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Abstract 

This thesis will investigate previously unexplored concepts in magnetic 

manipulation including controlling the assembly of magnetic and nonmagnetic particles 

either in bulk fluid or near a substrate.  Both uniform glass interfaces and substrates 

with magnetic microstructures are considered. The main goal of this work is to discuss 

new strategies for implementing magnetic assembly systems that are capable of 

exquisitely controlling the positions and orientations of single-component as well as 

multi-component particle suspensions, including both magnetic and non-magnetic 

particles.  This work primarily focuses on controlling spherical particles; however, there 

are also several demonstrations of controlling anisotropically shaped particles, such as 

microrods and Janus colloids.  

Throughout this work, both conventional magnetophoresis and inverse 

magnetophoresis techniques were employed, the latter relying on ferrofluid, i.e. a 

suspension of magnetic nanoparticles in a nonmagnetic carrier fluid, which provides a 

strong magnetic permeability in the surrounding fluid in order to manipulate effectively 

non-magnetic materials.  In each system it was found that the dimensionless ratio 

between magnetic energy and thermal energy could be successfully used to describe the 

degree of control over the positions and orientations of the particles.  One general 

conclusion drawn from this work is that the ferrofluid can be modeled with a bulk 
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effective permeability for length scales on the order of 100 nm. This greatly reduces 

modeling requirements since ferrofluid is a complex collection of discrete nanoparticles, 

and not a homogenous fluid.  It was discovered that the effective magnetic permeability 

was often much larger than expected, and this effect was attributed to particle 

aggregation which is inherent in these systems.  In nearly all cases, these interactions 

caused the ferrofluid to behave as though the nanoparticles were clustered with an 

effective diameter about twice the real diameter. 

The principle purpose of this thesis is to present novel systems which offer the 

ability to manipulate and orient multi-component spherical or anisotropic particle 

suspensions near surfaces or in the bulk fluid.  First, a novel chip-based technique for 

transport and separation of magnetic microparticles is discussed.  Then, the 

manipulation of magnetic nanoparticles, for which Brownian diffusion is a significant 

factor, is explored and modeled.  Parallel systems of nonmagnetic particles suspended in 

ferrofluid are also considered in the context of forming steady state concentration 

gradients.  Next, systems of particles interacting with planar glass interfaces are 

analyzed, modeled, and a novel application is developed to study the interactions 

between antigen-antibody pairs by using the self-repulsion of non-magnetic beads away 

from a ferrofluid/glass interface.  This thesis also focuses on studying the ability to 

manipulate particles in the bulk fluid.  First, simple dipole-dipole aggregation 
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phenomenon is studied in suspensions of both nonmagnetic polystyrene particles and 

endothelial cells.  For the sizes of particles considered in these studies, currently 

accepted diffusion limited aggregation models could not explain the observed behavior, 

and a new theory was proposed.  Next, this thesis analyzed the interactions that exist in 

multi-component magnetic and nonmagnetic particle suspensions, which led to a 

variety of novel and interesting colloidal assemblies.  This thesis finally discusses the 

manipulation of anisotropic particles, namely, the ability to control the orientation of 

particles including both aligning nonmagnetic rods in ferrofluid as well as achieving 

near-holonomic control of Janus particles with optomagnetic traps.  General conclusions 

of the viability of these techniques are outlined and future studies are proposed in the 

final chapter. 
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1. Introduction 

1.1 Particle Manipulation Techniques 

The manipulation of particle suspensions is an essential capability for various 

engineering applications ranging from self-assembled nano-manufacturing to life 

science analysis tools.  Methods for manipulating the particles in parallel have mainly 

relied on the use of optical1,2, electrical3,4, acoustical5,6, or magnetic field traps7,8,9,10,11,12, 

which have the advantage of being shaped remotely through the use of lasers, 

electrodes, sonic waves, or external coils, respectively.   

Each method has its advantages and disadvantages.  For example, optical 

manipulation techniques present an effective method for controlling the three degrees of 

spatial freedom for particles from tens of nanometers in size13 to tens of microns14,15,16,17.  

Optical manipulation was developed by Ashkin when he discovered that an optical 

beam imposed sufficient scattering force upon microparticles to counterbalance 

gravitational forces effectively pinning these particles into a two dimensional plane18.  

Later, Ashkin found that, upon refinement of his system, the particles exhibit two 

preferred states19: (1) very far away from the beam or (2) near the focus of the beam.  

With a straightforward ray optics argument, Ashkin first proposed that a particle in the 

focus of the beam would allow more light to pass through the particle then if the particle 

was slightly off-focus.  This created an energy minimum at the beam focus, which could 
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subsequently be used to manipulate the particle in three dimensions simply by 

translating the beam focus.  This simple premise has led to many exciting applications 

including particle assemblies1, force measurements20, and microfluidic devices21.  To 

expand beyond these three degrees of spatial freedom people have explored additional 

optical phenomena including the controlled rotation of birefringement particles using 

circularly polarized light22.  However, optical techniques have limiting characteristics 

making them unsuitable for many applications.  First, optical manipulation can only 

exert tens of picoNewtons of force onto particles20, which bars this technique from many 

force measurement platforms.  Next, for many materials lasers often induce charging or 

heating which generally badly affect system performance23.  Finally, optical techniques 

require the use of expensive, bulky equipment that is currently difficult to integrate into 

Lab on a Chip technologies and mobile units.   

Electrical manipulation techniques represent one alternative for manipulating 

suspended particles, which have the advantage of providing larger forces with simpler 

design setups. Electrical systems often rely upon localized potential gradients generated 

from nearby electrodes.  The fabrication of these electrodes is straightforward drawing 

from the highly developed science of chip technology.   Electrical systems can apply 

hundreds of picoNewton forces onto microparticles which allows access to many 

interesting measurement and assembly techniques.   Additionally, electrical techniques 
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work with materials of many permitivities ranging from conductive particles in 

dielectric media24 to dielectric particles in conductive solvents25,26.  However, the 

electrical permitivities of solvents are not always tunable, such as in the case of cell 

media where specific salt concentrations and pH’s are required.  In addition, electric 

platforms can have deleterious effects suche charging and heating, similar to the 

corollary optical manipulation techniques27. An ideal manipulation technique combines 

high controllability, the high forces realized with electrical systems, but avoids charging 

and heating affects.  

A relatively new development in particle manipulation involves using acoustical 

standing waves to guide particles to regions of higher pressure.  These methods take 

advantage of a density and stiffness difference between the particle and the surrounding 

fluid5.  Acoustical systems allow for the generation of multiple pressure nodes in a 

system remotely without that need for local structures to create localized distortions to 

the field, a requirement in common optical, electrical, and magnetic systems6.  These 

localized pressure nodes can simply be created using ultrasound sources and signals.  

However, these pressure nodes tend to be broad, weak, and exhibit higher order 

frequencies.  These characteristics still allow control of large microparticles (>10um), but 

have reduced effectiveness with smaller particles, which are subject to more Brownian 

diffusion.  Though this technique has developed into bulk fluid applications of spatial 
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patterning of aggregates28 and sized-based separation schemes29, acoustophoresis does 

not provide for precise, deterministic control of many useful microparticle sizes. 

Magnetic manipulation techniques satisfy the requirements to high forces, 

reduced charging and heating of samples, and controllability. Magnetism has the 

practical advantage of being biologically and chemically invisible30 and can exert forces 

into the tens of nanonewtons onto microparticles.  Additionally, many useful magnetic 

technologies can be implemented with the aid of common permanent magnets.  This 

allows magnetic platforms to be manufactured economically and incorporated into 

mobile hand-held devices.  Despite the benefits of magnetic manipulation, the primary 

drawback, sometimes overlooked for its blatancy, is the requirement for magnetic 

materials within the system.  Though there are many applications requiring 

manipulation of magnetic materials, there are exponentially more applications requiring 

manipulation of nonmagnetic particles.  To expand the reach of magnetic manipulation, 

much work has gone into developing magnetic labels31 that bind magnetic particles to 

the material in question, allowing for indirect manipulation.  Another science that has 

recently emerged is the field of ‘negative magnetophoresis’ that allows for manipulation 

of label-free nonmagnetic particles through the use of magnetic carrier fluids.   These 

advances have allowed the advantages of magnetic manipulation to be utilized in order 

to conduct interesting and vital tasks. 
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Figure 1 –  Diagrams showing (a) the relative sizes of particles and the 
associated technologies provide access to manipulation in these size regimes and (b) 

the relative forces to which different manipulation schemes have access.   

1.2 Magnetic Manipulation Techniques 

This thesis will focus on the interesting capabilities that have recently been 

demonstrated in multi-component magnetic and nonmagnetic particle suspensions, 

emphasizing recent advances in controlling particles of various sizes, shapes, and 

degrees of magnetization. For slightly more generic summaries, there are several 

comprehensive reviews in the literature describing developments in the field of 

magnetic manipulation systems over the last four decades32,33,34,35.  Due to the inherent 

complexity in modeling systems composed of strongly interacting particles, this topic 

poses considerable theoretical and experimental challenges; however, continuum 
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models will be shown to be effective at describing the equilibrium behavior of colloidal 

suspensions exposed to external magnetic fields.  

Magnetic response in magnetic colloidal suspensions has been observed and 

studied for decades.  These magnetic particles interact with the field in a variety of ways 

including alignment, such as a compass needle, attraction, such as in magnetic 

separation techniques, and chaining, such as in the magnetostrictive response of 

magnetorheological fluids.  Magnetorheological fluids rely on interactions of 

microparticles arising under an applied external field, which changes the viscosity of the 

fluid.  In these systems, there are many control parameters affecting the magnetic field 

response, from particle size to volume fraction, which has allowed for a variety of 

applications including force damping of automotive shocks36 and human prosthetics 37, 

and even lens finishing procedures for the Hubble telescope38.   

One primary characteristic to magnetorheological fluids is the dispersion 

response of microparticles.  Upon the removal of the field, the magnetic particles 

generally move into disordered states, transforming back to continuum densities, due to 

Brownian motion.  In order to increase this response time, smaller particles can be 

employed which have higher relative Brownian motion and are quicker to randomize.  

These suspensions of magnetic nanoparticles are known as ferrofluid and are often 

submersed in either water or oil carrier fluids.  Ferrofluids, due in part to their nanoscale 
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dimensions, have practical applications in diverse fields in an array of techonolodies 

including audio speakers39, vibration control40, and biomedical industries41.  In fact, 

ferrofluid became a commercialized product primarily due to its control properties in 

high-end audio equipment.  This commercialization, in turn, encouraged other fields to 

investigate the usefulness of ferrofluid including biomedical engineering.  It was 

discovered that under rotating magnetic fields, magnetic nanoparticles, such as those in 

ferrofluid, heat from absorbtion of magnetic energy due to Brown and Neel relaxivity.  

This phenomenon of magnetic hyperthermia allows for the programmed heating of a 

region of higher concentration of magnetic nanoparticles, which has led to cancer 

treatments42 and to programmable cellular apoptosis43.  

However, the most common use of magnetic particles is in the field of 

separation, where magnetic manipulation schemes are applied to capture and separate 

various biological materials of interest, (e.g. cells44,45, viruses46,47, and proteins48,49). For 

magnetic separation applications, magnetic particle surfaces are typically functionalized 

with proteins and antibody receptors that can recognize and associate with various 

biological materials by affinity binding.  Once attached, the biological materials are 

separated from solution by applying force to the magnetic particle.  Consequently, there 

has been much effort in the synthesis and characterization of these colloidal magnetic 

particles, reviewed elsewhere50. 
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Recently, an alternative method has been demonstrated for separating and 

manipulating biological and other nonmagnetic materials using a suspension of 

magnetic nanoparticles to provide “magnetic contrast” to the surrounding fluid.  

Nonmagnetic materials immersed within ferrofluid are shown to become effectively 

magnetized with respect to the surrounding fluid, allowing them to be manipulated by 

magnetic fields and field gradients9,51,52,53,54.  This manipulation strategy has been given 

the name ‘negative magnetophoresis’ in order to draw parallels with the corollary 

‘negative dielectrophoresis’ commonly referred to in the literature25,26.   

The theoretical analysis of magnetic nanoparticle suspensions poses considerable 

challenges with respect to accurately calculating the magnetic force on submerged 

nonmagnetic materials.  Compared with negative dielectrophoresis where continuum 

equations are generally applicable due to the solvent being much smaller than most 

colloidal materials, the analysis of ferrofluid is complicated by the larger size of the 

magnetic nanoparticles (~10 nm) which is commensurate with the size of many proteins 

and macromolecules.  Furthermore, the strong interactions between 10 nm sized 

magnetic nanoparticles leads to phenomenon, (e.g. chaining), which is not observed in 

corollary dielectric systems where the solvent is of molecular length scale55,56,57.  Larger 

particle size brings into question the applicability of continuum equations for fluid 

magnetization when considering nonmagnetic particles that are only slightly larger than 
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the magnetic nanoparticles in the fluid. By investigating the agreement between theory 

and experiment, continuum models are found to be applicable when the nonmagnetic 

particles are at least 2-3 times larger than the magnetic nanoparticles12,54.  

1.3 Deterministic versus Brownian-affected Manipulation 

Throughout this thesis systems will be discussed in which particles follow either 

deterministic trajectories or ones dominated by random Brownian motion.  The general 

principle of Brownian motion suggests that the positions of particles will fluctuate due 

to random collisions with the solvent molecules58.  Owing to its smaller mass, the 

fluctuations of nanoparticles (i.e. <100 nm) tends to be much larger than microparticles; 

however, the Brownian interactions can be overlooked in some cases where the 

magnetic forces are particularly strong.  Figure 2 illustrates the differences between 

deterministic versus Brownian dominated motion.  In Figure 2a, the particle reacts to an 

applied force in an expected and definable way, moving directly towards the local 

energy minimum.  This scenario reflects particle systems with stronger fields, larger 

particles, or lower temperatures.  Instead, Figure 2b shows a particle that reacts to an 

applied force in an unprecise way, moving generally, though not directly, towards the 

local energy minimum.  This scenario is for weaker fields, smaller particles, or higher 

temperatures.  Though the particle in this case cannot be precisely tracked, statistically 

models can still be developed to describe particle locations. 
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Figure 2 – Depiction of (a) deterministic and (b) Brownian-affected particle 
manipulation.  Deterministic systems allow for specific tracking of individual 

particles, while Brownian-affected systems rely on statistical modeling. 

In either case, it is worthwhile to establish a general guideline for when a 

particle’s motion can be modeled deterministically and when random motions must be 

taken into account.  Under an applied force, 
pF
� , a particle will experience a change of 

potential energy of  ( ) ( )pU r F r dr∆ =
�� � .  In this work, the particle’s trajectory is considered 

to be deterministic when the change in potential energy during its movement over a 

distance commensurate with its own radius, a , is larger than thermal fluc-tuation 

energy (i.e. 2 BaF k T≥ ). If the change in potential energy is smaller than thermal 

fluctuation energy, then random Brownian motion cannot be ignored.  To make this 
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distinction for each type of motion, it is first necessary to discuss the fundamentals of 

magnetic manipulation. 
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2. Fundamentals of Magnetic Manipulation 

2.1 Magnetic Properties 

Before embarking on a discussion concerning the calculation of different forces, it 

is useful to first review the type of magnetic materials used in magnetic manipulation 

technology and their field dependent behavior.  Magnetic particles are typically 

composed of iron, nickel, or cobalt, and their various oxidized derivatives.   A division 

in nomenclature is used to distinguish between the different types of magnetic ordering 

of spins within these materials.  Iron, nickel, and cobalt in pure metal form are referred 

to as ferromagnets, whereas their oxidized forms are referred to as ferrimagnets.  

Regardless of these differences, both types of material classes display common magnetic 

properties, including the ability to store magnetization in the absence of external field 

(i.e., remanence), and a history dependent magnetization (i.e. hysteresis). The hysteretic 

magnetization behavior of typical ferro/ferri-magnetic material below the Curie 

temperature59,60 is presented in Figure 3A.   

When ferro/ferri-magnetic materials are heated above the Curie temperature, the 

spin-spin coupling within the material is no longer sufficient to overcome thermal 

fluctuation energy, and as a result these materials begin to display different behavior 

referred to as paramagnetism, which is characterized by a lack of remanence and 

hysteresis.  In other words, paramagnetic materials can magnetize in an external field, 
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but they promptly lose their magnetization when the field is removed.  The classic 

paramagnetic hysteresis graph is shown in Figure 3B, and the linear region is called the 

magnetic susceptibility, χ, which describes how easily the material can magnetize in an 

external field.    

