) Simulated trajectory of the orientation of a magnetic particle near a surface in case of pulsed 
magnetic actuation as shown in panel b with a field strength of 5 mT. (d) Enlarged view of the 
trajectory for the case of no actuation at t = 300 s. (e) Fraction of bound particles as a function of 
the incubation time with and without actuation and for two target sizes, Rtarget. For each case, data is 
obtained from ~400 repeated simulations of the particle orientation in time and each data-point 
corresponds to a single simulation. A simulation is stopped as soon as the target comes into contact 
with the surface, as shown by the inset illustration. The shaded areas correspond to errors based on 
Poisson statistics. 

To overcome the decrease in exposure efficiency, we applied time-dependent 
magnetic fields in the simulations to make the rotation of the particle proportional to 
the time. It is however important to consider that the application of a magnetic field 
reduces the Brownian rotation of the particle. To still exploit the effects of Brownian 
rotation at short time-scales, magnetic torques should not be too large, but large 
enough to induce particle rotation. To further exploit Brownian rotation, magnetic 
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fields can be applied in pulses, such as to rapidly rotate particles into a particular 
orientation and subsequently enable unrestrained Brownian rotation to maximize the 
particle exposure at the particular orientation. 

Based on these considerations, we studied the effect of the following magnetic 
actuation protocol. In pulses, magnetic fields of B = 5 mT were alternated with no 
magnetic field in steps of 0.2 s. The applied fields were static, but in subsequent 
steps, the orientation of the field was rotated over 20º in a way such that the whole 
surface of the particle was exposed to the surface, as shown in Figure 7.8b. This was 
done by rotating the field (starting from an out-of-plane orientation, i.e.  = 0; com-
pare Figure 7.8b) about different axes which are lying in-plane. More specifically 
axis = 90º and axis was altered after each full rotation in the following way: axis,1 = 
0º; axis,2 = 90º; axis,3 = 45º; axis,4 = 135º; axis,5 = 22.5º; axis,6 = 112.5º; axis,7 = 
67.5º; axis,8 = 157.5º. It should be noted that simply orienting the magnetic moment 
in all possible directions is not enough to expose the complete surface of the particle 
to the reactive surface because the orientation around the moment axis is not affect-
ed by the magnetic field. Using the protocol described above, we circumvent this 
and allow orienting a particle without Brownian motion in all the directions as illus-
trated in Figure 7.8b to the surface. To maximize contact with the surface, a magnet-
ic field gradient was applied with a magnitude of 3.6 T/m and an orientation towards 
the surface. 

Figure 7.8c shows an example of the simulated trajectories of the particle ori-
entation in case the described magnetic actuation protocol is applied. It is found that 
the whole particle surface area is efficiently exposed to the surface by the combina-
tion of magnetic fields and Brownian rotation. After several tens of seconds, nearly 
the whole surface of the particle has been exposed to the surface. 

Simulations were repeated and the time was recorded to bind a captured target 
on the particle surface to the reactive surface. The starting conditions were chosen 
randomly: random values were generated for the particle height, the orientation of 
the remanent moment and the position of the binding site on the particle. The parti-
cle height was determined based on a balance between thermal energy and the 
weight and buoyancy of the particle. In Figure 7.8e, the fraction of bound particles 
as a function of time is shown for four different cases: for particles with targets with 
a radius of 100 nm or 5.5 nm and for passive or active incubation. For both radii of 
the targets, it is found that the applied magnetic actuation protocol (Figure 7.8b) 
results in an increase of the rate at which particles bind to the surface. For targets 
with a radius of 100 nm and 5.5 nm, the incubation time needed to bind half of the 
particles is decreased respectively by a factor of 4.90.6 and 2.30.4. From this it 
follows that the magnetic actuation protocol is less efficient for protein-sized targets, 
but can still half the incubation time.  

  

We explored the effect of magnetic actuation for magnetic particles with a smaller 
size. As the rotational mobility of a particle scales with RMP

-3, the need to enhance 
the rotational mobility for smaller sized particles seems less relevant. However, to 
bind to the surface, the particle also needs to be in contact with the surface. For 
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smaller magnetic particles, the influence of gravity is less and does not keep parti-
cles close to the surface anymore. In this regime, magnetic actuation can be used to 
promote surface contact by using field gradients. Based on this, we studied a similar 
actuation protocol as for larger particles (Figure 7.8b), but (i) with angular steps of 
90º instead of 20º, or (ii) with a fixed and in-plane field orientation in subsequent 
pulses. Applying such protocols to particles with a radius of RMP = 0.25 m, we also 
find an increase in the binding rate (see Figure 7.9). Specifically, in case of alternat-
ing field orientations, the time to bind 50% of the particles is decreased by a factor 
of 3.10.6 for targets with Rtarget = 100 nm, and a factor of 2.80.6 for targets with 
Rtarget = 5.5 nm. In case of a fixed field orientations, the decrease with Rtarget = 5.5 nm 
is only by a factor of 2.10.5. So, for small particle sizes, the binding rate is mostly 
improved by the application of magnetic field gradients to keep particles close to the 
surface. Varying the field orientation on the other hand still has a positive effect on 
the binding rate for small particles.  

 
Figure 7.9 Numerical simulations of the incubation of a 500 nm particle with a single captured 
target at a surface, with and without magnetic actuation. The fraction of bound particles is plotted 
as a function of the incubation time and for two target sizes, Rtarget. The dark red and red open 
squares correspond to a magnetic actuation protocol in which the magnetic field (5 mT) is applied 
for 0.5 s with pauses of 0.5s, and the orientation of the field rotated in subsequent pulses about the 
x-axis and the y-axes in steps of 90º. The blue open squares corresponds to a magnetic actuation 
protocol with the same pulsation, but in every pulse the field is oriented in the same direction: in 
the z-direction. In both cases the field gradient towards the surface is 3.6 T/m. For each case, data is 
obtained from ~150 repeated simulations of the particle orientation in time. The shaded areas corre-
spond to errors based on Poisson statistics. 

Based on these numerical Brownian dynamics simulations, we conclude that 
the application of a – still non-optimized – magnetic actuation protocol can reduce 
incubation times by 2 to 4 times. The effectiveness of magnetic actuation is found to 
be only weakly dependent on the size of the magnetic particle. The simulations 
however do not include all the biological or non-specific interactions between the 
particles and the surface that are present in an actual assay. We assumed that parti-
cles bind upon first contact of the target with the surface, but, in an actual assay, 
reacting proteins only bind within a specific relative orientation. Nevertheless, it is 
not certain whether such constraints would limit the binding process. Depending on 
the manner in which the reacting proteins are attached to the particle and the surface, 
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they can exhibit many fluctuations in their configuration and orientation on the time-
scale of an encounter. While incorporating or studying these effects in the numerical 
model is an interesting direction, it is more interesting to first compare the obtained 
theoretical data with experimental results. 

7.4.2 Experimental results  

The specific binding of magnetic particles with a captured target to a bio-
functionalized surface was quantified. A model system was used comprising protein 
G coated magnetic particles, provided with a few biotin-coated fluorescent nanopar-
ticles that act as captured targets (see section Appendix 7.D for a characterization of 
the number of nanoparticles per magnetic particle). In experiments the particles were 
incubated on a neutravidin-coated polystyrene surface for 2 minutes, with and with-
out the application of a magnetic actuation protocol. The applied actuation protocol 
was exactly the same as described in the previous section and shown in Figure 7.8b. 
To reduce non-specific binding, the neutravidin-coated surface was blocked with 
BSA (see section 7.2.4). After incubation, the incubation chamber was turned upside 
down and both bound and unbound particles were imaged with combined fluores-
cence and bright-field microscopy, by imaging respectively the top and the bottom 
substrate at the same lateral position.  