 
Figure 3 - Hysteresis curves for (a) ferromagnetic and (b) paramagnetic 

material.  The magnetization, �
pM , of the particles increases with an applied field, H

� , 

until the saturation magnetization, 
sM , of the particle is reached.  Ferromagnetic 

particles retain a magnetization in zero field that can only be switched in a reversal 
field exceeding the coercive field, 

cH
� . 

Recently, the term “superparamagnetism” has been given to a class of very small 

metal or metal-oxide nanoparticles (usually smaller than 10nm) that display 

extraordinarily large paramagnetic response to an external field even at temperatures 

below the Curie point, where the bulk material would have magnetic remanence.  This 

behavior originates from the competition between the nanoparticle’s magnetic 

crystalline anisotropy energy and the thermal fluctuation energy of the surrounding 

bath.  Since the crystalline anisotropy energy is proportional to the volume of the 

nanoparticle, there exists a critical size below which the particles cannot retain its 
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preferred magnetization orientation inside the material’s crystalline structure.  This 

“superparamagnetic limit” is of particular interest to magnetic data storage technology, 

since it dictates the smallest nanoparticle that can store binary data.  These materials are 

also of interest as magnetic nanoparticle fluids, since they remain stable in the absence of 

magnetic field but respond strongly when external field is applied.  

In the last few decades, there have been significant advances in synthesizing 

fluidic suspensions of magnetorheological fluids, typically composed of a spherical 

polymer matrix which encapsulates a dispersion of magnetic nanoparticle grains.  If the 

magnetic grains are small enough and spaced sufficiently far apart inside the polymer 

matrix, then the composite particle will behave superparamagnetically yet it will have a 

large dipole moment due to the collective response of the large number of magnetic 

grains inside the bead.  The magnetic susceptibility of these commercially available 

beads is typically in the range of 0.1 – 1.0. 

On the other hand, ferrofluid has unique properties consisting of 5-20nm sized 

magnetic nanoparticles that are freely suspended inside a nonmagnetic carrier fluid.  

The magnetic properties of the fluid can be modeled as a continuum when the fluid 

volume element under consideration is much larger than the individual nanoparticles.  

Ferrofluids having at least 0.1% volume fraction of magnetic nanoparticle material have 

been demonstrated to behave as a magnetic continuum on the 100nm length scale12,53,54.  
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These fluids can also be characterized by a magnetic susceptibility which can be tuned 

by changing the concentration of nanoparticles within the fluid. 

It is interesting to note that in some ferrofluids the overall fluid magnetization 

can display superparamagnetic properties despite its being composed of nanoparticles 

that are larger than the superparamagnetic limit. The mechanism for achieving 

superparamagnetic behavior is due to the Brownian rotational diffusion of the 

nanoparticles, as opposed to through the classic Neel mechanism (i.e. rotation of the 

magnetic moment inside the crystalline structure).  For these fluids to remain stable, the 

nanoparticle cannot be too large, since force interactions between the ferro/ferrimagnetic 

nanoparticles can lead to irreversible aggregation.  In most cases, ferro/ferromagnetic 

nanoparticles smaller than about 20nm will remain colloidally stable, since thermal 

fluctuations will dominate not only the particle-particle magnetic force interactions but 

also other surface forces of relevance to this size scale. Thus, the criteria for modeling a 

medium as superparamagnetic must consider not only the properties of the material 

itself, but also the mobility of particles inside their host matrix.   

Finally, it is important to mention the role of shape or material asymmetry in the 

particle magnetization process, which is commonly referred to as the “anisotropy” of the 

material.  First, anisotropy can exist based on the asymmetries of the materials that 

comprise the particles such as the partial coatings of Janus particles61 or as small 
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ferromagnetic inconsistencies in otherwise paramagnetic particles.  Paramagnetic 

microparticles are essentially ferromagnetic nanoparticles fixed in a polymer matrix.  

Under no applied fields, each single-domain ferromagnetic particle retains a 

magnetization along its own preferred magnetization axis.  Statistically, the geometry of 

these particle positions and their average magnetization directions often leads to a slight 

remnant magnetization that can be used to orient these so-called paramagnetic particles.   

Second, anisotropy of shape can lead to preferred magnetization states in 

materials.  The magnetization of various particle shapes can be modeled using discrete 

dipole approximation techniques59.  When the particle shapes conform to certain 

symmetrical geometries, (e.g. spherical, and ellipsoidal), these calculations can often be 

simplified with analytical functions at negligible cost to accuracy.  Simplified models are 

especially beneficial for treating spherical particles, which are the most abundant 

particle geometry62,63,64 and are unique in that the particle’s field is identical to a point 

dipole when it is uniformly magnetized.  However, some corrections may be needed 

when the particle shape is slightly irregular or if the particle’s magnetization is not 

uniform due to the presence of nearby magnetic sources59,65, (e.g. a permanent magnet or 

another particle).  Numerical techniques, can achieve better accuracy; however, the gains 

in improved accuracy are relatively minor and frequently not worth the computational 

investment53 when applied to applications in magnetic separation and manipulation.  
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2.2 Magnetic Force 

The stability of any colloidal suspension is highly dependent upon short range 

forces, (e.g. steric, Van der Waals, and depletion); however, particle trajectories are 

dominated by long-range forces, (e.g. electrical, gravitational, and magnetic)66,67.  

Electrical forces often exist in suspensions in the form of electric surface charges, which 

assist in stabilizing the suspension by repelling neighboring particles.  These charges, 

however, will negligibly affect particle motion in dilute suspensions which are not 

exposed to electric fields.  Gravitational forces can also be ignored for small magnetic 

particle suspensions over short time scales68.  Hence for the magnetic particle systems 

discussed in the following sections, other forces have been neglected entirely and have 

focused on the formation of colloidal structures solely due to magnetic forces. 

The magnetic force on particles can be computed by considering the equivalent 

magnetic poles distributed inside the particle volume and on the particle surface.  In the 

case of uniform magnetization, the magnetic poles are strictly on the particle’s surface 

and the equivalent magnetic pole density can be determined from the divergence in the 

normal component of magnetization at the particle surface,  ( ) ˆo p fM M nσ µ= −
� � , where 

�

pM
 and 

fM
�  are the respective magnetizations of the particle and the surrounding fluid, 

and n̂  is the normal surface vector of the particle, 
pS .  The constant µo

 represents the 
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magnetic permeability of free space, 74 10 [ / ]o H mµ π −= ⋅ .  The magnetic force, 
pF
� , that acts 

upon these magnetic poles is defined by: 

( ) ˆ

p p

p o p f

S S

F HdS M M nHdSσ µ≡ = − ⋅∫∫ ∫∫
� � � ��

� �
 (1) 

H
�  is the local magnetic field using SI notation where the magnetic flux density, B

�
, is 

related to the magnetization and local field by ( )oB H Mµ= +
� � � .  Applying Gauss divergence 

theorem69, Eq. (1) can be reduced for a spherical particle of volume 
pV  to: 

( )µ  ≡ − ⋅ ∇ 

� � ��

p o p p fF V M M H  (2) 

Eq. (2) indicates that in order to achieve significant magnetic force, the particles should 

have large volumes, there should be a large contrast between the magnetization of the 

particle and the fluid, and the manipulation system should be capable of applying large 

magnetic field gradients.  Eq. (2) also indicates that both magnetic and nonmagnetic 

particles can be magnetically manipulated depending on the fluid magnetization.  For 

example, magnetic microparticles surrounded by water, for which 0fM =
� , can 

experience large magnetic forces leading to the properties apparent in 

magnetorheological fluids.  In weak magnetic fields where 
p sM M<< , the particle 

magnetization follows a linear constitutive relationship 
pM Hχ=
� � , where χ  is the bulk 

material susceptibility, as shown in Fig. 1B. This relationship allows the force to be 

expressed as: 



 

19 

 

( ) 21
2p o p p o pF V M H V Hµ µ χ= ⋅ ∇ = ∇

�� � �
 (3) 

where χ  is the susceptibility of the particle. The geometry of the particle also affects its 

ability to magnetize in an external magnetic field70; for example, spherical particles have 

a shape corrected susceptibility of ( )3 3χ χ χ= + , where.   

2.3 Negative Magnetophoresis 

Magnetic force can also be applied to nonmagnetic particles provided the 

surrounding fluid has non-zero magnetization, such as ferrofluid. It is convenient to 

represent the fluid magnetization using continuum models and this assumption tends to 

be reasonably accurate in cases when the fluid volume of consideration is much larger 

than the individual ferrofluid particles.  An alternative method for modeling these 

suspensions would consist of considering each particle as a discrete dipole and using 

Monte Carlo techniques71,72 to track the average position and density of particles over 

time.  Due to its computational complexity, these techniques are only applied by a 

limited number of groups, while most advances have employed continuum 

approximations.  The force on a relatively large nonmagnetic particle (i.e. >50nm) 

immersed in ferrofluid can be rewritten as: 

( )p o p fF V M Hµ= − ⋅ ∇
� ��  (4) 
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The effective fluid magnetization is a function of the magnetization of the 

individual magnetic particles, ,p mM
�

, and their volume fraction, mC , as 
,f p m mM M C=

� � .  

For very low magnetic fields where ,p m sM M<< , a linear constitutive relationship can be 

employed to describe the magnetization of the individual magnetic particles as 

,p mM Hχ=
� �

.  When large, spherical, colloidal particles are placed inside ferrofluid and 

exposed to uniform field, the permeability mismatch between the particle, pµ  and 

surrounding ferrofluid, ffµ , causes the particle to produce a reaction field with a 

moment equal to59,73:  

extp

ffp

ffp

p HVm
��















+

−
=

µµ

µµ

2
3  

(5) 

where pV  is the volume of the spherical particle.  In the presence of weaker fields, when 

a linear constitutive relationship holds for the fluid magnetization, the fluid 

permeability can be described in terms of its magnetic susceptibility, 

TkMV Bsff 32

0µχ = .  To first order, the effective magnetic permeability of the fluid is 

proportional to the volume fraction φ  of magnetic particles, given by: 

( ) ( )TkMV Bsffff 311 2

000 µφµφχµµ +=+=  (6) 

However, in strong magnetic field, magnetic saturation occurs which 

complicates Eq. (5) and makes it simpler to operate in terms of magnetizations.  To 
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describe this saturation phenomenon, the particle magnetization is more accurately 

characterized by Langevin’s function74, ( ) ( ) 1cothL x x x
−= − , given by: 

( ),
ˆ

f p m m s mM M C M C L Hξ= =
� �  (7) 

where ξ  is a dimensionless ratio between the magnetic and thermal energy as 

,ξ µ=
�

o s m m BM V H k T , where 
mV  is the volume of the individual magnetic particles that 

comprise the ferrofluid.  Combining Eq. (7) with Eq. (4) yields the force on nonmagnetic 

particles submerged in ferrofluid and subjected to magnetic field gradients as: 

( ) ( ) ( )ˆξ ξ ξ= − ⋅ ∇ = − ∇
��

p p s m B mF V M C L H H k TC L  (8) 

Thus, Eq. (3) and Eq. (8) represent the forces experienced by magnetic particles 

surrounded by nonmagnetic carrier fluid, such as water, and by nonmagnetic particles 

surrounded by ferrofluid, respectively.  These expressions will be applied to describe 

magnetic manipulation techniques in various colloidal particle systems, and elucidate 

the role of magnetic force played in forming colloidal particle chains and other self-

organizing structures, controlling alignment of anisotropically shaped colloidal particle, 

as well as the transport and assembly of colloidal particles onto magnetically patterned 

surfaces.  
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3. Magnetic Manipulation of Particles near Surfaces 

There are two main groupings for colloidal manipulation systems, ones that 

work in bulk fluid and ones that work in proximity to a surface.  Bulk fluid based 

systems generally provide simpler and cheaper manipulation schemes, relying on local 

particle-particle interactions or external fields to manipulate particles.  However, these 

systems are often severely limited in their flexibility and specificity, generally affecting 

all particles identically and simultaneously.  To increase the specificity and localized 

controllability, many systems rely on surface features providing localized conditions 

that affect nearby particles uniquely and, often, independently.    

There are many ways that substrates can apply magnetic forces to nearby 

particles.  One, possibly more intuitive, method is to build very small magnetic features 

onto the substrate.  These types of magnetic systems can be fabricated by various 

lithographic techniques, and have been studied by a number of researchers for 

applications in biochip technologies, manufacturing, and purification8,75.  Another 

method relies on bulk surface forces that only affect particles that are within range of the 

surface interface.  One source that these interfacial forces can arise from is a magnetic 

permeability mismatch between the surface and the surrounding fluid68.  Both of these 

genres of surface-particle interactions can lead to very interesting systems and 

applications. 
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3.1 Magnetic Particle Manipulation with Magnetic Templates 

With some straight forward fabrication methods, magnetic templates, or islands, 

offer high programmability for the manipulation of nearby particles. For example, 

fabricating the magnetic templates with ferromagnetic material allows for magnetic 

information to be stored in the substrate and used to program the particle manipulation 

instructions76.  This programmability allows for the controlled placement of magnetic or 

nonmagnetic particles into desired regions of the substrate.  For a particle near an island, 

the classical dipole field pattern for an island is shown in superimposed on the uniform 

field.  Without external fields, the field of the island, 
islandH
� , will remain symmetric, 

having maxima of equal magnitudes near both magnetic poles and minima far away 

from the island; however, when an external field bias is applied to the system it is 

possible to change the locations of magnetic field maxima and minima. 
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Figure 4 – FEM analysis of magnetic templates (grey thin rectangles) on a substrate 
under an applied field (black arrows).  Magnetic islands are magnetized rightward, 

and the external field is (a) upward, (b) leftward, (c) downward, or (d) rightward.  
External field interacts with island’s field to produce different regions of magnetic 

field maximum (red) and magnetic field minimum (blue). 

As seen in Figure 4, the magnitude of the local field can be altered by applying 

an external field such that the external field adds to the island’s field in some locations 

and subtracts in other locations. In Figure 4a, the external field adds to the field on the 

right side of the island and reduces field on the left, creating a field maximum and 

minimum, respectively.  Thus, nearby magnetic particles will be forced toward the right 

side of the island.  Because photolithographic patterning techniques are well developed, 

a magnetic template with a controllable field distribution is a very straightforward 

method to create self-assembled arrays of particles onto specific locations of a surface. 

3.1.1 Manipulation of Magnetic Microparticles  

(The work detailed in this section was conducted in collaboration with Hui S. 
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Son, Gil U. Lee, H. Shang, R. Hewlin Jr., and Benjamin B. Yellen.) 

This section will focus on microfluidic systems in which the motion of 

colloidal particles is dominated everywhere by magnetic force.  Brownian diffusion 

is assumed to play a negligible role, and thus the trajectory of particles will be 

calculated solely from the magnetic force and the viscous response of the 

environment.  Micrometer sized superparamagnetic beads are widely utilized to 

magnetically separate biological molecules and cells from complex fluid mixtures77,78.  

In this technique, superparamagnetic beads are functionalized with a receptor 

against a specific analyte and reacted with the sample.  Afterwards, the beads are 

removed from the sample in a high-gradient magnetic field, shown in Figure 5, and 

then re-suspended after several washing steps.  This technique has been successfully 

applied to separate rare cell types from blood79,80,81,82,83 and to perform highly sensitive 

bioanalytical measurements84.   
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Figure 5 – A cartoon depiction of a common magnetic separation platform.   Magnetic 
labels are attached to bioparticles in question and are subsequently indirectly 

manipulated.  Here, larger bioparticles cause the magnetic labels to feel reduced force 
towards the magnetic source.  

 Over the past few decades, however, there have been few fundamentally new 

developments in the field of magnetic separation. The most common approach to 

improving magnetic separation techniques has been to use stronger fields and 

stronger field gradients both to increase the separation efficiency81,85,32 and provide 

better control over the movement of the beads75,86,87.  In the magnetic separation 

literature, for example, various groups are developing improved magnetic separators 

which employ micron-sized magnetic materials8  and/or current-carrying wires88  to 

produce field gradients exceeding 105 T/m.  

 Instead, a fundamentally new and different approach to magnetic separation 

will be presented which can dramatically increase the separation efficiency, not by 
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exploiting stronger fields and field gradients, but rather by tuning the mobility of 

beads in a translating periodic potential energy landscape. Presenting this novel 

magnetic separation system will provide an efficient avenue to discuss the 

manipulation of magnetic microparticles10.  This separation system was comprised of 

a magnetically patterned surface, containing an array of closely spaced circular 

magnets which produce both strong local field and field gradients, leading to 

magnetic forces exceeding piconewton strength on nearby colloidal particles.    

Compared to conventional magnetophoretic separation techniques, a translating 

periodic potential energy landscape can simultaneously separate different types of 

superparamagnetic beads based on only marginal differences in their size, geometric 

properties, and/or the type of biological micro-organism attached to the bead.  The 

translating periodic potential energy landscape is created by superimposing an 

external, rotating magnetic field on top of the local magnetic fields produced by a 

periodic arrangement of micro-magnets. Superparamagnetic beads exposed to this 

moving potential will translate horizontally across the substrate at a rate that 

depends on the frequency of the external field rotation as well as the characteristic 

properties of the beads.  At low frequencies, the magnetic beads become locked into 

the moving potential and they are shuttled between adjacent magnets at a speed that 

is proportional to the translation velocity of the landscape8.  At higher frequencies, 
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the system crosses a critical threshold and the beads can no longer remain trapped in 

a local potential energy minimum due to the increasing influence of viscous drag.  

Instead, the beads begin to “slip” out of the potential energy minima and their 

velocity decreases dramatically at frequencies above the critical threshold.  

 Although analytical models predict that the time-averaged velocity of the 

beads in this “slipping regime” will always remain positive, experiments have 

demonstrated that the beads become effectively immobilized over a range of finite 

frequencies.  This observation has important ramifications in the field of magnetic 

separation because it allows for the possibility of achieving effectively “infinite” 

separation efficiency by tuning the driving frequency to selectively transport certain 

beads while immobilizing the rest.   

 The basic concept of traveling wave magnetophoretic transport is provided in 

Figure 6, wherein a superparamagnetic bead is depicted moving across an array of 

micro-magnets in the xy-plane due to the presence of an external magnetic field rotating 

in the xz-plane. Figure 6A-D are reflected light images of a superparamagnetic bead 

(labeled b) that is transported across a 3x3 array of circular cobalt magnets, which are 

observed as white circles.  An external magnetic field whose direction, θθθθ, is rotating in 

the xz-plane is used to drive the motion of the beads across the micro-magnet surface. 

Figure 6E-H present the results of finite element computations of the magnetic field 
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distribution of three micro-magnets (delineated by the black rectangle in Figure 6A) as θθθθ  

is rotated in the xz-plane.  The superparamagnetic bead has been drawn to scale as a 

black circle on the finite element simulation at the point of the magnetic field maximum.   

 

Figure 6 – This figure illustrates the physical principles of magnetophoretic 
transport on periodic magnetic structures.  A sequence of steps is used to move a 

superparamagnetic micro-bead carrying a B. globigii spore across the micro-magnet 
array. Top row:  Reflected light top view images of the surface of the micro-magnet 
array in which a 1 micron superparamagnetic micro-bead (dark circle) is transported 
above 5 micron cobalt disks (white circle). The bead moves from left to right across 

the center magnet as a rotating 60 Oe external magnetic field is generated with 
electromagnets with orientation of a. θθθθ= 180o, b. 270o, c. 0o, and d. 90o in the xz-plane.  

Bottom row:  Profile of the magnetic field generated at the surface of the three 
permanent magnets delineated with the rectangle in Figure 1A as the external 

magnetic field is rotated from e. θθθθ= 180o, f. 270o, g. 0o, and h. 90o.  The position of the 
field maximum is indicated with black circle. 

 In relatively weak fields (below 100Oe), the system exhibits the dependences 

described in Eq. (3), namely, that the magnetic moment m
�

 of a superparamagnetic 

bead follows a linear constitutive relationship with the external magnetic field.  In a 
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non-uniform static magnetic field, the bead will eventually reach a local equilibrium 

point where its force can be minimized within the mechanical constraints of the 

system. The equilibrium positions are the locations of maximum magnetic field, 

designated as ( )max

*
Hrr
���

= .  Motion of the bead through space can be induced by 

shifting *r
�

 relative to the bead’s position r
�

.  This implies that the bead will always 

lag behind the potential energy minimum by a distance defined as: ( )*rr
��

−=Φ , which 

itself is a function of time. Unique properties arise when the distance between the 

bead and a local potential energy minimum, Φ , becomes commensurate with the 

length scale associated with the magnetic field gradient ( )
cΦ  (i.e. the distance 

between two potential energy minima).  Specifically, if the bead reaches a condition 

where Φ  exceeds 
cΦ , then the bead has escaped out of one potential energy well and 

has moved into the closest adjacent one.  The time-averaged velocity of a bead 

undergoing this type of motion is determined from the relative amount of time it 

spends trapped inside a given potential energy mimimum compared to the amount 

of time it spends transitioning from one potential energy minimum to next. Beads 

that spend a longer time trapped inside a given potential energy minimum will move 

faster than beads which easily slip out of the potential energy minimum.  It is 

precisely this phenomenon which is exploited to achieve high resolution traveling 

wave magnetophoretic separation. 
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 Using a reasonable approximation for the fields produced by this 

experimental system, a simple transport model is derived which captures the 

essential physics of a superparamagnetic bead moving in response to a translating 

periodic potential energy landscape. An idealized version of the experimental system 

is considered, consisting of a square array of periodically spaced magnets, each 

permanently magnetized along the x-direction. There are practical advantages to 

using a 2-dimensional array of magnets including the ability to transport beads along 

multiple different directions8, however this theoretical treatment reduces the 

dimensionality by assuming that the magnetic pole distribution of the substrate 

varies periodically only in the x-direction and remains constant in the y-direction. 

Also, the pole distribution on the substrate is modeled as sinusoidal rather than as 

discrete point poles. Although these assumptions do not exactly reflect the 

experimental model which uses a 2-dimensional array, they permit an analytical 

solution for the transport equations as will be shown below.  Through separation of 

variables, the field produced by the micro-magnet array, in combination with the 

external magnetic field 
extH  rotating at frequency ω , is given by: 

( )
( ) ( )
( ) ( )







+

+
=








=

tHkxA

tHkxA

H

H
txH

ext

ext

z

x

ω

ω

coscos

sinsin
,

�  (9) 

where ( ) 22exp0 πβσ −=A   is a parameter denoting the magnitude of the substrate’s 

field at the location of the bead center, da=β  is the ratio of the bead radius, a , to 
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the characteristic length scale of the array, d ,  (here, d  is taken to be center-to-center 

distance between adjacent magnets), dk π2=  is a constant describing the spatial 

periodicity of the array, and 
0σ  is an experimentally determined parameter 

representing the effective magnetic pole distribution on the array surface.   The 

horizontal magnetic force experienced by the bead as a function of its position and 

time is given by: 

( ) ( )tkxFtxF magx ω−= sin,  (10) 

where 
magF  can be calculated from Eq. (3). 

 Transport of beads between adjacent micro-magnets is determined by the 

driving frequency of the external rotating magnetic field and an inherent critical 

frequency, which is characteristic of the physical properties of the system.  This 

behavior is well described by the equation of motion of a bead experiencing periodic 

forcing due to movement through a periodic potential, given by: 

( )φsin
2

2

magF
dt

dx
D

dt

xd
M =−  (11) 

where M  is the mass of the bead, D  is the viscous drag coefficient, and the phase 

tkx ωφ −= is used to denote the relative position of the bead with respect to the 

current position of a potential energy minimum within the translating reference 

frame.  For low Reynolds number flow, the inertial term of the bead can be ignored, 

and Eq. (11) can be re-written in dimensionless form, leading to the equation of 
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motion of an overdamped non-linear oscillator: 

( )
cd

d

ω

ω
φ

τ

φ
−= sin  (12) 

where DkFmagc =ω  is the critical frequency for a specific bead type, a value which 

depends on the material and geometric properties of that bead, and tcωτ =  is 

dimensionless time.  The basic form of Eq. (12) is similar to a variety of other 

physical systems, including the rotational dynamics of colloidal particles89,90, 

josephson junctions91, and certain biological systems92. The overdamped non-linear 

oscillator has a stable solution ( )0=τφ dd  only when the driving frequency is less 

than the critical frequency (i.e. 
cωω < ).  If damping is assumed to result solely from 

Stoke’s drag of a sphere vaFDrag

�
πη6=  moving through a fluid of viscosity η , then the 

critical frequency can be expressed as: 

( ) ( )πβπβ
η

σµχ
ω 2exp2

18

200 −= ext
c

H  (13) 

 Clearly, the critical frequency scales linearly with the bead susceptibility, 

linearly with the external field, and linearly with the substrate’s field. The critical 

frequency scales inversely with the viscosity of the fluid and in a more complicated 

manner with the bead dimensions.  However, for beads much smaller than the 

substrate periodicity (i.e. 1<<β ), the critical frequency follows a quadratic 

relationship with the bead size.  It is worth noting that the critical frequency in the 
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small β  limit varies linearly with the bead’s surface area, which is identical to how 

the velocity of a bead in conventional linear magnetophoresis varies with size32.  

However, it is not the critical frequency which can be exploited for separation, but 

rather the velocity of the bead above the critical frequency, as will be shown next.   

 Overdamped non-linear oscillators are dynamic systems exhibiting two 

distinct transport regimes depending on the magnitude of the external driving 

frequency.  When the external driving frequency is less than a critical threshold, the 

bead reaches a stable position within a given trap in the landscape and moves at a 

constant horizontal velocity with a speed equal to the translation velocity of the 

landscape, πω 2d .  In this “phase-locked” regime, the bead physically lags behind the 

energy minima of a given trap by a distance equal to: ( ) ( )cd ωωπ 1sin2 −=Φ .  Near the 

critical threshold, the bead will lag behind the local energy minima by a distance of 

exactly 4d=Φ  (corresponding to a relative location that is 90o out of phase with 

respect to the local field maximum). Above the critical threshold, the bead begins to 

slip with respect to the translating potential energy landscape.  Physically, this 

slipping is observed as an oscillatory rocking motion between adjacent magnets 

superimposed on a time-averaged linear velocity, which reduces to zero with 

increasing frequency at a rate defined by:  
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(14) 

 Eq. (14) implies that the velocity of the bead will remain positive over all 

frequencies and will reduce to zero only at infinite frequency. As will be shown in the 

following section, this simple theoretical description is consistent with experimental 

investigations on the transport of beads of various sizes in the low frequency regime.  

The model also adequately describes the shift in the critical frequency caused by changes 

in the bead’s size, or the attachment of different micro-organisms to single beads.  

However, this simple transport model fails to explain the experimental observations of 

bead transport in the high frequency transport regime, in which the bead mobility 

becomes negligible over a range of finite frequencies. This property is important because 

it implies the experimental conditions may be tuned to achieve even higher resolution 

separations than predicted by Eq. (14).  Please refer to Appendix A for a detailed 

description of the micro-beads and surface chemistries, fabrication procedure of the 

micro-arrays, description of the magnetophoretic instrument, magnetophoretic 

separation experiment details, and bead tracking protocols.  

 Figure 7 presents the results of quantitative measurements of the mobilities of 

1.0-µm and 2.7-µm diameter superparamagnetic beads as a function of the external 

driving frequency between 0 and 15 Hz.  At each frequency only a certain percentage 
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of the beads were translating across the array (classified as mobile beads), while the 

rest were oscillating back and forth between two adjacent magnets (classified as 

immobile beads). Figure 7a presents the percentage of immobilized beads as a 

function of the external driving frequency.  Nearly all the beads are transported at 

the lower frequencies, whereas at frequencies significantly above the critical 

threshold the beads are uniformly immobilized. Least squares fitting of the first 

derivative of the cumulative distribution function (solid lines in Figure 7a) indicated 

that the frequency above which half of the beads are immobilized was 3.8 ± 0.3 for 

the 1.0-µm beads, and 8.2 ± 0.49 Hz for the 2.7-µm beads.  These observations are 

consistent with the theoretical model, except for the fact that the beads exhibited 

practically zero time-averaged translational motion across the substrate at 

frequencies above the critical threshold.  
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Figure 7 –This figure depicts the mobility of micron-sized beads as a function 
of the driving frequency. In (a), the percentage of immobile 1.0-µm ( ) and 2.7-µm 

beads ( ) is plotted as a function of the frequency of rotation of the external magnetic 
field.  The cumulative distribution function (CDF) and probability distribution 
function (PDF) are presented as dashed and solid lines, respectively. In (b), the 

velocity of the 1.0-µm  ( , ) and 2.7-µm beads ( , ) is presented as a function of the 
rotation frequency.  The squares represent the mean velocity of the mobile beads, 

while the triangles represent the mean velocity of the entire population of beads.  The 
dashed or dotted lines are the simulated velocity for the 2.7-µm and 1-µm beads, 

respectively, based on an appropriate choice for the critical frequency for each bead 
size. 

 The experimental data and the accompanying theoretical simulations are 

plotted in Figure 7b to demonstrate the relationship between velocity and frequency, 

as well as the locations of the critical frequencies for each bead type (i.e. the peaks in 

the simulated curves). Since the beads are polydisperse in size and magnetic 
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moments, the velocity distribution is broadened, making it difficult to identify the 

true critical frequencies for each bead type, defined in Eq. (13).  In order to best 

tabulate the critical frequency, Figure 7b compares the mean velocity of the entire 

population of beads (squares) to the mean velocity of the fraction of beads that were 

mobile at a given frequency (triangles).  In the phase-locked regime, the mean 

velocity of the entire population of beads is equal to the mean velocity of the mobile 

beads.  In the phase slipping regime, on the other hand, the mean velocity of the 

entire population of beads diverges from the mean velocity of the mobile beads due 

to the increasing number of immobile beads in the sample.  In effect, the critical 

frequency for each bead type was identified as the point where the average bead 

velocity diverges from the velocity of the translating potential energy landscape.  

Based on the experimental results shown in Figure 7b, the mean critical frequencies 

were identified for the 1.0-µm and 2.7-µm beads to be approximately 2.8 Hz and 5.8 

Hz, respectively.  The dotted and dashed curves represent the simulated fits using 

Eq. (14) and the estimated critical frequency for each bead size.  The ratio of the 

experimentally determined critical frequencies for the two bead sizes is 5.8 / 2.8 = 2.1, 

a value that is very similar to the ratio of the critical frequencies predicted by Eq. 

(13).  For example, if previously determined93 bead susceptibilities are used (the 

magnetic susceptibilities for the 2.7-µm and 1.0-µm beads were measured to 
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be 17.07.2 ≈χ , and 3.00.1 ≈χ , respectively) while maintaining the same external 

conditions for the other parameters in Eq. (13), the predicted ratio of the critical 

frequencies is observed to be 2.2, which is within 5% of the experimentally observed 

ratio.  

 Traveling wave magnetophoresis has been used to separate beads based on 

size when the driving frequency of the external magnetic field was scanned from 

high to low.  At an example frequency of 5 Hz, 2.7-µm beads are in the phase-locked 

regime and move with a velocity that is linearly dependent on the external driving 

frequency, while 1.0-µm beads are in the “phase-slipping” regime and are uniformly 

immobilized at this frequency. 