Figure 7.10a shows an example image of the bound particles after incubation 
with magnetic actuation. In the image both the magnetic particles and the captured 
targets can be distinguished, enabling to determine whether particles were bound by 
means of a specific bond or not. Bonds were considered specific when the fluores-
cent particle (Rtarget = 0.1 m) is located less than approximately 

    75.01.04.11.04.1 22   m away from the center of the magnetic particle 

(RMP = 1.4 m). For larger distances, the fluorescent particles cannot be in contact 
with the surface and bonds were considered to be non-specific.  

Per image, we quantified the number of specific bonds Ns, non-specific bonds 
Nns and unbound particles Nnb. We also characterized the number of captured targets 
on the magnetic particles (see Appendix 7.D) and we determined that ηreactive ≈ 14% 
of the incubated particles contained 1 or 2 targets. To compare results in a clear way, 
we define 
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as the fraction of specific bonds with respect to all magnetic particles within the 
same certain field of view, and 
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as the fraction of specific bonds with respect to the amount of particles within the 
same field of view that contain one or more targets.  
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Figure 7.10 Experimental quantification of the binding of magnetic particles with fluorescent and 
biotinylated targets to a neutravidin-coated surface, with and without the application of time-
dependent magnetic fields. After incubation of 2 minutes, the fluid chamber is turned upside down 
to separate bound from unbound particles. (a) Image of bound particles (dark circles) with com-
bined fluorescence showing the binding sites as smaller white dots. The zoom-in images on the 
right-hand side show a specific bond and a non-specific bond. (b) Histogram showing the fraction 
of particles that have bound specifically, as measured per image. Data is shown as a function of 
fs,total and fs,reactive. (c) Dependence of the fractions of specific and non-specifically bound particles 
on the time after incubation, in case of (i) actuation and (ii) no actuation.  

By analyzing many images, we determined histograms of the fraction of parti-
cles that had bound specifically with and without magnetic actuation (Figure 7.10b). 
After two minutes of incubation, the specific fraction fs,total was larger in case mag-
netic actuation was applied. On average, fs,total was higher by a factor of ~3.3. Con-
sidering only the particles with captured targets, we find that fs,reactive ≈ 0.6 after two 
minutes in case of actuation and fs,reactive ≈ 0.18 in case of no actuation. Compared to 
Figure 7.8e, these fractions are significantly less than found in the simulations, 
where almost complete binding of all reactive particles is expected for both cases 
after two minutes. In simulations, however, non-specific interactions between the 
particles and the surface were not considered, while in experiments non-specific 
binding of particles did occur; as shown for example in Figure 7.10a. 

In Figure 7.10c, the experimentally determined fractions of non-specific bonds 
are shown. In case of magnetic actuation, we found that about 50% of the incubated 
particles were bound non-specifically to the surface, 10 minutes after turning the 
fluid chamber upside down. When no magnetic actuation was applied, only 30% of 
the particles were bound non-specifically to the surface. These fractions are large 
compared to the fractions of specific bonds. In contrast, control experiments in 
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which no neutravidin was incubated on the surface show only about 5% non-specific 
binding of particles. This indicates that the presence of neutravidin at the surface 
enhanced adhesive interactions with the protein G coated particles. Neutravidin has 
a near-neutral isoelectric point of pI = 6.3 and thus carries a slightly negative charge 
(at pH = 7.4), but a smaller charge compared to BSA which has a pI of 4.7.206 As 
protein G-coated magnetic particles are also negatively charged (pI = 4.6), the elec-
trostatic repulsion between the particles and the surface is expected to be weaker for 
neutravidin than for BSA, and thus should lead to less repulsive interactions. The 
strong effect of electrostatic interactions on non-specific binding was also reported 
by De Palma et al.113. Besides this, the application of magnetic fields to bring parti-
cles to the surface increases the contact between the surfaces and will further en-
hance non-specific binding.  

Interestingly, by monitoring the number of (non-)specific bonds over time (see 
Figure 7.10c), we find that the fraction of non-specific bonds decreases within a 
time-span of one hour, while the fraction of specific bonds remains almost constant. 
First of all, these apparently different thermal dissociation rates are an indication 
that both fractions are indeed different types of bonds; in other words, one fraction is 
(relatively) short-lived and non-specific, whereas the other fraction is specific and 
long-lived. Based on the different life-times of the bonds, it is possible to discrimi-
nate the bonds in force-induced dissociation assays. In such assays, stringency is 
applied to the magnetic particles by the application of for example magnetic field 
gradients129-130 or fluid flows118. While stringency can be applied as a washing step 
after incubation of particles at the surface, magnetic fields can also be used to break 
non-specific bonds during incubation as was shown by Bruls et al.25. For the mag-
netic actuation protocols applied here, stringency may be included during a few sec-
onds after a particular number of pulses. 

Overall, these experimental results provide evidence that the application of 
magnetic fields allows accelerating specific bond formation, but also show that 
magnetic actuation makes the assay more susceptible to non-specific interactions. 
Non-specific interactions do not only hinder further detection steps, but also hinder 
the specific bond formation process. Magnetic actuation for the incubation of parti-
cles at a surface should therefore not be focused solely on maximizing the particle 
exposure, but also on overcoming non-specific interactions. 

It is interesting to estimate the potential impact of magnetic actuation to form 
bonds at a sensor surface in case non-specific interactions are overcome. In case of 
200 nm targets, no magnetic actuation would result in a binding probability ps ≈ 0.18 
within two minutes (Figure 7.10c,ii), whereas the magnetic actuation should be able 
to yield ps ≈ 1  (Figure 7.8e). In other words, magnetic actuation would lead to ~6 
times more specific bonds. For more realistic targets (like proteins), data in Figure 
7.8e shows that specific bond formation is slower by a factor of 3. Combined with 
non-specific interactions, we estimate a ps ≈ 0.18 / 3 = 0.06 after 2 minutes without 
actuation. In the same time, magnetic actuation without non-specific interactions 
could result in ps ≈ 0.84 (see Figure 7.8e), which would increase the number of spe-
cifically bound particles by a factor 14. According to these estimations, it is possible 



Magnetic field accelerated molecular bond formation in surface‐binding assays based on magnetic particles  167 

 

to significantly gain in detection signal by actuating magnetic particles to bind tar-
gets to a sensor surface. 

7.5 Discussion and Conclusions  

The dynamics of a magnetic particle near a surface were studied in the context of the 
formation of a target-induced sandwich bond, for the case that a target analyte is 
first captured from the sample fluid by a magnetic particle and subsequently binds to 
a reactive sensor surface.  

First, we characterized the response of a superparamagnetic particle to a rotat-
ing magnetic field. To understand the magnetization behavior of the particles in de-
tail, we developed a numerical model and compared it to experimental data to de-
termine the remanent moment of the particles. Subsequently, numerical Brownian 
dynamics simulations were used to develop a magnetic actuation protocol to accel-
erate binding of a target captured by a magnetic particle to a reactive surface. It was 
found that binding could be achieved within several minutes. To maximize the ex-
posure of particles to the surface, magnetic fields were applied in pulses to rapidly 
rotate particles over large angles and allow efficient particle rotation over smaller 
angles by Brownian rotation. Based on the simulations, we find that magnetic actua-
tion can reduce the incubation times by at least a factor two. Experimental data con-
firmed that magnetic actuation can improve the binding rate, but also emphasize that 
non-specific interactions can significantly inhibit the formation of specific bonds.  

To achieve rapid and specific bond formation in magnetic particle-based as-
says, we conclude that magnetic actuation should consists of: (i) magnetic field gra-
dients to improve contact between particles and the surface; (ii) magnetic fields that 
vary in orientation to enhance the exposure of the particle surface, but applied (iii) in 
pulses to also exploit Brownian rotation; and (iv) magnetic stringency by magnetic 
forces or torques to break weak non-specific bonds during incubation. Based on the 
obtained numerical and experimental data, we estimate in case of micron-sized 
magnetic particles that magnetic actuation can increase specific bond formation with 
captured proteins by at least one order of magnitude. In case of nanometer-sized 
magnetic particles, we expect that the effect is less, as magnetic actuation is less 
important to expose the particle surface to the reactive surface, but magnetic actua-
tion is still important to reduce the effects of non-specific interactions.  

The proposed magnetic actuation protocol has a large amount of features. In-
terestingly, the required fields and field gradients can in principle be generated by a 
system with only three electromagnets placed in a plane orthogonal to the reactive 
surface, i.e. a simplified version of the system in Figure 7.2b. Furthermore, the mag-
netic fields do not need to be strong and only need to be applied for short durations. 
This limits heating effects caused by the electromagnets. 

The insights from this study were obtained using a model assay in which 200 
nm fluorescent particles were used as targets that were captured by a magnetic parti-
cle. In a diagnostic immunoassay, the target will most often be a protein, and thus 
smaller than the fluorescent particle. From the numerical simulations we find that 
magnetic actuation is still effective, but less, for smaller targets. Concerning the flu-
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id matrix, in this study we focused on fluids with a viscosity similar to water. In 
practice, the viscosity may be higher, for example when the whole assay is per-
formed in a biological fluid such as blood or saliva. In such cases, random rotation 
of the particles will decrease and the impact of magnetic actuation can be even larg-
er, as magnetic fields can be used to overcome the additional viscous drag. 

Finally, the combination of numerical simulations with the model assay can be 
an interesting approach to further study molecular binding interactions, including 
specific and non-specific interactions with corresponding association and dissocia-
tion rates. For example, the influence of the protein binding affinities on the binding 
rate can be studied; but also the potential energy landscapes corresponding to the 
specific interactions in terms of relative distance and orientation of the binding sites.  

In conclusion, we have presented a comprehensive methodology to study bind-
ing interactions in particle-based sandwich immunoassays. We have shown that dy-
namic magnetic actuation can be used to improve the rate of target-induced binding 
in surface-binding assays. The obtained results and insights provide a solid basis to 
further study and develop high-sensitivity magnetic particle based assays for point-
of-care diagnostics.  

   



Magnetic field accelerated molecular bond formation in surface‐binding assays based on magnetic particles  169 

 

7.7 Appendix 

7.A Calibration of the magnetic setup 

 
Figure A.1 Calibration data of (a) the in-plane magnetic field and (b) the out-of-plane magnetic 
field at the position of the fluid cell. The inset images show a side cross-section of the magnet setup 
in which the magnets are indicated that are used to apply a magnetic field at the position of the fluid 
cell. Magnetic fields were measured using a Gauss meter (5100 series from F.W. Bell). We 
acknowledge Stefano Cappelli, who performed the measurements. 

7.B Comparing magneto‐crystalline anisotropy with shape anisotropy 

Here the magneto-crystalline anisotropy and shape anisotropy of the magnetite 
grains in the superparamagnetic particles are estimated and compared.  

Magnetite has a face centered cubic (fcc) inverse spinal crystal structure with a 
lattice constant of 0.8397 nm.207 Its magneto-crystalline anisotropy energy density 
uma may be described as 

 
 

2 2 2 2 2 2
1 1 2 2 3 3 1

2 1 2 3

cos cos cos cos cos cos

cos cos cos
mau K

K

     

  

  


 , (B.1) 

with K1 and K2 the first and second order anisotropy constants, i.e. -1.35·104 J/m3 
and -0.44·104 J/m3 at 300 K respectively.208 θ1, θ2 and θ3 are the angles between the 
magnetization and the three crystal axes, i.e. along the x, y and z axis. Minimizing 
this equation, the first order solution yields four easy axes: along the <111>, <11-1>, 
<1-11> and <1-1-1> direction; and three hard axes along the three crystal axes x, y 
and z: resp. <100>, <010> and <001>.  

If an external magnetic field is applied in any arbitrary direction with respect to 
a magnetite grain, the magnetization of the grain will orient itself in such a way that 
the anisotropy energy is balanced to the magnetic energy. Due to the anisotropy, the 
final orientation will depend on the history of the grain’s magnetization. To change 
the magnetization from one easy axis to another, an energy barrier has to be over-
come, which is 0.55·104 J/m3 at maximum and 0.2·104 J/m3 at minimum, as follows 
from Eq. B.1.   

 



170    Chapter 7 

 

Besides the crystal structure of the magnetite grains, the shape of the grains may 
also cause preferential directions for the magnetization, i.e. shape anisotropy. The 
strength of shape anisotropy on a magnetized object can be determined by estimat-
ing the demagnetizing field for a particular magnetization direction. For a sphere, 
the demagnetizing field is the same in any direction and no shape anisotropy is pre-
sent. However, it is unlikely that the shape of the magnetite grains is perfectly spher-
ical, but rather a spheroid with different axis lengths. For simplicity, we estimate the 
strength of the shape anisotropy for two simplified cases: a prolate and an oblate 
spheroid.  

The demagnetizing field, Hd, along the different principal axes of the spheroid, 
is 

, , , , ,d i dm i iH N M i x y z    , (B.2) 

with Ndm the demagnetizing factor, which depends on the shape of the spheroid. M is 
the magnetization and it is equal to the saturation magnetization of the grain, since 
each grain acts as a single domain (grain diameters are typically smaller than 15 
nm).209 The saturation magnetization may be calculated by using the mass density of 
Fe3O4 (ρ = 5.17 gr/cm3)210, the molar mass (Mr = 232 g/mol), Avogadro’s number NA 

and the magnetic moment of a Fe2+ atom (
43OFe = 4.6·10-23 J/T)210, i.e. 

3 4

5 3 16.2 10 Jm TA
sat Fe O

r

NM M
M


       . (B.3) 

In order to obtain convenient equations for the demagnetizing factors for a spheroid 
with semi-axes a, b and c resp. in the z, x and y direction, it is assumed that 

a b c   ,   

in case of a prolate spheroid and  

b c a   ,    

in case of an oblate spheroid. The corresponding demagnetizing factors in these di-
rections will be labeled Nz, Nx and Ny. For a prolate spheroid, the demagnetizing 
factors have been reported211-212 to be  
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with the aspect ratio defined as m = a/b > 1. For an oblate spheroid these equations 
are 
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where n = b/a = m-1 > 1. 

The anisotropy energy density equals the inner product of the demagnetizing 
field with the magnetization: 
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where the factor 2 is inserted since it concerns the self-energy of the system. Comb-
ing Eq. B.6 with Eq.’s B.4 and B.5, the energy density is calculated for the case that 
the magnetization orients along the easy axis or along the hard axis for different as-
pect ratios of a/b (see Figure B1).     

 
Figure B.1 The energy density along the z and x-axis for different types of rotating spheroids. For 
a/b < 1 the spheroid is oblate, while for a/b > 1 it is prolate. As is shown by the drawn spheroids, 
the volume of the grains kept constant for different aspect ratios. Note that for a sphere the energy 
density is the same in both directions, so it does not exhibit shape anisotropy. 

In Figure B.1, the hard axis can be identified as the direction in which the energy 
density is at a (local) maximum while for the easy axis the energy density is at a 
(local) minimum. To compare the strength of shape anisotropy with the magneto-
crystalline anisotropy for a single grain, the aspect ratio is determined at which the 
energy difference between the easy and hard axis is the same for both types of ani-
sotropy. For a prolate spheroid, this is at an aspect ratio of 1.06, while for an oblate 
spheroid this is at an aspect ratio of 0.95. These aspect ratios are close to almost 
spherical magnetite grains. Thus, unless all the grains are spherical, it can be con-
cluded that the shape anisotropy dominates the magneto-crystalline anisotropy. 
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7.C Validation of numerical Brownian rotation 

The numerical scheme for Brownian rotation was validated by setting the magnetic 
torque to zero, i.e. via B = 0. As a typical timestep, 0.2 ms was taken and the numer-
ical scheme was executed. As shown in Figure C.1, the angular displacement due to 
Brownian rotation is accurately simulated using Eq. 7.8 with t = 0.2 ms. The dis-
placement after a single time-step as well as after many time-steps agree with the 
root-mean-squared values (2Drott)

0.5 as expected based on a rotational diffusion con-
stant according to the Stokes-Einstein relation. 