 Traveling wave magnetophoresis has also been applied to separate and 

identify several microorganisms that were chosen as models for pathogens.  B. globigi 

and S. cerevisiae were attached to 1.0-µm and 2.7-µm diameter superparamagnetic 

beads, respectively, by reaction with beads that were coated with appropriate 

affinity receptors.  The magnetophoretic mobility of the bead-microorganism 

complexes were characterized by measuring the population’s mean velocity, and the 

results are provided as a function of external driving frequency between 0 and 10 Hz 

in 0.5 Hz intervals, shown in Figure 8a.  The B. globigii, having an average diameter 

of approximately 500 nm, changed the effective hydrodynamic drag coefficient of the 
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1.0-µm bead by approximately 10%, and causes the critical frequency of the beads 

carrying the bacteria to be lowered by approximately 0.5 Hz compared to the 

uncomplexed bead. This decrease in critical frequency is consistent with an increase 

in the hydrodynamic drag of the complexed bead. Although the bandwidth of this 

experimental setup is not high, the selectivity of the separation apparatus for the 1.0-

µm beads was found to be optimal at a driving frequency of 3.5 Hz, at which point 

the average velocity of the uncomplexed beads was almost an order of magnitude 

faster than the average velocity of the bead-B. globigii complexes.  By comparison, in 

a linear separation apparatus the magnitude of the velocities for the two bead 

complexes should differ by a factor no greater than about 10%, corresponding to the 

ratio in the hydrodynamic mobilities between the uncomplexed bead and the bead-B. 

globigii complex.    
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Figure 8 –This figure depicts the differential in the mobility of magnetic beads 
which are either complexed with a micro-organism or uncomplexed. In a) the velocity 
of the 1.0-µm bead B. globigii complex ( ) and the 2.7-µm bead S. cerevisia complex (

) are compared with the velocity of the uncomplexed 1.0-µm bead ( ) and the 
uncomplexed 2.7-µm bead ( ) as a function of the rotation frequency of the external 

magnetic field.  The solid, dotted, dashed, and dash-dotted lines represent the 
mobility curve predicted by equation (8) using the estimated critical frequency for 
each type of bead complex.  In b), an image of six bare magnetic beads and a single 
magnetic bead bound to B. globigii is presented before the rotating field is turned 

ON.  In c) an image of the same array is provided after the rotating field is turned ON 
for several thousand cycles.  The resulting image demonstrates that it is possible to 
identify the beads bound to B. globigii, which become immobilized on the micro-

magnet array above certain critical frequencies, by tuning the frequency of the 
external magnetic field to the critical value for this experimental setup. 
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 A more pronounced result was obtained when analyzing the velocity of single 

2.7-µm beads attached to a single S. cerevisiae, as the size of the bead is more closely 

matched to the average diameter of S. cerevisiae which is around 4-5 µm on average.  The 

critical frequency of the bead-yeast complex was several Hertz lower than the critical 

frequency of the uncomplexed bead.  The decrease in the critical frequency was found to 

be consistent with the approximately 50% increase in the hydrodynamic drag coefficient 

of the bead-yeast complex.  At a driving frequency of 9.0 Hz, the average velocity of the 

uncomplexed beads was observed to be nearly two orders of magnitude faster than the 

average velocity of the bead-yeast complexes. Clearly, the bead-S. cerevisiae complex is 

immobilized at 8.5 Hz, whereas the unattached beads are moving at a uniform rate.  

When the frequency was reduced to 4.5 Hz, the bead-S. cerevisiae complex becomes 

mobile and moves off the chip, thereby demonstrating a simple mechanism for 

separating pathogens by scanning the frequency of the external rotating field from high 

to low. 

 The resolution of traveling wave magnetophoresis is determined by the 

properties of the beads, micro-magnets, external field, and the number of magnetic 

steps used to separate the beads.  Small differences in the driving frequency can 

efficiently separate beads by great distances due to the large number of steps (i.e. 

micro-magnets) used in the separation process.  Figure 8b-c demonstrate the 
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separation of the uncomplexed beads from the beads complexed with B. globigii.  A 

typical magnetic bead distribution on the micro-array after the injection of the micro-

bead solution is presented in Figure 8b.  A single bead complexed with B. globigii is 

observed on magnet 4e along with 6 uncomplexed beads.  Figure 8c presents the 

results of application of the external magnetic field to the micro-magnet surface at a 

driving frequency of 3.5 Hz for several thousand cycles.  During that time, the micro-

bead complexed with B. globigii does not move but the original uncomplexed beads 

have moved off the chip.  In fact, most of the uncomplexed beads are removed from 

this area of the chip, although a single uncomplexed bead can be seen to have moved 

onto the array at magnet 5f. 

 Analysis of errors revealed that the frequency distribution around which the 

beads exhibited negligible mobility resulted primarily from the variation in the 

magnetic material content of the beads228, indicating that the resolution of this 

magnetophoretic separation technique is currently limited by the variation in the 

magnetic moment of the beads.  New superparamagnetic beads composed of densely 

packed magnetite nanoparticles can potentially reduce the variation in the 

magnetization within a population of beads to less than 2% of the mean value94.  

New breakthroughs in particle synthesis will provide higher resolution, which can 

potentially be used to identify submicron-sized biological materials, such as viruses 



 

44 

 

or organelles. 

 The simplified transport model derived in Eq. (14) strongly supports the 

empirical observations on the mobility of magnetic beads in the low frequency (i.e. 

phase-locked) regime.  In addition, this transport model can correctly identify the 

relative locations of the critical frequencies for different experimental conditions as 

shown in Section III.  However, Eq. (14) does not furnish an explanation for why the 

beads become effectively immobilized over a range of finite frequencies, nor how 

this property can be tuned to enhance this separation technique.  Several 

explanations may be proposed for the cause of this experimentally observed zero 

mobility regime. For example, it may be suggested that static friction causes the 

beads to display zero mobility over a range of frequencies; however this explanation 

is unlikely because the magnetic force in the normal direction is oscillatory and can 

even repel the bead away from the surface at certain points in the cycle.  It might also 

be suggested that the discrete nature of the magnetic pole distribution within the 

micro-magnet array is the cause of this phenomena.  Equations for the bead motion 

can be derived when the discrete pole distribution on the array surface is taken into 

account by including higher order harmonics for the substrate’s magnetization. 

However, these equations of motion do not allow an analytical solution for the 

mobility relationship, such as that provided in Eq. (14).   An analytical proof (or 
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disproof) of the possibility of a zero (or even negative) bead mobility at finite 

frequencies does not appear to be possible at present.    

 High-resolution traveling wave magnetophoretic separation has been 

demonstrated for the first time through the creation of a translating periodic 

potential energy landscape at the surface of a microfluidic device.  This separation 

technique represents an important and fundamentally new advance in the field of 

magnetic separation as it is possible to achieve high separation efficiencies, not by 

using stronger fields and field gradients, but rather by adjusting the frequency of the 

external rotating magnetic field such that only certain beads are mobile while the rest 

are immobilized. A simplified transport model was developed to explain how the 

horizontal motion of the beads depends on the external driving frequency.  This 

model works well for describing the low frequency portion of the bead mobility data 

and adequately predicts the shift in the critical frequency caused by a change in size 

of the bead or the attachment of model pathogens to the bead surface.  However, the 

transport model can not explain why the beads become immobilized over a range of 

finite frequencies, nor its implications for achieving effectively “infinite” separation 

efficiency. Due to the lack of analytical solutions, numerical simulations are required 

to fully explore the underlying phyics of these experimental observations. 
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 The current demonstration using B. globigii and S. cerevisiae has been limited to 

large analytes, however traveling wave magnetophoresis may be applied to molecular 

analytes if nanometer sized magnetic beads are used, or if the separation technique is 

accomplished by the formation of dimers or multi-bead clusters.  In practice, it should be 

possible to distinguish between dimers, trimers, and other bead-pathogen complexes, as 

each should have a characteristic frequency that allow it to be separated from the other 

species.  Thus, traveling wave magnetophoresis shows promise for a number of 

bioanalytical applications where it can be applied to rapidly sort through multiple 

analytes with an efficiency that is difficult to accomplish by alternative magnetic 

separation techniques85,32. 

 One of the primary questions that often arise in these systems that manipulate 

microparticles is the scalability of these methods down to nanoparticles.  The next 

section will focus on this topic, considering when magnetic energies get reduced, 

primarily to smaller particle volumes.  In these cases, thermal energy or Brownian 

motion is often a required component of an accurate model, and this often means that 

deterministic models will need to be exchanged with population densities and 

probabilities. 

3.1.2 Manipulation of Magnetic Nanoparticles 

(The work detailed in this section was conducted in collaboration with David 
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Sebba, Anne Lazarides, and Benjamin B. Yellen.) 

Magnetic nanoparticle suspensions, or ferrofluid, are of great scientific interest 

both as a physical model for studying colloidal phenomena95 and as an engineering 

material with unique properties suitable for many device applications8,36,41,96,97,98. In the 

past, attention has focused upon studying the bulk properties of ferrofluid; however, 

considerably less attention has been paid to the microstructure within ferrofluid, such as 

particle clusters99,100,101,102, or the evolution of particle concentration gradients103,104. 

Predicting the spatially varying magnetic nanoparticle concentration is greatly 

complicated by the large number of interacting magnetic nanoparticles.  Moreover, few 

experimental techniques are available for measuring the concentration gradients on the 

micron- and sub-micron scale.   

Here, theoretical and experimental techniques will be presented for analyzing 

magnetic nanoparticle concentration gradients that form near an array of patterned 

magnets. These techniques are built from a previous theoretical model that describes the 

behavior of magnetic nanoparticle fluids exposed to a high magnetic field gradient.  The 

model is unique compared to other models of high gradient magnetic separation 

(HGMS) in that screening of the magnetic field is explicitly taken into account by 

imparting a local effective magnetization to the surrounding fluid105. In this section, this 

theoretical model will be presented and subsequently extended by employing 
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Langevin’s function to describe the non-linear constitutive relationship between 

nanoparticle magnetization and the external field74.  The derived analytical model is 

found to be in excellent agreement over a wide range of experimental conditions.  

In contrast with the transport behavior of magneto-rheological fluid, which is 

composed of micron-sized particles that follow deterministic trajectories in the presence 

of magnetic field gradient, transport of magnetic nanoparticle suspensions is greatly 

affected by random Brownian motion105.  In addition to Brownian motion and magnetic 

force, other short-range forces are present in the fluid, such as steric, electrostatic, and 

Van der Waals forces. The effect of attractive Van der Waals forces is to de-stabilize the 

suspension by causing particles to flocculate; however in a stabilized colloidal 

suspension the tendency to flocculate is deterred by strong repulsive forces of steric and 

electrostatic origin. Though colloidal suspensions are in general thermodynamically 

unstable, the timescales over which the particles flocculate can be sufficiently long (i.e. 

years) that the suspensions can be considered kinetically stable for practical purposes.  

By convention, colloidal solutions are regarded as stable when the repulsive energy 

barrier between particles exceeds TkB15 .  On the other hand, when the energy barrier, 

U , is smaller (i.e. in the range of TkU B150 << ), particle aggregates are commonly 

observed, as demonstrated in recent studies of silver nanoparticles suspensions by 

Meyer et. al106. The interesting discovery by Meyer is that particle clustering is a self-
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limiting phenomenon.  In other words, the process of particle aggregation terminates 

after the particle clusters grow to a critical size originating from the scaling relationship 

between Van der Waals attraction and electrostatic repulsion as a function of cluster 

size.  The repulsive electrostatic interaction of a cluster of n  particles increases as 2
n , 

due to its dependence on the total charge of the cluster, whereas the attractive Van der 

Waals interaction increases as 32
n  due to its dependence on the effective radius of the 

cluster.  This competition results in self-limiting aggregation, because the particle 

clusters reach a critical size when the repulsive energy barrier greatly exceeds TkB15 , 

making further clustering highly improbable.   

Similar aggregation effects are expected to occur in magnetic nanoparticle 

systems; however, there also exists an attractive magnetic dipole-dipole interaction 

which acts as an additional contribution to the Van der Waals interaction, and is often 

called the Keesom energy67.  The presence of this additional attractive magnetic 

interaction is one of the primary reasons why stable ferrofluid is so difficult to produce.  

Even in the absence of an externally applied field, a small degree of aggregation in the 

form of micro-aggregates and/or short chains has been observed by neutron diffraction 

and other characterization techniques41,99,101,102.  A realistic model must therefore assume 

that ferrofluid contains a distribution of small aggregates, which can be approximately 

characterized by a mean aggregate size.  The magnetic force acting on these micro-
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aggregates is the cumulative sum of the magnetic forces acting on each nanoparticle 

within the aggregate.  Thus, the effective aggregate size can play a major role in the 

ability to concentrate the particles in magnetic field gradient, as will be shown here. 

The magnetization of an individual isolated superparamagnetic nanoparticle 

exposed to an external magnetic field, H
�

, is typically described by the Langevin 

behavior74 as described in Chapter 2, (see Eq. (7)), as ( )ξLMM sp = , where again the 

dimensionless parameter, TkVHM Bs=ξ , is the ratio of the magnetostatic energy to 

thermal fluctuation energy, and the variables V  and sM  represent the nanoparticle’s 

volume and  saturation magnetization, while Bk  and T  represent Boltzmann’s 

constant and the absolute temperature. This can also serve as a reasonable first 

approximation for the effective magnetization of a small aggregate of magnetic 

nanoparticles, in which case the entire volume of magnetic material within the 

aggregate is assumed to behave collectively as a single dipole.  Although this 

assumption may slightly overestimate the value of ( )ξL , this will lead to only minor 

errors in most field strengths where the particle’s moment is close to saturation. In 

calculating the force on the magnetic aggregate, a far more important effect to consider 

is the surrounding fluid’s magnetization. To a first order approximation, the local fluid 

magnetization depends linearly on the local magnetic nanoparticle concentration in Eq. 
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(7), as ( ) pMrCM
���

=  , where ( )rC
�  is the local volume fraction of particle material 

confined to a range from 0 (infinitely diluted) to 1 (particles in close-packed 

configuration). The linear constitutive relation for fluid magnetization given in Eq. (7) 

can be justified on the basis that the magnetization of any material is proportional to the 

local density of magnetic dipoles.  This relation is also consistent with Onsager’s 

theoretical investigations on polar liquids107, wherein it was demonstrated that the 

electric susceptibility of fluids composed of strongly polar molecules, such as water, 

follows a linear relationship with the number density of molecules, N , 

as: N∝−= 1εχ (see Eq. (25) of ref. 107).  Here, the nanoparticle’s magnetization is 

assumed to be fixed in magnitude, which makes Eq. (7) a reasonable assumption. With 

the above representation for fluid magnetization, the force on a magnetic nanoparticle 

or small aggregate of magnetic nanoparticles can be derived as a function of the local 

magnetic nanoparticle concentration59,105: 

( ) ( )( ) ( ) ( )0 0 1m p f sF V M M H V C r L M Hµ µ ξ = − ⋅ ∇ = − ⋅∇
 

� � � � � ��
 (15) 

where the net magnetization of the individual nanoparticle inside a concentrated 

suspension is given by: ( )fp MM
��

− .  The evolution of nanoparticle concentration 

gradients is determined by the balance of fluxes due to magnetic drift and Brownian 

diffusion. The magnetic drift flux, driftJ
�

, is characterized by the velocity of a particle 
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relative to the velocity of the surrounding fluid, pv
�

, and is solved from the balance of 

magnetic force and viscous fluid drag as: mp Fv
��

η= , where the proportionality constant 

η  characterizes the mobility of the particle due to an applied force108.  At steady-state, 

the drift and diffusion flux, ( )drift pJ C r v=
� � �  and ( )diffJ D C r= − ∇

� � , must exactly balance 

one another, leading to the following relationship:  

( ) ( ) ( )( ) 0=∇−⋅∇=
∂

∂
rCDvrC

t

rC
p

���
�

 
(16) 

Both the diffusion coefficient D  and the hydrodynamic mobility η  are assumed 

to be independent of the local particle concentration, because it allows for formulation of 

an analytical expression for local particle concentration.  While these effects are often 

negligible in dilute systems, in concentrated systems this assumption may be a poor 

approximation and the effective aggregate size may need to be increased or decreased 

based on the experimental trends66.  The accuracy of these assumptions will be discussed 

in the conclusion in more detail. Using Eqs. (15) and (16), the following differential 

equation is obtained: 

( )
( ) ( )( )

( ) ξ
ξ

ξ ∇







−=

−

∇ 1
coth

1 rCrC

rC

mm

m
��

�

 
(17) 
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where use is made of the Einstein relation ( ) ( ) 1−
= TkD Bη  and that the value TkVM Bs

 

is a constant (assuming isothermal equilibrium conditions) which permits it to be 

incorporated into ξ .  Integration yields:  

( )
( )( )

( )
ξ

ξsinh

1
A

rC

rC

m

m =
−

�

�

 (18) 

where A  is an integration constant determined by the boundary conditions. The 

boundary conditions require that the nanoparticle concentration far from any local 

sources of field is equal to the bulk concentration, mφ , which yields the following 

relationship: 

( )
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Insertion of A  into Eq. (18) yields an expression for the local concentration of 

magnetic nanoparticles: 
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(20) 

In Eqs. (17) thru (20), ξ  represents the ratio of local magnetostatic energy, while 

oξ  is the ratio for a nanoparticle in the bulk fluid far from any sources of local magnetic 

field.  Eq. (20) is convenient because it permits describing saturation (i.e. close packing) 

in regions of strong magnetic field gradient without having to impose artificial 
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geometric constraints. For example, when 0ξξ >> , the local volume fraction of 

nanoparticle material approaches unity (i.e. particles are close-packed), whereas when 

0ξξ =  (i.e. nanoparticles far away from any local sources of magnetic field) the local 

particle concentration converges to the bulk value109. Particles are concentrated in 

regions where the local field is greater than the external uniform field ( 0ξξ > ),  a 

situation that occurs when the field from nearby magnetic sources is aligned in the same 

direction as the external field. Conversely, the magnetic nanoparticles are depleted from 

regions where 0ξξ < , which is qualitatively consistent with previous experimental 

investigations109.   