 
Figure C.1. (a) Histogram of computed angular displacement due to Brownian motion over 0.2 ms. 
In total 50.000 computations were made to obtain the distribution. The black curve represents a 
Gaussian distribution with the width which corresponds to the root-mean-squared angular dis-
placement as analytically expected for Brownian rotation. (b) Simulated angular displacement over 
time in the absence of a magnetic torque. The simulated time-step is 0.2 ms. The black curves rep-
resent the analytically expected rms angular displacement due to Brownian rotation. 

7.D Statistics of fluorescent target capture by magnetic particles 

For a comprehensive study of the sandwich formation of particles containing one or 
more targets, it is important to control the sensitivity and selectivity of the assay, as 
it is difficult to discriminate (non-)specific bonds between proteins. Use of a target 
that is clearly visible under a microscope and within a large field of view can signif-
icantly simplify bond discrimination. We therefore investigated the use of biotin-
coated fluorescent particles with a diameter of 200 nm as targets on the magnetic 
particles. These spherical targets were attached in a two-step assay to the magnetic 
particles as explained in section 7.2.2. In short, we first incubated protein G-coated 
magnetic particles with relatively low concentrations of anti-biotin antibodies, fol-
lowed by the addition of an excess of biotin-coated fluorescent particles; and finally 
a magnetic washing step was carried out to remove unbound reagents. Here, the re-
sults of this procedure will be presented and discussed. 

To quantify the number of fluorescent targets per particle, suspensions of parti-
cles were inserted in a 9 L fluid chamber and concentrated at the bottom surface by 
holding a small ferromagnet for a few seconds below the fluid chamber. In this way, 
several hundreds of particles could be imaged within one field of view. To relate the  
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Figure D.1 Binding fluorescent targets to magnetic particles. The procedure consists first of the 
incubation of magnetic particles with a varying concentration of anti-biotin antibodies for a varying 
time tAb, followed by the addition and incubation for tFT = 10 min of an excess of biotin-coated 
fluorescent particles to bind to captured antibodies and finally a magnetic washing step to remove 
unbound antibodies and fluorescent particles. To quantify the attachment of fluorescent targets, a 9 
L fluidic chamber was filled with a particle suspension and particles were concentrated at the 
bottom surface using a small ferromagnet. In (a) and (b) images are shown with combined fluores-
cence and bright-field transmitted imaging of the particles with bound fluorescent targets, for re-
spective antibody concentrations of 63 pM and 13 pM. (c) Using the images, the binding of fluo-
rescent targets was quantified for different antibody concentrations. The error bars correspond to 
counting errors according to Poisson statistics. The solid lines represent fits to the data of Poisson 
distributions. In (d) a corresponding dose-response curve is shown with the average number of 
targets per magnetic particle. We determine a LoD of ~26 fM and a LoQ of ~ 100 fM, according to 
the background signal with respectively three and ten times the standard deviation. In (e) the bind-
ing of fluorescent targets is quantified for an antibody concentration of 13 pM for different anti-
body incubation times. In (f) the corresponding average number of targets per magnetic particles is 
plotted as a function of the incubation time. The data is fitted using Eq. 2.8 to determine the associ-
ation rate constant. 
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fluorescent targets to the magnetic particles, images were recorded with combined 
fluorescence and bright-field transmitted imaging of the sample. As shown in Figure 
D.1a,b particles were obtained with apparent random distribution of targets. Fur-
thermore, almost no aggregation of particles is observed other than little aggregation 
which is due to the application of a strong magnetic field to concentrate particles at 
the surface. This indicates that particles containing a target almost do not cross-react 
anymore via the bound targets, as intended by the incubation of an excess of fluo-
rescent targets compared to the antibody concentration. 

From the images such as shown in Figure D.1a,b, we quantified the number of 
targets per particle and obtain distributions as shown in Figure D.1c. Note that only 
the targets were counted which were present on the upper half of the particles that is 
exposed to the camera. As shown, the data can be reasonably fitted by Poisson dis-
tributions, indicating that the target capture process is governed by Poisson statistics, 
confirming that the capture events occur randomly and independently. From the data 
the average number of bound particles is determined for different concentrations, 
leading to the dose-response curve shown in Figure D.1d. The dose-response curve 
is found to be slightly sub-linear with a limit-of-detection (LoD) of ~26 fM and a 
limit-of-quantification of ~0.1 pM as determined by respectively three and ten times 
the standard deviation of the control signal.77 

From the data we determine the optimal antibody incubation concentration for 
sandwich formation experiments to be in-between 6 pM and 60 pM, because parti-
cles having a single target are preferred. Within this concentration range, the number 
of particles with a single target is relatively high while the number of particles hav-
ing two or more targets is still relatively low. Particles with two or more targets will 
complicate the analysis and comparison to numerical simulations, while particles 
without a target complicate the generation of statistically relevant data. This is be-
cause these particles will not be considered, but are still present in the experiments. 

Using an antibody concentration of 13 pM, we quantified target binding as a 
function of the incubation time of the antibodies, as shown in Figure D.1e,f. It is 
found that after several hours the number of targets per particle becomes saturated, 
indicating that the binding reaction has reached an equilibrium. As the magnetic 
particles can bind many antibodies, we applied an equation similar to Eq. 2.8 as de-
rived in section 2.2 for a similar system. Using this equation, we determine an asso-
ciation rate constant of (1.6  0.5) 1010 M-1s-1 for protein G-coated particles bind-
ing to anti-biotin IgG. This value is slightly less compared to what we found in the 
previous chapter for protein G-coated particles binding to goat anti-mouse IgG la-
beled with Alexa fluor dye 488. Such variations in affinity of protein G to different 
types of antibodies are however not uncommon. Concerning further experiments, an 
antibody incubation time was chosen of 50 minutes. 

 

 

 



 

 

8 
Conclusions and Outlook 

 

Magnetic particles are being applied in integrated lab-on-a-chip diagnostic assays 
to perform microfluidic processing steps. In this thesis, we have investigated a num-
ber of individual process steps, with two aims: first, to obtain a fundamental under-
standing of the processes, and second, to optimize the processes using novel magnet-
ic actuation protocols. We have developed model descriptions of the binding pro-
cesses and of the behavior of ensembles of magnetic particles, and we have com-
pared these to experimental data. Based on the obtained insights, we have developed 
and characterized dynamic actuation methods (i) to rapidly and efficiently capture 
molecular analytes from sample fluid, (ii) to control and redistribute particle distri-
butions and (iii) to bind captured analytes to a sensor surface using magnetic parti-
cles. In this Chapter, we summarize the scientific and technological advancements 
described in this thesis and put the achievements into the perspective of future inte-
grated point-of-care biosensing systems. 

  



176    Chapter 8 

 

8.1 Introduction 

In this thesis, we have on the one hand studied a number of fundamental bio-
physical aspects involved in the microfluidic application of magnetic particles, and 
on the other hand developed novel actuation functionalities of magnetic particles for 
lab-on-a-chip diagnostic assays. In this Chapter, we discuss both topics and the fu-
ture prospects. 