Experiments used to assess the validity of Eq. (20) employed EMG 705 ferrofluid 

from Ferrotec (Nashua, NH), consistent with previous physical investigation of 

magnetic nanoparticle fluids by others110.  The ferrofluid consists of Fe3O4 nanoparticles 

stabilized in aqueous based carrier fluid containing proprietary surfactants. Information 

from the vendor states that the magnetic nanoparticles occupy 3.6% vol. fraction of the 

fluid. In transmission electron microscopy (TEM) measurements, the particles appeared 

roughly spherical with median diameter of 12.2nm and polydispersity of 32%. A 

representative TEM image of the magnetic nanoparticles is shown in Figure 9a.  A 

histogram taken from 200 TEM measurements of the nanoparticle diameters is provided 

in Figure 9b, which, as expected, followed log normal behavior. The saturation 
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magnetization of the ferrofluid was taken to be that measured by Yodh et. al110, 

5 34.84 10 4.7 10 /sM A m= ⋅ ± ⋅ .   

 

Figure 9 - (a) TEM of magnetic nanoparticles.  Scale Bar is 25nm. (b) Histogram 
of particle sizes demonstrating log normal probability distribution. 

Magnetic field gradients were produced by patterning 70nm thick cobalt film in 

rectangular features (3µm by 8µm in lateral dimensions) through a conventional 

photolithographic lift-off process using negative tone NR-9 1500PY photoresist 

(Futurrex, Inc. Franklin, NJ).  A 5nm/70nm/5nm tri-layer of Cr/Co/Au was evaporated 

onto the substrates, and the remaining photoresist was stripped in Futurrex RR4 with 

light ultrasonic agitation. In order to produce a substrate with uniform reflectivity, 45nm 

of gold was evaporated uniformly onto the entire substrate. 

Microscopic optical absorption measurements were employed to determine the 

local magnetic nanoparticle concentration.  Measurements of the light transmitted 
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through the ferrofluid were conducted by bright-field reflected light microscopy using a 

Leica DM LM microscope.  All calibration and experimental measurements were 

observed through a 100X oil-immersion objective with 1.3 numerical aperture.  

Transmission of visible light through ferrofluid was initially calibrated as a function of 

bulk ferrofluid volume fraction in order to develop an empirical relationship between 

particle concentration and optical attenuation. A 3µm thick fluid cell was constructed by 

annealing a dilute dispersion of 3µm polystyrene particles purchased from Duke 

Scientific (Palo Alto, CA) in between a gold-coated wafer and a glass coverslip.  A drop 

of ferrofluid was drawn into the fluid cell via capillary force and spread evenly 

throughout the cell. The wafer and the coverslip were firmly pressed against a 

microscope slide and hermetically sealed with vacuum grease to reduce fluid motion 

and promote uniformity of fluid thickness in the cell.  Dilutions of ferrofluid were 

prepared by mixing ferrofluid with DI water in controlled proportions. The intensity of 

transmitted light through the ferrofluid film was measured as a function of ferrofluid 

concentration, ranging between 0% to 3.6% volume percentage of ferrofluid.  

Attenuation of light through the ferrofluid was observed to display exponential 

dependence on the path through the fluid r , following the relationship111 

( )rII ⋅−= αexp0 , where α  is the absorption coefficient, which depends on the 

optical density of the material. 
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A direct empirical relationship was obtained for the absorption coefficient of 

ferrofluid as a function of its bulk volume fraction as: dKc 2/βα = , where 

4 1/ 2 1.54 10K d cm−= ⋅  is a constant of proportionality used to fit the calibration data and is 

based on an assumption that the path length of reflected light through the fluid was 

2d=6μm. Figure 10 presents the calibration curve for the dependence of optical 

attenuation on the volume fraction of magnetic nanoparticles. A least squares analysis of 

the calibration curve indicated that the exponent 0.79β =  was the best fit for the power 

law in terms of ferrofluid volume fraction. Though the calibration curve could only be 

obtained for values up to the bulk ferrofluid concentration supplied by the vendor 

(~4%), it is reasonable to assume that the range of applicability can be extended to 

slightly higher volume fractions of 10-20% without significant error. In order to test this 

predictions within the expected range of applicability, experiments were conducted only 

in areas of the substrate where the particle concentration was predicted not to exceed 10-

20% volume fraction magnetic nanoparticles. The validity of the calibration curve is 

further supported by data previously reported by Inaba et. al112 whose absorption 

coefficient of 10% ferrofluid is found to be in close agreement with the empirical results.   
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Figure 10 - Calibration curve for the dependence of optical attenuation on the 
volume fraction of magnetic nanoparticles.  The optical attenuation is well described 

by a power law for nanoparticle concentration using exponent 0.79β = . 

Magnetic field was applied to the system by passing current through a pair of 6 

cm diameter air core solenoids (Fisher Scientific, Pittsburgh, PA) fitted with iron cores 

machined at Duke University.  The substrate was centered between the axes of the 

solenoid coils in order to produce uniform magnetic field in the range of 0 to 500 Oe.   

Using the calibration curve, the local magnetic nanoparticle concentration nearby 

the patterned magnets was measured in ferrofluid at concentrations of 3.6%, 1.8%, 

1.44%, 0.6%, and 0.33%, by vol. fraction.  The ferrofluid was inserted into the 3µm thick 

fluid cell between the patterned magnetic substrate and the coverslip, and the 

microscope objective was focused at the wafer surface at a horizontal position directly in 

between two adjacent micro-magnets. After initially magnetizing the patterned magnets, 

the magnetic field was applied parallel to their long axis and was slowly increased while 
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a sequence of images was captured for different values of the applied magnetic field.  

Quasi-equilibrium conditions were achieved by taking measurements after all fluid 

motion observable to the naked eye had subsided. The reflected light intensity 

measurements were collected by averaging the intensity of the pixels at the midpoint 

along the centerline directly in between two adjacent magnets, and its magnitude was 

plotted as a function of the external field.  Representative images of magnetic particles 

accumulating near the pair of micro-magnets under 4 different field strengths are 

provided in Figure 11. 

 

Figure 11 - Reflective light microscopy images depict the interaction of 
magnetic nanoparticles (0.6% volume fraction) with patterned magnets in 4 different 

field strengths as denoted in figure. The arrow denotes the region where the 
absorption measurements were taken. 

The results from optical absorption measurements in ferrofluid at bulk 

concentrations of 3.6%, 1.8%, 1.44%, 0.6%, and 0.33% are presented in Figure 12 along 

with the theoretical fit from Eq. (20).  The experimental data points were normalized to 

the light intensity value of the same pixels measured in zero externally applied field. 
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Figure 12 - Normalized light intensity as a function of external field for 
experimental data (symbols) and theoretical fits (lines).  Data normalized to light 
intensity at 0G external field.  Theoretical fits employed the best fitting Langevin 

diameter for each case: 22 nm (1:0), 24 nm (1:1), 24 nm (1:1.5), 25 nm (1:5), and 24 nm 
(1:10).   

In order to calculate the theoretical fit, some assumptions were made regarding 

the field produced by the micro-magnets.  It was assumed that the cobalt micro-magnets 

had a magnetic saturation of 0.5 Tesla, which is consistent with previous studies on the 

magnetization of sub-micron cobalt film113.  The cobalt micro-magnets were assumed to 

be uniformly magnetized, which is a reasonable assumption since the magnetic field 

was applied along the major axis of the micro-magnets and reduced the magnetization 
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divergence between adjacent magnetic domains.  Estimation of the magnetic field 

strength at the midpoint directly between two adjacent micro-magnets can be obtained 

by analogy with electrostatics59.  The scalar magnetic surface charge density is 

proportional to the discontinuity in the normal component of the magnetization at the 

edge of the magnet: i.e., ( ) σ=− nMM fC
ˆ .  The fluid magnetization fM  at these dilutions 

was ignored since it is several orders of magnitude weaker than the magnetization of the 

cobalt film 
CM . Each micro-magnet was modeled as two equal and opposite line 

charges each of 3 µm length, with line charge density equal to στλ = , where the 

thickness of the micro-magnet τ  was taken to be 70 nm, consistent with prior 

knowledge of the fabrication process. Based on these assumptions, the field directly in 

between adjacent micro-magnets was estimated to be approximately 30 G. Numerical 

integration of the Beer-Lambert relation along the direction of illumination allowed for 

calculation of the optical attenuation as a function of the local nanoparticle concentration 

profile, shown below: 

( )
( )

∫
−

= dzeyxI
zyxc

d

z
K

β
,,

,  
(21) 

The computed results were normalized against the intensity value at 0 G external field in 

order to directly compare theoretical predictions with the experimental data. 
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In comparing the experimental data with the theoretical model, the assumption 

of magnetic nanoparticle aggregates was required to obtain a good fit between theory 

and experiment.  The best fitting nanoparticle aggregate size across all of the dilutions 

was found to be approximately 8 particles per cluster, which has the equivalent volume 

of a single particle with an effective diameter of 23.6 nm +/- 1.3 nm.  It is worth noting 

that if the actual volume of the magnetic nanoparticle was instead used to characterize 

magnetic force, then it is theoretically impossible to concentrate these particles in any 

reasonable field gradient, an outcome inconsistent with the experimental observations.  

Based on experimental studies by others41,99,101,102,106, it is not surprising that the particles 

are behaving as small clusters; however, it is surprising that the particle assembly 

process is still well described by the continuum model given in Eq. (20) over all the 

tested experimental conditions using a single effective nanoparticle diameter. The 

discovery is especially encouraging, since this model considered the surrounding fluid a 

continuum even in densely concentrated magnetic nanoparticle suspensions.  

In fact, the effective aggregate size for this system may be even larger than the 

calculated value due to the dependence of the hydrodynamic mobility and the diffusion 

coefficient on the local particle concentration.  In sedimentation studies108,66 the effective 

diffusion coefficient was found to be larger when particle-particle interactions are taken 

into account.  Larger particle diffusivity will require an even larger magnetic force in 
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order to form the concentration gradients observed in these studies.  Accurate 

determination of the true effective aggregate size will require more detailed 

computational studies. 

The section discussed the development and experimental validation of a simple 

analytical description for magnetic field induced concentration gradients forming in 

dense nanoparticle suspensions.  The presented experimental technique is capable of 

studying nanoparticle concentration gradients at the micro- and nano-scale, and 

complements existing bulk measurement techniques, such as those based on optical 

scattering, NMR, and birefringence measurements.  Although the proposed coarse-grain 

model does not provide avenues to explicitly represent particle-particle interactions, 

many of these interactions can be accounted for by assuming that the field gradients 

apply force to clusters of nanoparticles which behave effectively as a single macro-

particle.  These findings provide encouragement for the use of continuum models in 

performing quantitative calculations of density profiles within magnetic nanoparticle-

based fluids.    

3.2 Nonmagnetic Particle Manipulation with Magnetic Templates 

3.2.1 Manipulation of Nonmagnetic Microparticles  

(The work detailed in this section was conducted in collaboration with O. 

Hovorka, D. S. Halverson, G. Friedman, and Benjamin B. Yellen.) 
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Magnetic templates provide a highly programmable method for controlled 

placement of magnetic particles into desired regions of the substrate.  However, these 

templates aren’t limited in their applications solely to magnetic particles.  Using the 

technology of negative magnetophoresis this programmability can also be used to 

manipulate nonmagnetic particles in proximity to the surface.  Similar to the interaction 

between magnetic micro- and nano-particles with these magnetic templates, the 

interactions of nonmagnetic particles fall into two general categories: those dominated 

by deterministic movements, (often nonmagnetic microparticles), and those exhibiting 

strong Brownian affects, (often nonmagnetic nanoparticles).For a particle near an island, 

the classical dipole field pattern for an island is shown in Figure 13 superimposed on the 

uniform field.  Without external fields, the field of the island, 
islandH
� , will remain 

symmetric, having maxima of equal magnitudes near both magnetic poles and minima 

far away from the island; however, when an external field bias is applied to the system it 

is possible to change the locations of magnetic field maxima and minima. 

As seen in Figure 13, the magnitude of the local field can be altered by applying 

an external field, extH
�

, such that the external field adds to the island’s field in some 

locations and subtracts in other locations. For example in Figure 13c, extH
�

 adds to the 

magnitude H
�

 on the right side of the island and reduces H
�

 on the left, creating a field 

maximum and minimum, respectively.  Thus, magnetic particles will be forced toward 
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the right side of the island while nonmagnetic particles in ferrofluid will be forced to the 

left side.   
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Figure 13 - Schematic illustration of nonmagnetic particle immersed in ferrofluid 
assembling on top of a micromagnet (grey disc with arrow denoting the island’s 

magnetization). (a) Under no external field, the ferrofluid accumulates near the island, 
whereas the particle is forced away from the island field (denoted by dotted line with 
arrow) toward the region of lower magnetic field. (b,d) The external magnetic field is 

applied (b) parallel and (d) anti-parallel to the island’s magnetization, causing the 
ferrofluid to accumulate (b) around the edges and (d) on top of the island where the 

external field adds to the island’s field, meanwhile the nonmagnetic particles are 
pulled (b) directly on top of and (d) in between the islands where the external field 
subtracts from the island’s field. (c,e) The external field is applied in the (c) upward 
and (e) downward vertical direction that causes the nonmagnetic particle to move to 
the (c) left and (e) right edge of the island and the magnetic nanoparticles are pulled 

toward the opposite edge. 
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As mentioned with the manipulation of magnetic particles on these templates, 

the magnetization of these micro-magnetics stays in-plane due to their large shape 

anisotropy.  However, large in-plane fields can easily re-orient the magnetization 

directions of these islands.  For magnetic fields larger than the coercive field of the 

magnetic material, (~60G for cobalt), the scenario in Figure 13d no longer exists, but 

rather the magnetization of the island re-orients giving instead a rotated  Figure 13b.  

Instead, remaining underneath the coercive field allows access to all scenarios presented 

in Figure 13.  For example, experimental demonstration of the controllability between 

Figure 13 c and e is presented in Figure 14.  In this experiment a weak in-plane 

horizontally field is applied to bias the magnetization of the island.  Then a vertical field 

is applied first in the upwards and then in the downwards directions.  This causes the 

nonmagnetic particles to transfer from one side of the island to the other in order to 

remain in the region of magnetic field minimum. 
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Figure 14 - Micromagnets were initially magnetized along their long axis. In 
plane magnetic field 50 G is combined with a dc vertically directed bias field of 100 

G, causing the nonmagnetic to assemble on the upper-left-hand corner of the 
rectangular micromagnets, as shown in (a). When the dc bias field is switched to -100 
G, the beads were transferred to the lower-left-hand corner of the micromagnets, as 

shown in (c). 

In developing this manipulation technology, strong fields seem to be better 

suited for the assembly of beads, since the traps (regions of field minima) are always 

located in the middle of the micromagnets. However, weak fields seem more conducive 

to programming fine motion of nonmagnetic beads on the surface. Initial experiments 

have demonstrated that large arrays of micron-sized beads can be assembled into the 

micromagnets inside even weakly concentrated solution of magnetic nanoparticles (less 

than 1% by volume). In static magnetic field, a high degree of control over bead 

assembly can be achieved; however, bead aggregation can be a major problem due to the 

lack of relative motion. When pulsating or rotating field is instead applied, the 

movements of the magnetic nanoparticles generally do not permit more than one bead 

to assemble in any one trap and created steady-state particle patterns as shown in Figure 

15 for various island and particle sizes. Strong in-plane rotating magnetic field can be 
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used to rotate the micromagnet’s magnetization and promote the formation of a stable 

energy minimum for each particle, located directly on top of the micromagnet as shown 

in Figure 15b (i.e.., where the micromagnet’s field subtracted from the external field). 