8.2 Fundamental biophysical tools 

In order to enable research on the application of magnetic particles in microfluidic 
diagnostic assays, it is essential to understand the particle properties, the particle 
behavior and the different binding processes on a fundamental level. Therefore, we 
have developed accurate characterization methods, insightful experimental model 
systems and detailed theoretical model descriptions. In the following paragraphs, we 
will discuss these different biophysical research tools.  

8.2.1 Characterization of magnetic particles 

In the research presented in this thesis, superparamagnetic particles play a vital role 
as they are the key actors in the different microfluidic processes. Their usefulness in 
these processes is strongly determined by their specific properties. The paramagnetic 
behavior allows particles to translate and interact with other particles only when 
exposed to external magnetic fields. A weak remanent magnetization allows induc-
ing rotation to single particles. Besides magnetic properties, the shape and the size 
of the particles play an important role, as these govern the surface-to-volume ratio of 
the particles, but also the translational and rotational mobility of the particles in a 
fluid. Last of all, the surface chemistry determines the applicability and effective-
ness in a (bio-)chemical context. 

To control all of these different properties in a fabrication process, the availa-
bility of accurate and rapid characterization techniques is important. To characterize 
geometrical properties, several microscopic tools are available that give details on 
all relevant scales, such as scanning electron microscopy. For the (bio-)chemical 
surface properties, many (bio-)chemical methods exist to quantify the overall per-
formance of the assay. For the characterization of the magnetic properties of mag-
netic particles, the standard technology is vibrating sample magnetometry (VMS), 
but this technique can only be applied to large ensembles of particles. As a result, 
only ensemble-averaged magnetic properties can be characterized such as the aver-
age susceptibility and saturation magnetization.  

To characterize magnetic properties at the level of a single particle, no standard 
technology exists that is accurate and can rapidly yield results. In Chapter 5, we 
have shown that field-induced disaggregation of particle clusters, i.e., intra-pair 
magnetophoresis, can be used to characterize the magnetic properties of magnetic 
particle distributions with a high level of detail. The method is easy to use and al-
lows determining magnetization curves, grain size distributions and histograms of 
magnetic particle properties. In Chapter 7, we developed experimental and numeri-
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cal methods to study and characterize the remanent magnetization properties of par-
ticles. The response of particles to a rotating field can be used to determine the rem-
anent magnetic moment, but also to obtain more details on the magnetic anisotropy 
and grain distributions within the particles.  

We expect that the methods presented in this thesis to characterize magnetic 
particle properties can significantly aid the further development of particles for 
nanobiotechnological applications such as high-sensitivity biosensing systems. To 
optimize particle properties, fabrication processes are required in which several pa-
rameters can be scaled in a controlled way to study their effect on the various parti-
cle properties. Industrial companies have already developed fabrication processes to 
generate magnetic particles with well-defined geometrical, biofunctional, and en-
semble-averaged magnetic properties. We expect that industrial companies will be 
leading in the further development of magnetic particles, and that the speed of de-
velopment of particles with more sharply defined magnetic properties will depend 
on the commercial value that the companies foresee in the corresponding applica-
tions.  

While accurate characterization methods as developed in this thesis can pro-
vide data on the overall magnetization properties of magnetic particles, they provide 
too little data to also understand the exact magnetic behavior of superparamagnetic 
particles. For a more detailed understanding, we believe that it is necessary to de-
termine the detailed configuration and shape of the grains inside the particles. Based 
on such data, it should be possible to model and understand the complex magnetic 
behavior from a bottom-up approach. In the end, such models should be predictive 
and as such they can be very useful in the production of magnetic particles with 
properties attuned to their particular purpose.  

8.2.2 Experimental model systems to study magnetic particle‐based binding pro‐

cesses 

To study the different binding processes relevant in lab-on-a-chip diagnostic assays, 
several model systems have been used in this thesis, each with their own possibili-
ties and limitations. As the target analyte plays a central role in diagnostic assays, 
model systems were chosen with two types of targets: (i) bio-functionalized fluores-
cent nanoparticles (e.g., Ø 200 nm) and (ii) antibodies labeled with fluorescent dye 
molecules. By using fluorescent targets, it is possible to measure in real time the 
presence of the targets using microscopy techniques, without requiring any fluid 
handling steps. The direct measurements make it possible to perform experiments at 
a high rate, which allows studying the binding process with a high efficiency. 

Due to their relatively large size, single fluorescent nanoparticles can be easily 
located in real-time during experiments, i.e., not only in the fluid, but also on the 
surface of the magnetic particles after capture. In this way, the capture (Chapter 2) 
and surface-binding (Chapter 7) process could be quantified with single-target reso-
lution. Furthermore, the spherical shape and almost uniformly reactive surface of the 
nanoparticle targets are a good starting point for a closer comparison with theoretical 
model descriptions as compared to proteins such as antibodies, which have a dynam-
ic structure and a more complex binding behavior. On the other hand, the large size 
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of the nanoparticles compared to proteins implies that the results obtained with fluo-
rescent nanoparticles have a limited applicability.  

Therefore, we also used antibodies labeled with fluorescent dye molecules to 
study the capture process (Chapter 3). As single-target detection is not easily per-
formed on magnetic particles, we used elevated target concentrations and measured 
average fluorescence intensities generated by multiple captured antibodies on the 
particle surface. As a result, the process could not be studied anymore with single-
target resolution, but combined with data on fluorescent nanoparticles it allowed us 
to obtain a fundamental insight in the capture processes. In the future, we expect that 
microscopy techniques will improve to enable the position tracking of single (fluo-
rescently labeled) biomarkers or other proteins in particle-based binding processes. 
With such data, the different binding processes can be studied in even more detail 
and will allow one to study the effect of for example different molecular architec-
tures to improve the probability that binding sites encounter, align and react. 

 

The magnetic particles used in the experiments had a size between 500 nm and 3 
μm. The largest particles are advantageous for experimental research, because ap-
plied magnetic forces are high and their position can be accurately tracked using 
video microscopy. Furthermore, the geometry and magnetic properties of the mi-
crometer-sized magnetic particles were more sharply defined compared to the sub-
micrometer-sized magnetic particles. However, the large particle size reduces 
Brownian motion and Brownian rotation, and promotes sedimentation. These factors 
make the potential impact of magnetic particle actuation on the different binding 
processes larger for the micrometer-sized magnetic particles. Still, also submicro-
meter-sized particles suffer from local target depletion in capture processes at ele-
vated particle concentrations. Furthermore, in surface-binding assays, the large 
Brownian motion of submicrometer-sized particles needs to be countered by field 
gradients, in order to keep the particles in contact with the surface. Therefore, we 
expect that magnetic actuation will also be effective – be it less – in assays compris-
ing submicrometer-sized magnetic particles.  

 

In applied research, experimentation is crucial to identify all the relevant interactions 
in a technical design. In case of microfluidic diagnostic assays, non-specific interac-
tions between the various constituents can significantly compromise the effective-
ness of the assays. To develop a robust and reliable assay based on magnetic parti-
cles, it will be important to also study the influence of non-specific interactions in 
the different processing steps, i.e., not only in the surface-binding step, but also dur-
ing target capture. Ultimately, the assay should be specific and sensitive in a com-
plex matrix, in which, besides the few targets, many other proteins and other bio-
materials are present.  
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8.2.3 Simulation models to study microfluidic process steps based on magnetic 

particles 

As a last biophysical tool, we used numerical Brownian dynamics simulations to 
model the complex interplay between hydrodynamic and physicochemical interac-
tions in magnetic particle-based microfluidic processes. Brownian dynamics (BD) is 
a simulation technique that has been mostly used to study the large-scale dynamics 
of polymers, nanoparticles or proteins in a dilute solution178, 213. In Chapters 4 and 6, 
we have applied BD to simulate the dynamics of (magnetic) microparticles in the 
presence of solid-liquid interfaces and time-dependent magnetic fields. BD is suita-
ble to simulate such systems, as hydrodynamic interactions and Brownian motion 
forces are well-defined and computationally cheap for spherical objects. This ena-
bled us to simulate the dynamics of several tens of particles over relatively long 
time-scales (several tens of minutes) with small timesteps (1 – 100 ns). Compared to 
experiments, BD can be used to study in much more detail the complex response of 
magnetic particles to magnetic fields that vary at high frequencies. We anticipate 
that, if the applied methods are made more efficient, and performed on dedicated 
simulation computers, it should be possible to simulate the behavior of up to 103 
particles or even more. Such systems are increasingly more realistic to the particle 
systems as studied in experiments and will give an even better insight in the com-
plex particle dynamics on a global scale as well as on the scale of single particles. 
For a microfluidic biosensor, controlling the particle behavior on both scales is es-
sential to enable a strong performance of the assay. Ideally, a simulation method 
should be developed that can simulate the behavior of all particles and correspond-
ing interactions in the microfluidic chamber.  