This configuration led to reliable packing of nonmagnetic beads only in the middle of 

the micromagnets, whereas beads approaching other areas of the surface were swept 

away by the relative fluid motion caused by the circulation of magnetic nanoparticles 

around the micromagnets. 
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Figure 15 - Patterns shown in (a)-(e) consist of micron-sized Cobalt 
micromagnets capturing nonmagnetic beads. In (a), the structures consist of 4x20 µm 

rectangular magnets spaced 20 µm apart, and they are used to capture 1 µm 
nonmagnetic beads. In (b)-(e) the structures consist of 5 µm circular magnets. The 

circular magnets are arranged in either triangular lattices in (b) and (e) with 
periodicity of 8 µm, or in rectangular lattices in (c)-(d) with periodicity of either 30 µm 

in (c) or 8 µm in (d). The number of beads which can stably fit on each micromagnet 
depends on the relative size of the bead with respect to the trap. For example, when 

the beads are 3 µm as shown in (b) or 5 µm as shown in (c), each trap can capture only 
one bead apiece, whereas if the beads are 1 µm as shown in (d) or 2 µm as shown in 
(e), several beads can stably fit on each micromagnet. In (c) an arrow is provided to 

indicate some contamination that was produced by magnetic alignment marks in the 
upper-left-hand corner. Images (d) and (e) were taken after the fluid had dried, 

whereas images (a)-(c) were taken while still immersed in the fluid. 

A combination of related phenomena is probably responsible for disrupting the 

formation of a secondary layer of beads in these experimental configurations. When 

external field is applied parallel to the substrate, the beads are repelled from each other 

magnetically and are unlikely to chain up along the direction normal to the substrate, 

thereby preventing beads from piling directly on top of one another. On the other hand, 
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the beads that were not directly on top of the micromagnets were swept away by the 

circulation of ferrofluid around the micromagnets, thereby preventing beads from 

chaining up parallel to the substrate. The richness of attractive and repulsive interactions 

nearby the substrate allows for a variety of colloidal patterns (both close packed and 

separated) to be produced with very few defects. This technique also provides 

significant flexibility compared to other self-assembly methodologies based on particle 

sedimentation114, electrostatic trapping115, or morphological templating116. 

 In addition this technique is not necessarily limited to just the bulk patterning of 

polymer colloids.  Any nonmagnetic particle ranging from metallic colloids to 

mammalian cells will be subject to the same magnetic forces as the polymer particles 

have exhibited.  For example, Figure 16 shows an adipose-derived stem cell submerged 

in ferrofluid that is attracted to the center of an island due to a strong, in-plane 

horizontal field.  The primary requirement for patterning with negative 

magnetophoresis is that the nonmagnetic particles need to be compatible with the 

ferrofluid used.  In later discussion, systems that utilize bio-compatible ferrofluids in 

order to maintain cell and particle viabilities will be presented.   
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Figure 16 – An adipose-derived stem cell submerged in ferrofluid driven onto 

a magnetic island by a large ~100 Gauss external magnetic field. 

Negative magnetophoresis allows for magnetically manipulating materials in a 

programmable fashion without requiring their attachment to magnetic particle carriers, 

which is the most common magnetic manipulation scheme32. This techniques 

encourages the development of a number of potential applications including the ability 

to bring nonmagnetic components toward a surface by cycling the magnetic field ON 

and OFF may be used to assist biological sensing applications, such as in bringing target 

molecules, viruses, or bacteria to sample different sensor regions more quickly than is 

possible by diffusion alone. The particle assembly techniques may also assist the 

fabrication of a variety of emerging devices that require the precise arrangement of 

biological materials, colloidal particle arrays for photonic applications117, or nanotubes 

and nanowire for future electronic components or display elements.  However, one of 

the primary performance limitations for this manipulation method may be when the 

volumes of the nonmagnetic particles are scaled down such that the magnetic energies 
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experienced in the system no longer dwarf the thermal energies that cause particles to 

exhibit random motion.   In these cases, the presented deterministic models for 

nonmagnetic particles need to be expanded to include this randomness through 

measuring average particle distributions. 

3.2.2 Manipulation of Nonmagnetic Nanoparticles 

(The work detailed in this section was conducted in collaboration with 

Benjamin B. Yellen.) 

As magnetic energies reduce with particle size, the applicability of negative 

magnetophoresis on nonmagnetic nanoparticles, though possibly reduced, has not 

disappeared.  Controlling the positions of nanometer-sized nonmagnetic colloidal 

particles, a size range commensurate with many viruses, bacteria, and other large 

biological macromolecules, is becoming an increasingly critical component in biosensor 

applications and in the emerging field of self-assembly based manufacturing. Though at 

these lower energy levels deterministic motion is not anticipated, nonmagnetic particle 

concentration gradients arise near magnetic templates that have received little critical 

attention. In order to estimate the effectiveness of nonmagnetic nanoparticle control, this 

section will derive an approximate analytical expression to predict the formation of 

concentration gradients in mixed suspensions of magnetic and nonmagnetic colloidal 

particles in the presence of strong magnetic field gradient. Being derived from the drift-
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diffusion approach commonly employed to model colloidal systems108, this analytic 

expression for the nonmagnetic particle concentration profile will be compared to 

experimental results to demonstrate its qualitative agreement.  

Equilibrium concentration profiles are solved by employing the classical drift 

diffusion, where the concentration profile is assumed to be at steady state and given by 

Eq. (16).  At equilibrium, a balance is obtained between thermal diffusive flux: 

( ) ( )rCDrJ diff

���
∇−= , and the magnetic drift flux: ( ) ( ) ( )rFrCrJ drift

�����
η=  which is characterized by 

the mobility, η , of a particle acted upon by a locally applied magnetic force, ( )rF
�� .  Here, 

the diffusion constant, D , is assumed to be independent of the particle concentration, 

( )rC
� , in order to arrive at an approximate analytical solution to Eq. (16).  The force on a 

nonmagnetic nanoparticle, (i.e. 0≈nM
�

), surrounded by ferrofluid is given by Eq. (4).  

Combining Eq. (4) with Eq. (16) for the nonmagnetic nanoparticles leads to the following 

differential equation: 

( )
( )

( ) ( ) ( )n
m

n

C r
L C r

C r
ξ γξ

∇
= − ∇

�
�

�  
(22) 

where the subscript n  denotes the non-magnetic nanoparticles, and 
mn VV=γ  is the ratio 

of volumes between the magnetic and nonmagnetic nanoparticles.  Since the local 

concentration of non-magnetic nanoparticles depends on the local fluid magnetization, 

an approximate solution for the non-magnetic nanoparticle concentration profile can be 
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obtained by inserting the magnetic nanoparticle analytic expression, Eq. (20), into Eq. 

(22). Upon integration the following expression is obtained: 

( )
( ) ( )1 sinhsinh 1

2 2 om
n

m o

C r A

γ
ξξ

ξ ξ

−
−   − Φ

= +  
Φ  

�  
(23) 

The integration constant A  can be derived by matching the boundary conditions, 

which state that the concentration of nonmagnetic particles should equal the bulk 

concentration nΦ  when evaluated far from the sources of local magnetic field.  This 

leads to the following expression for the matching coefficient:: 

( )sinh1 2 o

n m o

A

γ
ξ

ξ

−
 

=  
Φ Φ 

 
(24) 

Inserting Eq. (24) into Eq. (23) gives the final expression for the non-magnetic particle 

concentration profile as:  

( )
( )
( )

sinh
1 1

sinh
o

n n m
o

C r

γ
ξ ξ

ξ ξ

−
  

= Φ + Φ −  
   

�  
(25) 

As will be shown, the resulting Eq. (25) qualitatively predicts the correct trends 

for the nonmagnetic particle concentration as a function of the local magnetic field 

strength. For example, when the local magnetic field is much greater than the uniform 

external magnetic field, the concentration of nonmagnetic particles approaches zero.  On 

the other hand, when the local magnetic field is weaker than the externally applied 

uniform magnetic field, the local concentration of nonmagnetic particles exceeds the 
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bulk value. Eq. (25) also indicates that larger nonmagnetic particles are more easily 

manipulated by magnetic field gradients than smaller particles. Eq. (25) has its 

limitations, because it ignores particle-particle interactions, and it cannot describe close-

packing without the aid of artificial geometric constraints.  However, Eq. (25) should be 

reasonably accurate for local nanoparticle concentrations which do not exceed roughly 

10-20% volume fraction, in which case the average interparticle separation distance is 

always greater than the particle radius.  At higher nanoparticle concentrations, DLVO 

forces118 will contribute more substantially to the particle’s free energy, an effect which 

has been neglected in order to obtain an approximate analytic solution for the 

nanoparticle concentration profile.  In the following section, results are provided from 

experimental and numerical investigations which strongly support the validity of Eq. 

(25) in predicting the trends of non-magnetic nanoparticles concentrating inside 

ferrofluid.   

Figure 17 presents experimental images of fluorescent nonmagnetic particles 

(Duke Scientific) of various sizes accumulating on top of 70nm thick cobalt micro-

magnets.  The fluorescent nanoparticles are concentrated on top of the micro-magnets 

due to the presence of EMG 705 ferrofluid (Ferrotec, Nashua, NH) and an external 

magnetic field oriented in the horizontal direction. The ferrofluid consists of 12nm 

diameter iron oxide nanoparticles dispersed in aqueous fluid.  The bulk concentrations 
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of magnetic and nonmagnetic particles are 1.8% and 0.5% by volume, respectively. Due 

to the interplay between the magnetization of the micro-magnets and the external field 

direction, the weakest magnetic field is located directly on top of the micro-magnets, 

causing the nonmagnetic particles to be concentrated in this region.  A bright-field 

image of 520 nm particles concentrating on top of the micro-magnet array in 100 Gauss 

(G) externally applied field is given in Figure 17A, where the concentration of the 

magnetic nanoparticles is observed as the darkened regions. As expected, the 520 nm, 

280 nm, and 100 nm nanoparticles, shown in Figure 17B-D, respectively, will concentrate 

strongly on top of the micro-magnet; however, the 48 nm and 28 nm particles, shown in 

Figure 17E-F, respectively, do not concentrate strongly in that region due to their small 

size and the increasing influence of Brownian motion. 
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Figure 17 - Images of nonmagnetic particles concentrating on top of patterned cobalt 
micro-magnets are presented in 100 Gauss external field. Image A) presents a bright 
field image of non-magnetic particles inside ferrofluid concentrating on the micro-

magnets. Images B-F are fluorescent images using particle diameters of B) 520nm, C) 
210nm, D) 100nm, E) 48nm, and F) 28nm.  The scale bar is 5 microns. 

The experimental results shown in Figure 17 are well supported by theoretical 

predictions provided in Figure 18.  Simulations were performed in MATLAB using the 

same five particle sizes presented in Figure 17.  The magnetic field directly above the 

cobalt magnet was assumed to be ~30 G, based on the assumption that the micro-

magnets are uniformly magnetized and have a saturation magnetization of 0.5 Tesla and 

thickness of 70 nm. The effective diameter of the magnetic nanoparticles was taken to be 
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24 nm in order to account for the small degree of aggregation between the magnetic 

nanoparticles determined from previous experimental studies of EMG 705 ferrofluid12.  

As is clearly seen in Figure 18, the 520 nm and 210 nm particles will concentrate strongly 

on top of the micro-magnets when the externally applied magnetic field exceeds one half 

of the micro-magnet’s field.  Simulations indicate that the 100 nm particles can also be 

concentrated on top of the micro-magnets, but not as strongly as the larger particles, 

which correlates well with predictions from Eq. (25).  Particles smaller than about 50 nm, 

on the other hand, will not concentrate on top of the micro-magnets due to the dominant 

influence of Brownian motion.  Therefore, it appears that for typical ferrofluids and 

magnetic field gradients, the smallest particle than can be magnetically manipulated is 

on the order of 50-100 nm.   
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Figure 18 - Simulations of Eq. (25) of the nonmagnetic particle concentration 
on top of the patterned Cobalt micro-magnets are presented as a function of the 

externally applied field strength. The y-axis presents the local particle concentration 
in terms of multiples of the bulk particle concentration. The nanoparticle sizes used 

in the simulation include 520 nm, 210 nm, 100 nm, 48 nm, and 28 nm diameter 
nonmagnetic nanoparticles. 

Eq. (25) is also qualitatively supported by experimental investigations of 

nonmagnetic particle concentration profiles as a function of the externally applied field 

strength, ranging between 0 and 100 G.  Figure 19a-c shows the fluorescent intensity 

produced by 100 nm nanoparticles concentrating on top of the micro-magnets as a 

function of external field strengths of (A) 0 G, (B) 20 G, and (C) 80 G.  Clearly, the 

nanoparticle concentration behaves similarly to the graphical relationship depicted in 

Figure 18. In 0 G external field, the nonmagnetic particles are depleted from regions 

nearby the micro-magnets, since these regions are the locations of magnetic field 

maxima in the absence of an externally applied field.  In 20 G external field, the 
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nonmagnetic particles are beginning to concentrate on the micro-magnets, and in 

external fields greater than 50 G the 100 nm particles start to significantly concentrate on 

top of the micro-magnets, as qualitatively predicted by Eq. (25). 

 

Figure 19 - Fluorescent images of 100 nm polystyrene particles concentrating 
on an array of circular micro-magnets are presented in field strengths of A) 0G, B) 

20G, and C) 80G. 

An approximate model was derived for the concentration gradients within 

binary suspensions of magnetic and nonmagnetic colloids. Although this model neglects 

several important effects including particle-particle interactions between the non-

magnetic nanoparticles and geometric close-packing, it qualitatively predicts the correct 

trends for nonmagnetic materials immersed inside ferrofluid for potential applications 

in patterning119, manipulation120, and detection53 of nonmagnetic materials, such as 

viruses, bacteria, and large biological molecules. In realizing these applications, special 

attention needs to be paid to the relative size ratios between the magnetic and 

nonmagnetic particles, as well as the relative volume fractions of each material within 
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the binary mixture. These results indicate that the smallest particle than can be 

manipulated by ferrofluid and magnetic field gradients is on the order of 50-100 nm. 

Although the derived expression is found to qualitatively predict the experimental 

trends, quantitative accuracy of the derived expression needs to be assessed with future 

experimental work. 

3.3 Harnessing Particle-Substrate Image Force  

Up to this point, discussion has focused on particle-substrate interactions for 

patterned substrates exhibiting strong localized forces and fields.  However, there can be 

magnetic effects from substrates that are pattern free.  This effects stem from the 

existence of permeability mismatches between the substrate and the surrounding fluid.  

With no permeability mismatch, a characteristic for a nonmagnetic carrier fluid above a 

nonmagnetic substrate, the substrate-fluid interface is invisible to magnetic fields.  

However, for the case with a suspension of ferrofluid above a nonmagnetic substrate, 

there is a significant permeability jump at the fluid-substrate interface. An external field 

crossing such an interface reduces sharply in the ferrofluid as part of the magnetic 

energy is used magnetizing the fluid.   

In fact, a particle submerged in ferrofluid within proximity to the surface will 

react to this magnetic field gradient.  This type of magnetic interaction is commonly 

treated using the well-known image approximation, where the interaction between a 
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spherical particle and a plane is represented as the interaction between the actual 

particle and a phantom or ‘image’ particle appearing on the opposite side of the plane 

with the same geometry, as schematically illustrated in Figure 20a.  Considering systems 

with low fields well below the ferrofluid saturation, the moment of the actual particle, 

pm , can be calculated from Eq. (5).  Instead, the strength of the image particle, im ,  is a 

function of the magnetic permeabilities of the fluid, fµ , and substrate, sµ , respectively, 

with a magnitude represented by:  

extp
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ffp

sf

sf

pi HVmKm
���















+

−















+

−
==

µµ

µµ

µµ

µµ

2
3  

(26) 

where ( ) ( )sfsfK µµµµ +−=   is the fluid/substrate boundary coefficient.  

Furthermore, the orientation of the image particle (subscript i) is always 

repulsive with respect to the tangential and normal components of the actual particle, 

provided that the fluid has greater permeability than the substrate (the reverse is true in 

the opposite case).  Thus, the force on the magnetized particle due to a nearby plane can 

be estimated as the interaction between a particle and the field gradient produced by its 

own image.  
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Figure 20 - Schematic of a particle in ferrofluid nearby a glass surface. (a) 
Under no field, a buoyant gravitational force presses the particle against the glass 

interface.  (b) With applied field, the particle feels a magnetic image force that can be 
modeled by replacing the surface with an image particle. 

There are a few additional simplifications to these particle-surface interactions 

that allow for analytic equations and faster convergence in models.  First, the fluid can 

be viewed as a continuum when the radii of the nanoparticles (~10 nm) are orders of 

magnitude smaller than that of the bioparticle (~50 nm). Hence, a continuum solution is 

a reasonable approximation for a variety of situations dealing with particles larger than 

50 nm, such as most colloids, viruses, bacteria, and certain large proteins.  Second, the 

image approximation for these negative magnetophoretic systems can be further 

simplified if these spherical particles can be represented by point dipoles.  Point dipole 

models offer straight-forward analytic expressions that have been shown to exactly 

describe spherical particles in uniform fields59.  However, as the particle approaches a 
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surface where the fields are no longer uniform, the dipole moment approximation 

breaks down53 and high order moments of the particle need to be incorporated to 

preserve accuracy.  To test the limits of this accuracy, Section 3.1.1 will compare the 

dipole model to an exact solution determined through the incorporation of these higher 

order moments.  Once these limiting bounds for the dipole approximation have been 

defined, Section 3.3.2 will present some very exciting applications that can be described 

by these models.  

3.3.1 Image Force Dipole Approximations 

(The work detailed in this section was conducted in collaboration with 

Benjamin B. Yellen.) 

In this section, an exact analytical solution is presented in bispherical coordinates 

for a particle’s field in near-contact with a substrate. To validate this model, the exact 

solution will be compared with a numerical finite element solution and the first-order 

approximation of a dipole and its induced image.  The classical problem of a spherical 

cavity embedded inside a medium of homogeneous magnetic permeability has been 

solved previously. When exposed to uniform magnetic field, the pole distribution 

produced on the cavity behaves exactly as a point dipole located at the cavity center, 

with a field given by: 
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where pm
�

 is calculated by Eq. (5) and r
�

 is the position vector with respect to the 

particle center.  Rather than deal with interfacial roughness and local defects, the surface 

will be considered ideally smooth and to have the permeability of free space, such as for 

glass or silicon substrates.  Also, the externally applied field is assumed to be perfectly 

aligned normal to the fluid/substrate interface, and the field will be calculated at the z=0+ 

side of the boundary (i.e., the field just inside the fluid is calculated for comparison 

purposes). 

 In the first-order dipole approximation, the field in the fluid is determined by 

summing the particle’s dipole field and its corresponding image dipole field produced 

in the substrate, as given by: 

( ) ( ) ( )ndrHndrHrH iptotal
ˆˆ ++−=

���
 (28) 

where the unit vector n̂  denotes the normal vector pointing away from the glass and 

into the ferrofluid and d  is the distance of the particle center from the interface. Here, 

the dipole fields are evaluated with Eq. (27), using an adapted version Eq. (5) for the 

moment of the real dipole and Eq. (26) for the moment of the imaginary dipole.  The 

significance of the image correction depends on the fluid permeability, but it notably 
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accounts for approximately 1/3 of the particle’s field inside a typical ferrofluid 

of
02µµ ≈f
. 

 When the particle is in close proximity to the substrate, the field inside the 

particle can no longer be considered uniform, which raises concerns about the validity of 

the first order dipole-image solution.  An exact solution to this problem can be 

formulated in bispherical coordinates, which is a convenient choice, since the spherical 

bioparticle and its image have dimensions corresponding to surfaces of constant η , one 

of the orthonormal unit vectors in the bispherical coordinate system. Bispherical 

coordinates can be related to Cartesian coordinates by: 

( )( )
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(29) 

where the range of the parameters are as follows: ∞≤≤∞− η , πθ ≤≤0 , πλ 20 ≤≤ .  

These values are supplemented by a size parameter a , having the units of length, with 

the poles located at az ±= . A more detailed discussion of the bispherical coordinate 

system and the size parameter a is provided elsewhere121,122,123,124. The spherical 

bioparticle is bounded by a surface of constant 1ηη = , while the plane is usually taken 

to be a surface of constant 2 0η η= = , corresponding to a sphere of infinite radius.  The 

value of 1η is given by: ( )2
1 1 1ln 1a R a Rη  

= + + 
 

, where
1R  is the radius of the 
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bioparticle.  

Unlike the 11 separable coordinate systems, bispherical coordinates are not 

simply separable; however the potential is R-separable, and its general form is given by: 

( , ) ( ) ( ) ( )Rφ η θ η θ λ= ⋅ Η ⋅ Θ ⋅ Λ  (30) 

where 1/ 2( , ) (cosh cos )R η θ η θ= − . The problem of two spheres in a homogeneous medium 

exposed to a uniform field has been solved previously in this coordinate system121,122,123.  

The potential in the three distinct regions (e.g., within the bioparticle (1), the fluid (2), or 

the substrate (3) as shown in Figure 20) can be defined as follows: 
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where (cos )nP θ  are the Legendre polynomials of the first kind, and the unknown 

coefficients ( )121 +++= n

nnn eBAC
η  and ( )122 +−+= n

nnn eABD
η  are determined by matching 

the potential on the particle/fluid and fluid/substrate interfaces. 

The matching coefficients, nA  and nB , are found from the second boundary 

condition (i.e. continuity of the normal component of the flux across the boundary), as 

given by: 
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Though a possible choice for how to match these coefficients is offered in Appendix 7.3, 

recursion relations, such as those employed by Stoy121, or expansions of Green’s 

function, as employed by Chaumont122 and Love123, are both effective methods.  In both 

of these methods, the size disparity between 1η and 2η , makes the sphere-plane problem 

a difficult computational task.  

Here a novel method for simplifying the bispherical problem is proposed, 

employing method of images to represent the glass half-plane as an imaginary sphere.  

Previous bispherical solutions of these problems did not implement this efficiency that 

leads to dramatic reduction of computational burden.  Specifically, this simplification 

suggests that the unknown magnetic pole distribution arising on the true sphere must be 

reflected in the substrate, and the shape of the reflected pole distribution will be that of 

an imaginary sphere corresponding to a surface parameter, 12 ηη −= . The direct link 

between the true and imaginary pole distribution requires re-formulation of one of the 

boundary conditions: i.e., the normal field component on the imaginary sphere surface is 

discontinuous by the amount of bound surface pole density, which is equated with the 

true sphere’s bound surface pole density by multiplication of the magnification factor 

K , leading to the expression: 
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When these boundary conditions are employed, a direct relationship is 

discovered between the coefficients, 
n

A  and 
nB , which is given as: 

nn BKA ⋅= . This 

enables the boundary conditions to be satisfied by a single set of matching 

coefficients
n

A , and greatly reduces the computational burden.  

To further validate the exact analytical solution, a numerical finite element 

solution was employed in FEMLab software.  The infinite planar boundary is 

approximated by a 3-D simulation, in which a cubic container, with an edge length of 20 

particle diameters, was divided evenly into a glass region and ferrofluid region. The 

particle was positioned inside the ferrofluid region at varying separation distances from 

the ferrofluid/substrate boundary.  Uniform external field was established by applying 

known potential at the boundary of the cubic container.  Analysis of separations smaller 

than 1/4th of a particle diameter could not be performed due to the excessive 

computational demand. 

For comparison of the exact, dipole, and FEM models, the particle’s field just 

above the fluid/substrate interface is investigated as a function of the ratio between the 

particle/substrate separation distance and particle diameter.  A uniform 100 Oersted 

field is assumed to be present in the ferrofluid, aligned along the z-axis (i.e., along the 
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boundary normal direction).  The position of the particle was decreased from 2.5 particle 

diameters to near-contact (approaching 1/100th of a particle diameter). 

For convenience, Stoy’s method121 was implemented in the calculation of the 

exact solution to evaluate the matching coefficients in the bispherical solution as detailed 

in Appendix 7.3, which is based on determining a coefficient generation parameter to 

start a descending recursion relation. The desired accuracy of the solution was chosen to 

replicate the criteria suggested by Stoy, leading to terms of up to several hundred 

expansion coefficients for very small separation.  For separations larger than 1/100th of a 

particle diameter, the solution converged and a unique potential could be determined. 

Graphical representation of the results from simulations is provided in Figure 21. The 

vertical axis depicts the particle’s field directly above the interface.  The horizontal axis 

represents the ratio between the particle/substrate separation distance and particle 

diameter.  
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Figure 21 - The relative field produced by a 100nm diameter bioparticle 

submersed in ferrofluid evaluated at the ferrofluid/substrate interface as a function of 
the ratio between the particle/substrate separation distance and particle diameter. The 
three curves depict the particle’s field in different ferrofluids, (µf=1.1, 1.5, and 2.0), as 

calculated by dipole-image model (X’s), bispherical model (dots), and FEM model 
(O’s). 

Figure 21 indicates that at separations approaching 1/100th of a particle diameter 

(such as that of a 100nm particle separated by 1nm from the substrate), the magnetic 

field signal at the interface deviates from the first order dipole-image field by up to 13% 

for 02fµ µ= .  For ferrofluids of weaker permeability, (i.e. 01.1fµ µ= ), the first order 

dipole-image model predicts the field to within 0.6% of the exact solution.  The 

significance of these discrepancies depends on the particle’s size, ferrofluid permeability 

and particle/substrate separation. 
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Overall, the comparison of a non-interacting dipole-image model with an exact 

solution in bispherical coordinates, which accounted for field non-uniformities 

produced by the particle’s proximity to the substrate, has demonstrated that in most 

cases the dipole-image solution is a good approximation.  This means that analytic 

expressions such as Eq. (27)  can still be used to describe particles in proximity with 

surfaces. However, for very small particle/substrate separation or large fluid 

permeability, a more accurate answer needs to be obtained in bispherical coordinates.  

These justified approximations will play a vital role in the following section, allowing 

simple analytic expressions to be used to describe interesting applications for the 

magnetic image force. 

3.3.2 Image Force Technologies  

(The work detailed in this section was conducted in collaboration with Stefan. 

Zauscher, Robert Ducker, Debby Chang, and Benjamin B. Yellen.) 

Here, an experimental technique is developed to measure the magnitude of the 

particle-plane interactions by studying the equilibrium positions of large non-magnetic 

particles immersed inside a ferrofluid that is exposed to uniform magnetic field.  Here, 

experimental efforts are focused on micron-sized particles both to increase the 

interaction strength and to dampen Brownian motion.  A model is developed for the 
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particle’s equilibrium position which is confirmed by direct measurements using 

confocal microscopy techniques.   

Over sufficiently large length scales, ferrofluids can be treated as continuous 

media having a spatially homogeneous magnetic permeability, despite the fact that they 

actually consist of a collection of magnetic nanoparticles.   In the classical description, 

each ferrofluid particle is treated as a permanent dipole undergoing random Brownian 

fluctuations.  The time-averaged magnetic moment of a ferrofluid particle, ffm
�

, due to 

the presence of an applied magnetic field has been shown to display Langevin behavior.  

However, in relatively low fields (below 50Oe for conventional ferrofluids) and for 

sufficiently small nanoparticles, this expression reduces to a linear constitutive 

relationship with respect to the applied field as: HVm ffff

��
χ= , where the effective 

magnetic permeability of the fluid is proportional to the volume fraction φ  of magnetic 

particles, given by Eq. (6).  which tends to be in the range of 1-2 0µ  for commercially 

available ferrofluids.  There is some experimental evidence12,54,68 that the magnetic 

interactions between nanoparticles induce a slightly higher magnetic permeability of the 

fluid than is implied by Eq. (6).  Small chains of nanoparticles, for example, can exhibit a 

collective magnetic response to an applied field with an apparent susceptibility that to 

first order is proportional to the volume of the mean cluster size.  The effective fluid 
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permeability is therefore an adjustable parameter that must be matched with the 

experimental data. 

This section focuses on the interaction of isolated non-magnetic colloidal 

particles inside ferrofluid with planar glass substrates.  This type of magnetic interaction 

is commonly treated using the well-known image approximation, described in the 

previous sub-section, where the interaction between a point dipole and a plane is 

represented as the interaction between the actual dipole and a phantom or ‘image’ 

dipole appearing on the opposite side of the plane, as schematically illustrated in Figure 

20.  The strength of the image dipole can be calculated from Eq. (26), and the orientation 

of the image dipole is always repulsive with respect to the tangential and normal 

components of the actual dipole, provided that the fluid has greater permeability than 

the substrate (the reverse is true in the opposite case). 

Thus, the force on the magnetized particle due to a nearby plane can be 

estimated as the interaction between a point dipole and the field gradient produced by 

its own image.  In this work, attention is restricted to a system of effectively 

nonmagnetic particles 0µµ ≈p  interacting with a nonmagnetic glass interface 0µµ ≈s  

resulting from an external field applied normal to the plane.  With simplification, the 

expression for force becomes: 
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where ε  is the dimensionless ratio between the particle-plane separation relative to the 

particle diameter d .  

The equilibrium position of the nonmagnetic particle above from the glass 

interface can be determined through the balance of magnetic and gravitational force.  

The force due to gravity is given by: ( ) gVF pfpg ρρ −= , where the fluid’s density, 

( )
wmf ρφφρρ −+= 1 , is determined from the mass densities of iron oxide, mρ , and  

water, wρ ,  respectively.  Thus, the non-dimensional separation distance of the particle 

from the glass interface is determined from: 

( ) 















−














+

−















+

−

−
= 1

282

1
4

2

0

0

0

0
2

0

ff

ff

ff

ff

fp gd

H

µµ

µµ

µµ

µµ

ρρ

µ
ε

�

 

(35) 

The only freely adjustable parameter in Eq. (35) is the fluid susceptibility, thus the 

relative agreement between theory and experiment was determined by evaluating the 

best fitting susceptibility value for each ferrofluid concentration.  

The accuracy of Eq. (35) was tested experimentally with 10 µm fluorescently-

dyed, polystyrene particles (Duke Scientific, Fremont, CA) in varying concentrations of 

EMG-705 ferrofluid (Ferrotec, Nashua, NH).  The saturation magnetization of these 

fluids was previously measured to be Ms =.6062T, 110.  Uniform magnetic field was 
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applied to the system using air-core solenoids with machined iron cores, and the 

reported field measurements were obtained with a gaussmeter.  The magnetic field was 

intentionally kept below 50Oe in order to remain in the linear regime for ferrofluid 

magnetization. Ferrofluid volume fractions in the range of 1.5-3% were chosen since 

these concentrations induced significant particle movement away from the glass 

interface.  Suspensions of NM particles and ferrofluid were sealed in a fluid chamber 

constructed by placing a 120 µm spacer in between two glass slides (Invitrogen, 

Carlsbad, CA).  The external field was slowly ramped up from 0 Gauss to 50 Gauss at a 

rate of 1 Gauss per minute.  

To obtain an empirical relationship between separation distance and applied 

magnetic field, the fluid cells were observed using an upright confocal microscope (Zeiss 

510) shown in Figure 22.  Two lasers, at wavelengths of 488 nm and 633 nm, were used 

for confocal excitation.  The 488 nm wavelength induces green fluorescence in the 10 µm 

particles, while the 633 nm light reflects off the boundaries of the coverslip, allowing for 

precise measurement of particle separations.  In these experiments, ferrofluid dilutions 

that had greater density than the polystyrene particles were focused upon, thus in the 

absence of an external field the particle’s floated to the top surface (Figure 22b).  When a 

field was applied, the particle moved to different equilibrium positions (Figure 22c-f) 

which could be experimentally measured and compared with predictions derived from 
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a force balance between magnetic and gravitational force assuming relevant values for 

the ferrofluid permeability from Eq. (6). 

 

Figure 22 - (a) Confocal setup of objective looking down at fluid chamber with 
solenoid below.  Confocal measurements of particle separation under applied fields.  

(b-f) Confocal fluorescent micrographs taken for φφφφ =50% of bulk at (b) 0 G, (c) 12 G, (d) 
24 G, (e) 36 G, and (f) 48 G.  (g) Measurements of average separation in each field for φφφφ 
=40%, 50%, and 60% of bulk.  Lines correspond to Eq. (3) using ferrofluid particle size 

as fitting parameter. 

As seen in Figure 22b-f, as particle separation equilibrium increases with external 

field, higher laser intensities are required due to absorption of the ferrofluid.  In fact, 

particles could not be observed in the ferrofluid concentrations tested at separation 

distances approaching 20 µm or greater. Separation distances were obtained with 

measurement tools in Zeiss LSM Image Browser by averaging the distance from the 

visual center of each particle to the center of the fluorescent glow from the coverslip-

ferrofluid interface, (n~20).  The particle’s equilibrium position can be predicted from 

Eq. (35) using mass density values for water, the nonmagnetic bead and the ferrofluid, 
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respectively.  The mass density of iron oxide was taken to be 5.24 gm/cm3.   The effective 

density of the nonmagnetic particles was determined by a sink or float analysis in 

different ferrofluid concentrations, and it was discovered that the density of particle and 

fluid were matched when the ferrofluid density was approximately 1.035 gm/cm3, which 

close to the value of 1.05 gm/cm3 supplied by the particle vendor. 