As described in Chapters 3 and 7 of this thesis, BD simulations were also used 
to study molecular binding processes. To model the molecular binding, however, it 
was necessary to impose several crude assumptions concerning the relative binding 
configuration (distance and orientation) and reaction probability (e.g., hit-and-stick). 
In spite of the assumptions, the simulations were found to confirm experimental data 
and provide interesting insights in the binding processes. Using current computa-
tional methods, we expect that these processes can be studied in further detail. For 
example the influence of the relative binding orientation or the chemical reaction 
can be studied by comparing simulation data to experiments with varying targets and 
capture molecules, on the particle and on the sensor surface. Ultimately, to study the 
binding processes on the molecular scale, molecular dynamics (MD) simulations 
should be developed, in which the molecular structure and specific interactions of 
the reacting (bio)molecules should be included. MD simulations would be useful to 
study novel molecular architectures to improve the exposure of binding sites into the 
fluid and to reduce non-specific interactions as much as possible.  

 

In the scientific development process of technological applications, from the start, 
experimentation and observation are vital to identify and study all the practical in-
teractions within a system. As the research progresses, experiments may become 
less efficient, while theoretical descriptions become more and more powerful when 
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they are able to describe the experimental observations. Ultimately, such theoretical 
descriptions should become comprehensive and predictive for the studied phenome-
na. In case of lab-on-chip biosensing systems based on magnetic particles, we fore-
see the development of comprehensive theoretical models for the microfluidic as-
says. These models should combine BD simulations of large particle systems and 
MD simulations of the detailed binding processes. As such, these models will con-
tain both the macroscopic and microscopic effects, and thereby cover the whole mi-
crofluidic assay. Finally, the models will provide engineers with a powerful tool to 
design a final and optimal device architecture.  

8.3 Function‐oriented research 

Based on the obtained fundamental understanding of the behavior of magnetic parti-
cles and the different binding processes, novel magnetic actuation techniques were 
developed to improve the functioning of magnetic particles in lab-on-a-chip applica-
tions. In the following paragraphs, the different techniques will be put into perspec-
tive.  

8.3.1 Specific capture of analytes using magnetic particles 

We have studied the application of magnetic particles to capture targets from a fluid 
by specific binding to affinity molecules on the surface of the particles. The particle-
based capture process was elucidated and we distinguished three stages. First, vol-
ume transport creates encounters between the particles and the targets. This transport 
is influenced by the relative translational motion of the reagents, e.g. by diffusion. 
Second, during an encounter, near-surface transport can create alignment between 
binding sites and depends on both the relative translational and rotational mobility of 
the reagents. And third, aligned binding sites can bind by means of a chemical reac-
tion. Using various experimental model systems, we obtained evidence that the two 
stages concerning physical transport of reagents are mostly limiting the association 
process of proteins to a magnetic particle.  

The particle-based association process is particularly effective because magnet-
ic particles have a high surface-to-volume ratio and because their surface is com-
pletely covered with binding sites. As a result, during the incubation, depletion 
zones in the target concentration form near the particle surface and these zones in-
crease when particles are present at higher concentrations. Depletion zones cause the 
capture rate to drop and make the use of capture particles less effective. 

To reduce depletion zones, we applied magnetic actuation protocols to enhance 
particle-fluid interactions. We have found that protocols with a combination of field 
gradients and rotating magnetic fields are the most effective. Specifically, field gra-
dients induce movement of particles through the fluid, while rotating magnetic fields 
cause dynamic rotational behavior of magnetic particle chains that induce local fluid 
mixing within the range of the particle chain. On a model system comprising 2.8 
μm-sized particles and fluorescently labeled antibodies, we quantified association 
rate constants and studied their dependence on various actuation parameters. With-
out magnetic actuation, association rate constants equal to ka = 0.160.02  1010 M-
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1s-1 were measured, and with magnetic actuation, values were obtained as high as ka 
= 6.00.6  1010 M-1s-1. We quantified the dependence of the association rate on 
actuation parameters such as the field strength and rotation frequency, and also on 
assay parameters such as the particle size, particle functionalization, particle concen-
tration, the medium properties, and the target size and target properties. By compar-
ing association rate constants, we estimate that magnetic actuation can improve cap-
ture rates by a factor of 101 to 102, at the concentrations at which magnetic particles 
are often used in assays. Compared to the method of vortex mixing, which is com-
monly used to speed up reactions in large fluid volumes, we find that magnetic actu-
ation can achieve similar or even higher effective association rate constants. When 
applied in more complex sample fluids, we anticipate that an even larger impact  can 
be obtained because such fluids are typically more viscous and thereby make diffu-
sive processes even less efficient.  

As capture of biological targets from sample fluids is a general aspect of al-
most all lab-on-chip biosensing assays, we foresee a broad applicability of the de-
veloped methods. 

8.3.2 Redistribution of magnetic particles 

To obtain a better control over the collective behavior of magnetic particles, we 
studied the response of magnetic particles in experiments and using numerical 
Brownian dynamics simulations.  

In a magnetic field, magnetic particles tend to aggregate and form clusters due 
to induced magnetic dipole-dipole interactions between the particles. Such clustering 
may be enhanced by attractive non-specific binding between the particles, whereaf-
ter the clustering cannot simply be undone by removing the magnetic field. Fur-
thermore, magnets that are used to actuate magnetic particles typically cause parti-
cles to drift towards the magnet poles, resulting in heterogeneous particle distribu-
tions. To overcome aggregation and drift of magnetic particles, we have developed 
magnetic actuation protocols which take advantage of repulsive dipole-dipole inter-
actions and particle-surface interactions to disaggregate and displace particles over a 
surface. The first method to disaggregate multi-particle clusters consists of bringing 
clusters to a physical boundary using a field gradient and subsequently breaking the 
cluster by applying an out-of-plane magnetic field, as described in Chapter 4. Alter-
natively, particle spreading can be achieved by rotating multi-particle clusters or-
thogonal to the surface, by so-called rotaphoresis, as described in Chapter 6. Rota-
phoresis causes clusters to move over the surface at several mm/s while simultane-
ously being disaggregated. For both methods, we reproduced the experimentally 
observed behavior using numerical Brownian dynamics simulations. Furthermore, 
simulations were used to study and further optimize actuation protocols as a function 
of various parameters, such as different particle properties, field properties, fluid 
properties and interactions between particles mutually and with the fluid or the sur-
face. 

The developed protocols open up new possibilities to use magnetic particles in 
a microfluidic context. We envisage that the field-induced redistribution of particles 
can be of use in all types of detection assays discussed in Table 1.1. In magnetic 
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carrier assays, redistribution can improve accessibility of the particle surface within 
different assay steps and after transfer steps. In agglutination assays, particle redis-
tribution may improve signal-to-noise ratios by reducing non-specific particle clus-
tering. It also allows one to integrate particle concentration and particle transfer 
steps in these assays, as after these steps the aggregates could be redistributed. Ap-
plied fields should however be tuned to only break non-specific clustering, and keep 
most specific bonds intact. Lastly, in surface-binding assays, particle redistribution 
may be useful to facilitate efficient binding of target analytes to the sensor surface, 
as steric hindrance effects due to aggregate formation can be overcome. As particle 
disaggregation and/or redistribution can be achieved by using magnetic fields alone, 
the developed methods can relatively easily be integrated in magnetic actuation-
based systems. 

8.3.3 Sandwich formation in surface‐binding assays with magnetic particles 

In Chapter 7 we studied methods to efficiently bind captured target analytes to a 
sensor surface in surface-binding assays based on magnetic particles. While it can be 
advantageous to use magnetic particles to capture target analytes from sample fluid, 
the subsequent assay steps involving the captured target will suffer from the reduced 
mobility of the target due to its immobilization on a relatively large colloidal parti-
cle. We therefore studied methods to magnetically actuate the magnetic particles in 
order to direct and accelerate the subsequent surface-binding reaction. Using field 
gradients, contact of magnetic particles with a reactive surface can be enhanced, and 
by applying magnetic fields, the orientation of magnetic particles can be altered to 
expose the complete particle surface to the reactive surface. These considerations 
were investigated using a numerical model based on Brownian dynamics of a mag-
netic particle with a captured target. To optimize the exposure of the particle surface, 
we applied magnetic fields in pulses to combine field-induced reorientation with 
Brownian rotation of the particle at relatively small angles. We find from simula-
tions that nearly all particles with captured targets can be bound within 2 minutes, at 
a rate that is 2 to 4 times faster compared to no actuation. Experimental data showed 
a similar increase for magnetic actuation, but also underscored the negative influ-
ence on the binding rate of non-specific interactions between the bio-functionalized 
surfaces.  

In further investigations, incubation protocols should be integrated with strin-
gency steps at certain intervals to break non-specific bond-formation. We estimate 
that such a protocol has the potential to improve the efficiency to bind targets to the 
surface in surface-binding assays by more than a factor 10. Even larger improve-
ments are expected when the binding process is performed in a complex fluid with a 
higher viscosity. From a scientific point of view, as simulation and experimental 
data can be closely compared, it will be interesting to expand the numerical model to 
further study the molecular binding process on a realistic biomarker system. 
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8.4 Integration: towards particle‐based assays controlled and opti‐

mized by magnetic fields 

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 biosensing 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 magnetic 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 be-
cause the assays are performed in one step without separation or stringency. The 
surface-binding assays allow sensitive particle detection and stringency, yet require 
careful control of the surface bio-functionalization. 

 
Figure 8.1 Envisaged actuation process steps in a magnetic particle-based biosensing assay using 
dynamic magnetic field actuation. (a) First the sample fluid containing the target proteins (small 
green spheres) enters the microfluidic reaction chamber with the magnetic particles. (b) Magnetic 
particles are actuated dynamically (rotation and translation) using magnetic fields to rapidly capture 
targets. (c) Magnetic particles are brought back to the sensor surface using field gradients. Subse-
quently particle clusters are disaggregated and redistributed over the surface using magnetic fields. 
(d) Magnetic particles are actuated to rapidly bind captured targets to a sensor surface. (e) Stringen-
cy is applied to remove unbound and non-specifically bound particles from the sensor surface. (f) 
Specifically bound particles remain at the surface to be detected, e.g., optically using frustrated 
total internal reflection. 
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We anticipate that the different actuation principles presented in this thesis can 
be integrated to realize rapid and efficient capture and subsequent labeling in a lab-
on-chip surface-binding assay, as for example sketched in Figure 8.1. Integration 
can be significantly facilitated by using the developed principles of field-induced 
disaggregation or rotaphoresis, which actively reset the particle distributions. Based 
on the generated experimental and numerical data, it may be possible to magnetical-
ly modulate the total kinetics of a surface-binding assay by at least by one order of 
magnitude, and possibly even more than two orders of magnitude. Such an im-
provement would significantly improve the possibilities of a magnetic particle-based 
biosensor. Magnetic actuation could be applied in order to reduce the measurement 
time, but it could also be used to improve the signal-to-noise ratio and thereby lower 
the limit-of-quantification. 

Magnetic actuation is an enabler for lab-on-chip integration 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, the stationary-fluidic concepts as developed in this 
thesis 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 and/or complex cartridge architectures. 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 continue 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 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. We 
foresee that the actuation principles presented in this thesis can be applied to further 
enhance system integration and overall analytical performance. As this thesis shows, 
dynamic field generation opens up a new range of possibilities to manipulate mag-
netic particles in ways that are not possible with static field generation. Scientifically 
speaking, in this thesis we have provided detailed characterizations and models of 
several magnetic actuation processes, which will facilitate further development and 
optimization of the processes. Magnetic actuation principles will be carefully at-
tuned to specific biomaterials and reagents, and vice versa, biomaterials will be de-
signed specifically for use in actuated assays. Concerning the magnetic particles, 
particle-based assays will benefit from the ongoing optimization of particles regard-
ing their surface bio-functionalization, surface smoothness, and their size and mag-
netization uniformity.  

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, which may cause 
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clogging, steric hindrance, molecular interferences, non-specific adhesion, etc. Nov-
el technologies are always first studied with spiked buffers or diluted plasma or se-
rum, yet the step to whole plasma, whole blood and other realistic bodily fluids 
should also be made. 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 particles. Magnetic particles are fundamentally 
suited for developing miniaturized biosensing systems and enable 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 hand-
held and desktop-sized instruments. By virtue of these properties, magnetic actua-
tion-based biosensing systems can help to improve patient treatment, patient moni-
toring and disease management, with impact on the quality, accessibility and cost-
effectiveness of future healthcare. 
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Samenvatting 
De toenemende gemiddelde levensduur en de toename van chronische ziekten resul-
teren in een grote druk op de gezondheidszorg. Hierdoor neemt de behoefte toe aan 
gebruiksvriendelijke en kosteneffectieve medische technologieën. In vitro diagnos-
tiek (IVD) speelt een grote rol binnen de gezondheidszorg, en binnen de IVD markt 
is gedecentraliseerd diagnostisch testen een groeiend segment, ook wel point-of-care 
testing (POCT) genoemd. Apparaten voor POCT moeten compact en volledig geïn-
tegreerd zijn voor maximaal gebruiksgemak. Een nieuwe klasse van POCT techno-
logieën is in opkomst, gebaseerd op het manipuleren en detecteren van magnetische 
deeltjes met groottes van tientallen tot duizenden nanometers. Het gebruik van mag-
netische deeltjes heeft belangrijke voordelen. Ze hebben een relatief groot reactieop-
pervlak dat kan worden gefunctionaliseerd met (bio)chemische moleculen. Daar-
naast zijn ze optisch goed detecteerbaar, en kunnen ze worden gemanipuleerd met 
behulp van magnetische velden voor volledige controle in een geïntegreerde test. Op 
basis van deze eigenschappen worden magnetische deeltjes toegepast om belangrij-
ke processtappen in geïntegreerde microfluïdische tests uit te voeren, zoals mengen, 
vangen van bepaalde (bio)chemische bestanddelen, wassen, en labelen voor de uit-
eindelijke detectie. 

Dit proefschrift beschrijft onderzoek aan de magnetische manipulatie van mag-
netische deeltjes in het kader van de toepassing in biosensoren. We hebben het be-
grip hierover vergroot door middel van experimentele studies in combinatie met 
theoretische modelbeschrijvingen van magnetisch aangestuurde processen. We heb-
ben verschillende (bio)chemische bindingsprocessen gekarakteriseerd, beperkende 
factoren daarin geïdentificeerd en nieuwe protocollen voor magnetische aansturing 
ontwikkeld om de bindingsstappen te versnellen en om toekomstige integratie moge-
lijk te maken. Meer specifiek zijn methodes onderzocht (i) om snel en efficiënt be-
standdelen te vangen vanuit een monstervloeistof, (ii) om verdelingen van magneti-
sche deeltjes te beheersen, en (iii) om gevangen bestanddelen op een snelle wijze te 
binden aan een sensoroppervlak. Ten slotte hebben we de integratie van de verschil-
lende processen in een biosensor beschouwd. 

Magnetische deeltjes zijn uitermate geschikt om specifieke bestanddelen (zo-
geheten targets) zoals eiwitten te vangen vanuit biologische monsters vanwege het 
grote reactieoppervlak dat op velerlei wijzen gefunctionaliseerd kan worden. In het 
eerste deel van dit proefschrift hebben we dit vangproces ontrafeld door experimen-
ten met verschillende modelsystemen te vergelijken met numerieke simulaties. Ten 
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eerste zorgt fysisch transport (bv door diffusie) ervoor dat de magnetische deeltjes in 
aanraking komen met de targets. Vervolgens zorgt een combinatie van relatieve 
translatie en rotatie van beide deeltjes voor een wederzijdse uitlijning van de speci-
fieke bindingsplaatsen die aanwezig zijn op beide deeltjes. Ten slotte vindt er een 
chemische reactie plaats om het target te binden aan het magnetische deeltje. In ex-
perimenten waarin eiwitten als targets werden gebruikt, hebben we gevonden dat het 
vangproces voornamelijk wordt gelimiteerd door de eerste twee transportprocessen. 
We hebben aangetoond dat dit het gevolg is van uitgeputte eiwitconcentraties nabij 
het reactieve magnetische deeltjesoppervlakte, met name bij hoge concentraties van 
magnetische deeltjes. Door de magnetische deeltjes met behulp van magnetische 
velden in beweging te brengen, kunnen deze uitgedunde zones worden verkleind. In 
het bijzonder hebben we gradiënten in het magnetische veld en roterende magneti-
sche velden gebruikt om te zorgen voor translatie en rotatie van ketens van magneti-
sche deeltjes door het vloeistofvolume. Gebruikmakend van fluorescent gelabelde 
eiwitten als targets hebben we associatiesnelheidsconstantes bepaald voor verschil-
lende aansturingprotocollen en verschillende concentraties van de magnetische deel-
tjes. We hebben gevonden dat magnetische actuatie de vangsnelheden kan verhogen 
met 1 tot 2 ordes van grootte. In een microfluïdische diagnostische test kan dit wor-
den gebruikt om incubatietijden te verkorten of om de vangefficiëntie (en daarmee 
mogelijk ook de detectielimiet) te verbeteren.  

Als magnetische deeltjes worden blootgesteld aan magnetische velden, dan 
hebben ze de neiging om samen te klonteren en af te drijven naar de externe stuur-
magneten. Dit effect is meestal ongewild en vermindert de toepasbaarheid van mag-
netische manipulatie van magnetische deeltjes. Het is niet voordehandliggend hoe 
het omgekeerde proces bereikt kan worden, d.w.z. het uitspreiden en verplaatsen van 
deeltjes van de stuurmagneten af. In het tweede deel van dit proefschrift presenteren 
we twee nieuwe manieren om met behulp van magnetische velden samengeklonter-
de deeltjes te verdelen over een oppervlakte. In de ene benadering stabiliseren we 
afstotende magnetische krachten tussen deeltjes door ze vast te houden nabij een 
oppervlakte door middel van gradiënten in het magnetische veld. Om dit proces en 
experimentele data te analyseren, hebben we een numeriek model voor de geïndu-
ceerde deeltjesdynamica ontwikkeld op basis van Brownse dynamica. Daarnaast 
bleek de ontwikkelde methode geschikt om de magnetische eigenschappen van 
magnetische deeltjes nauwkeurig te karakteriseren; deze methode noemen we intra-
pair magnetophoresis. In de andere benadering om magnetische deeltjes te versprei-
den over een oppervlak, passen we zogenaamde rotaphoresis toe, waarin een magne-
tisch geïnduceerde draaiing van samengeklonterde deeltjes wordt omgezet in een 
lineaire verplaatsing door middel van een nabij oppervlak en een neerwaartse kracht. 
Door het afstemmen van de tijdsafhankelijke eigenschappen van het magnetisch 
veld, kunnen grote clusters van deeltjes worden voortbewogen over een oppervlakte 
met snelheden van enkele millimeters per seconde, terwijl ze zich binnen enkele 
seconden volledig uitspreiden. Op basis van dit onderzoek concluderen we dat inte-
ressant en functioneel deeltjesgedrag kan worden verkregen door de toepassing van 
tijdsafhankelijke magnetische velden in drie dimensies. De ontwikkelde methoden 
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vergroten de beheersbaarheid van ensembles van magnetische deeltjes en kunnen 
toegepast worden in een biosensor systeem. 

In het derde deel van dit proefschrift hebben we onderzocht of magnetische 
velden kunnen worden ingezet om targets, gevangen door magnetische deeltjes, ver-
sneld aan een sensoroppervlak te binden. Om het bindingsproces in detail te analyse-
ren, hebben we gebruik gemaakt van een modelsysteem met relatief grote targets, 
namelijk fluorescerende deeltjes met een diameter van 200 nanometers. Dit stelde 
ons in staat om specifieke bindingen van magnetische deeltjes met het oppervlak 
(via een target) te onderscheiden van niet-specifieke bindingen (zonder target). Door 
middel van numerieke simulaties van de bindingsreactie werd eerst een magnetisch 
actuatieprotocol ontwikkeld om het oppervlak van de magnetische deeltjes (met mo-
gelijke targets) optimaal in contact te brengen met het sensoroppervlak. Uit de simu-
laties bleek dat het mogelijk zou moeten zijn om incubatietijden te verminderen met 
ongeveer een factor 3. Experimentele gegevens lieten echter zien dat niet-specifieke 
interacties de blootstelling van het volledige deeltjesoppervlak aan het sensoropper-
vlak in grote mate belemmerde. Op basis van onze resultaten en de huidige literatuur 
verwachten wij dat het breken van niet-speficieke bindingen door middel van mag-
netische veldgradiënten binnen het ontwikkelde incubatieprotocol, de specifieke 
bindingsvorming verder kan versnellen met ten minste een orde van grootte. 

De methoden beschreven in dit proefschrift ondersteunen de ontwikkeling van 
geïntegreerde diagnostische tests waarin alle microfluïdische processtappen snel en 
efficiënt worden uitgevoerd met behulp van magnetische velden. We voorzien dat de 
integratie van methoden om bindingsprocessen te versnellen kan worden vergemak-
kelijkt met behulp van de methoden om magnetische deeltjes uit te spreiden over 
een oppervlak. Onze vindingen laten zien dat belangrijke processtappen in een di-
agnostische test beduidend sneller kunnen worden uitgevoerd door magnetische 
deeltjes te manipuleren. Met een versnelling van mogelijkerwijs 1 tot 2 ordes van 
grootte in deze processtappen zou de prestatie van een biosensor behoorlijk verbe-
terd kunnen worden.  

We verwachten dat geïntegreerde biosensor-systemen gebaseerd op magneti-
sche manipulatie van magnetische deeltjes een grote impact op de samenleving kun-
nen hebben. Dergelijke systemen zullen het mogelijk maken om nabij de patiënt in 
een klein apparaat kwantitatieve in vitro diagnostische testen uit te voeren op een 
snelle en gebruiksvriendelijke manier ("sample-in result-out"). Op basis van deze 
eigenschappen kunnen de POCT systemen helpen om in de toekomst de kwaliteit, 
de beschikbaarheid en de kosteneffectiviteit van gezondheidszorg te verbeteren. 
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