Experimental separations were compared with predicted separations by finding 

the best fit ferrofluid diameter, which affects the fluid permeability, through a least 

difference squared method.  The best-fit ferrofluid diameter for each of the experimental 

conditions are calculated to be nm8.08.10 ±  (φ=40%), nm8.01.10 ±  (φ=50%), and 

nm6.02.9 ±  (φ=60%).  These calculated diameters are much larger than the physical 

diameter of the particles that comprise the ferrofluid, but are consistent with previous 

findings for these ferrofluids12,54 where the increased particle diameters encapsulate 

effective particle-particle interactions that make the ferrofluid particles behave instead as 

groups of particles.  It appears that there is a slightly increasing aggregation occurring in 

the more diluted ferrofluids.  This aggregation is actually expected from dilution as the 

surfactants that stabilized the iron oxide particles are also diluted and the pH of the 

ferrofluid was slightly lowered.  None the less, these ferrofluid diameters provide 

effective fluid susceptibilities at a relatively constant 09.073.1 ±  across this range of 

ferrofluid concentrations. 
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Figure 22f presents experimental results for the particle’s equilibrium position as 

a function of the applied field and ferrofluid concentration.  The theoretical fit for each 

dataset (lines in Figure 22f) displayed field-dependent magnetic susceptibility behavior 

as determined by a least squares analysis.  This behavior is consistent with previous 

experimental observations12,54, and has been attributed to magnetic nanoparticle 

interactions (e.g. chaining) which collectively produce a larger magnetization response 

than isolated nanoparticles.  In Section 3.1.2, this effect of particle chaining was 

incorporated into the magnetic susceptibility function, Eq. (6), by increasing the effective 

volume of the ferrofluid particle.  In that work, it was demonstrated that in high field 

strengths where the ferrofluid particle’s magnetization is completely saturated, the size 

of the effective ferrofluid particle diameter was independent of the field strength and 

generally in the range of 20-25 nm.  In these studies, nearly identical behavior was 

discovered, with the effective particle diameter in the range of 18-22 nm.   

Due to the complexities and expense of confocal microscopes, observation of the 

image force onto common fluorescent microscopy platforms was investigated.  Figure 23 

demonstrates a clear dependence upon particle separation from the fluid-glass interface 

and particle light intensity.  To obtain an empirical relationship between distance and 

transmitted intensity, the optical absorption of ferrofluid was first tested as a function of 

wavelength using a Cary Light Chromotography Unit, and it was discovered that the 



 

101 

 

absorption coefficient of ferrofluid was relatively constant over the excitation and 

emission wavelengths of the fluorescent particle.  Furthermore, it was discovered that 

the application of magnetic field in the 0-50 Oe range had a negligible effect on the 

absorption coefficient after a period of 5-10 minutes.  This is consistent with previous 

studies by others125. 

 

Figure 23 - (b-d) Reflected light fluorescent micrographs of 10 µm fluorescent 
polystyrene particles in ferrofluid being repelled from the glass interface under 

external fields of (b) 0, (c) 20, and (d) 40 Oe.(e) Calibration curve of ferrofluid 
absorption both experimentally (dots) and as predicted by Eq. (36), (line). 

The optical absorption was observed to follow a concentration-dependent Beer-

Lambert relationship )exp( zII o αφ−=  where I  is the light intensity transmitted 



 

102 

 

through a distance, z , of ferrofluid with respect to the initial exposure intensity oI , and 

α  is the absorption coefficient of the ferrofluid in units of [cm-1]. The incoming beam 

exciting the particle’s fluorescence as well as the particle’s emissive response were both 

attenuated by the ferrofluid, thus the distance traveled through the ferrofluid was 

interpreted to be equivalent with twice the particle-plane separation distance, i.e. 

dz ε2= .  The particle-plane separation distance was inferred by evaluating the 

normalized light intensity, i.e. the ratio of the intensity of a particle far from the interface 

compared with a particle in contact with the interface, as: ( ) ( )IIddz 0

1
ln22

−
== αφε .   

In these experiments, ferrofluid dilutions were again focused on that had greater 

density than the polystyrene particles. Figure 23a shows particles resting at the top 

surface under no applied field and pushing back to increasing equilibrium separations 

as the field is increased, (Figure 23a-c).  The intensities of these particles can be 

experimentally measured and fit to the separations predictions derived from a force 

balance between magnetic and gravitational force according to the following: 
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By assuming relevant values for the ferrofluid permeability determined via 

confocal separation data, the absorption coefficient, α , and thus the calibration curve 

for the optical transmission through ferrofluid can be solved for.  The best fit absorption 
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coefficient for this data is 141788 −= cmα .  This calibration curve was experimentally 

verified by measuring transmitted light at emission and excitation wavelengths through 

known fluid heights.  For this purpose, the fluorescent microscope was focused onto 50 

by 2000 micron rectangular fluid capillaries (Wale Apparatus, City State) filled with 

varying concentrations of ferrofluid while a light intensity meter underneath the 

capillary measured the level of transmitted light.  This data is presented in Figure 23d 

and compared with the predicted calibration curve of 141788 −= cmα . 

Despite the testing of different ferrofluid concentrations, the measured particle-

plane separation distances appeared to be relatively independent of the ferrofluid 

concentration.  This phenomenon was attributed partially to a mutual cancellation 

between magnetic energy and gravitational energy as the volume fraction of ferrofluid 

was increased.  According to Eq. (35), the magnetic energy terms in the numerator 

increase approximately with ~ 3φ , whereas the gravitational energy terms in the 

denominator increase with ~φ .  However, this phenomenon was also attributed to the 

weak power dependence of the separation distance on the magnetic to gravitational 

energy ratio. 

Here the validity of the image approximation was experimentally tested for 

representing the interaction strength between spherical particles and planar substrates 

mediated by ferrofluids of different magnetic permeability.  The image dipole 
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approximation is found well justified at these large separations, where other short-range 

DLVO interactions become negligible. However, there is evidence that the image 

approximation should still be reasonably accurate at much smaller separations 

(approaching 1/100th of a particle diameter), as determined in the previous sub-section53.  

This work again demonstrates that dipole interactions and aggregation occurring in 

magnetic nanoparticle suspension can be encapsulated by using a larger effective 

ferrofluid particle diameter (~20 nm), an effect found to be consistent with previous 

work in the field12,54.   

The use of magnetic image repulsion could have broad ramifications in diverse 

fields, including in self-cleaning surfaces, and potentially in measuring various adhesion 

forces, such as molecular bond strength between particles attached to surfaces.   By 

adjusting the size of the particle, the field strength, and the ferrofluid permeability, it is 

possible to access forces in the range of 10-8-10-18 N, thus providing a complementary 

technique to the existing tools for studying adhesion forces, such as optical tweezers and 

the atomic force microscope. 
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4. Magnetic Manipulation of Particles in Bulk Fluid 

Though many applications and much programmability are added by working 

within proximity to surfaces, magnetic manipulation of particles is still possible in bulk 

fluids.  As Eq. (2) indicates, forces upon particles only arise if a field gradient exists.  So 

far, these field gradients have only been considered to emanate from substrates.  

Another source for these field gradients, however, is nearby particles in suspension in 

the bulk fluid.  For example, spherical particles in a bulk fluid and uniform field exhibit 

a magnetic field according to Eq. (27).  This field diminishes with distance, and therefore 

produces a magnetic field gradient.  In the systems presented in Section 3, these particle 

field gradients also existed; however, the gradients produced by suspended particles 

tend to be dwarfed by the substrate interactions discussed, especially in dilute 

suspensions.  However, particles in those systems that were sufficiently removed from 

the substrate features are subject to some of the interactions discussed in this section. 

Here, some of the interesting particle-particle structures which can be formed 

inside fluids will be reviewed.  In general, the forces can be either attractive or repulsive 

depending upon the relative position, orientation, and magnetization of the particles.  

Figure 24 shows the typical field gradients for magnetized particles under applied field.  

The field gradients are steepest around the poles and the equators of the particle. As 

seen in Figure 25, attractive forces exist between two identical particles when the 
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position vector connecting the particle centers is parallel to the local field, (i.e. opposite 

poles are in close proximity).  Repulsive forces are present when this position vector is 

perpendicular to the local field (i.e. magnetic equators are in close proximity).  This 

anisotropic behavior leads to the pole-to-pole chaining of similar particles that has been 

well characterized126,127,128. 

 

Figure 24 – These plots present the dipole-field of a magnetized spherical 
particle in an applied field.  a) A nonmagnetic particle in ferrofluid and b) a magnetic 
particle in water under 50 Oe external field.  Nonmagnetic particles create magnetic 
field maximum around their particle equators defined as perpendicular to the field.  

Magnetic particles create magnetic field maximum at their particle poles defined to be 
in line with the field 
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Figure 25 - (a) Magnetic particles suspended in a nonmagnetic carrier fluid 
form chains in local field, �

oH .  The particles’ moments align parallel with the field.  (b) 

Nonmagnetic particles suspended in a magnetic carrier fluid also form chains; 
however, the particle moments are aligned anti-parallel with the field.  In both cases, 
particles are attracted towards the magnetic poles of other particles and repelled from 

the magnetic equators, exemplified by the small force arrows. 

In computing forces between particles in the suspension, it is important to 

account for both the field and the field gradient of one particle on another.  Assuming 

that these particles behave approximately as dipoles, which is true when the field 

through the volume of the particle is uniform, the field of a particle, �
pH , can be 

determined from the classical dipole field presented in Eq. (27).  It is important to note 
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that the magnetization of the particle is a function of the local field, which includes the 

fields produced by neighboring particles.  In a system with more than one particle, the 

field needs to be solved self-consistently129. 

In general, the formation of particle chains is a time-dependent process 

dominated by translational diffusion on the long length scale.  For two particles or 

chains of particles to link, the groups need to diffuse through the suspension until their 

proximity substantially increases the magnetic attraction energy between them, at which 

point the particle trajectory becomes dominated by magnetic force.  This type of chain 

growth is a random-walk, Smulochowski-type growth that has been investigated in the 

past126,127,128.  Two particles will only be significantly attracted or repelled from one 

another if the change in potential energy experienced by the particle as it moves a 

distance of one particle diameter becomes significant relative to 
Bk T .  At this point, the 

particles undergo a transition from Brownian-dominated motion to trajectory-

dominated motion and the chain formation process quickly occurs.  These chain 

structures and the associated aggregation process will be discussed in detail in Section 

4.1. 

An interesting branch of these physical systems occurs when several different 

types of particles are mixed together, such as the mixture of magnetic particles, 

nonmagnetic particles, and ferrofluid.  The magnetic particles will behave as positive 
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dipoles if their magnetization is stronger than that of the ferrofluid, while the 

nonmagnetic particles still behave as negative dipoles.  The net effect is that the 

magnetic and nonmagnetic particles will still attract one another; however, the magnetic 

and nonmagnetic particles will not align head to tail, but instead will align in an anti-

ferromagnetic fashion.   

In these systems, interesting structures have been observed to self-organize 

depending on the applied field strength, the bulk ferrofluid concentrations, and the sizes 

of the particles.  For example, if commensurately sized magnetic and nonmagnetic 

particles are suspended within ferrofluid, they can form simple cubic rectangular arrays 

in an applied external field as seen in Figure 26a,c.  In addition to these particle arrays, 

other self-assembled structures can be observed in mixed suspensions when the 

magnetic and nonmagnetic particles are of two different sizes.  For example, if one of the 

particles is much larger than the other, (e.g. tripling the size of the highly magnetic 

particles as seen in Figure 26b), Saturn-like structures take form as the smaller particles 

are attracted only to the magnetic equator of the large particle, shown also in Figure 26d-

e130.  This class of multi-component rotationally symmetric structures will be discussed 

in detail in Section 4.2. 
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Figure 26 - (a) Equal sized nonmagnetic and magnetic microparticles 
suspended in ferrofluid form array-like structures.  (b)  Enlarging one particle size 

leads to ring-like structures.  Simplified directional forces are shown with small 
arrows. (c Micrograph showing 3um magnetic and 3um nonmagnetic particles 

forming a simple cubic lattice in ferrofluid. (d) Micrograph of 1um magnetic particles 
forming a ring around a 3um nonmagnetic particle in ferrofluid. (e) Fluorescent 

micrograph of 1um nonmagnetic particles forming around a 3um magnetic particle 
(non-fluorescent) into a ring structure in ferrofluid. 
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4.1 Chaining of Particles 

Aggregation phenomena play important roles in many fields from biology131 to 

colloids132 to astronomy133.  In the study of colloidal suspensions, particle-particle 

aggregation is usually an undesirable feature which limits the shelf life of various 

products, including paints, milk, and sensor materials.  However, not all aggregation is 

undesirable; for example, colloidal particle chains assembled in applied magnetic or 

electric fields have commercial applications in cooling loud speakers134, sealing 

frictionless rotors135, as well as automotive applications36.  The growth of colloidal 

particle chains is also expected to have potential biological applications, where the 

ability to grow connected, extended cellular structures may advance the field of tissue 

engineering.   

Numerous theoretical and experimental investigations have been conducted to 

study the dynamics of chain growth in colloidal particle suspensions in the presence of 

an externally applied field.  To date, the most accepted theory for the nonequilibrium 

dynamics of colloidal aggregation is based on the diffusion limited cluster aggregation 

(DLCA) model, which assumes the aggregation process occurs by random diffusion, 

undergoing irreversible binding when two diffusing species make physical contact136,137.  

Vicsek and Family noticed universal properties of the DLCA model in 2-D computer 

experiments, where they discovered that the aggregation process could be characterized 
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by constant dynamic scaling exponents132,138, independent of the particle concentration or 

particle-particle interaction strength. These findings were confirmed both in computer 

models and in experiments by several authors127,139,140,141 for particles up to a few microns 

in size.  For particles around 10 microns and larger, however, the dynamic scaling 

exponent was observed to strongly depend on the particle-particle interaction strength, 

and moreover, exhibited in some cases smaller dynamic scaling exponents (z<1/3) than 

predicted by the DLCA theory139.  The goal of this section is to present a more 

comprehensive set of experimental results on the kinetics of chain growth in a 

suspension of 10 µm nonmagnetic colloidal particles immersed in a dense solution of 

magnetic nanoparticles known as ferrofluid.   

The motivation for these studies is to assess the feasibility of growing chains of 

mammalian cells in vitro, without requiring the attachment of magnetic particles to the 

cell surface or the endocytotic uptake of magnetic particles into the cells, as has been 

investigated previously by others142.  The manipulation of non-magnetic particles inside 

ferrofluid has been termed “inverse magnetophoresis” in order to differentiate it from 

the corollary conventional magnetophoresis involving manipulating magnetic particles 

inside nonmagnetic liquids.  Past studies on inverse magnetophoresis have some 

resemblance to the present work (in particular, reference 139), however the type of 

ferrofluid used in past studies was typically oil-based and moreover the magnetic 
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nanoparticle concentration was too high for biological compatibility.  Thus, the work 

presented here fills two important niches.  First, it presents a more complete 

experimental analysis of the dynamic behavior of large colloidal particles which are not 

strongly affected by Brownian motion.   Secondly, it allows a feasibility analysis for 

application in tissue engineering research, which will be presented in more detail in the 

second half of this section.   

This section will therefore be spilt up into two parts.  Section 4.1.1 will focus on 

developing models to properly describe chain aggregation of large cell-size colloids.  

This description requires reworking currently accepted aggregation theory in particle 

suspensions.  Section 4.2.2 will then apply this aggregation phenomenon and associated 

theory to an important application, namely, the chaining of mammalian cells.  

Specifically, chains of endothelial cells have been shown to transform into tissues 

through vasculogenesis143.  Inverse magnetophoresis and the aggregation models 

developed here might provide a novel route to producing these tissues. 

4.1.1 Beyond Diffusion Limited Chain Aggregation Theory  

(The work detailed in this section was conducted in collaboration with 

Melissa D. Krebs, Eben Alsberg, Bappaditya Samanta, Vincent M. Rotello, and 

Benjamin B. Yellen.) 
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 Nonmagnetic colloidal particles inside ferrofluid attract one another and form 

chains through dipole-dipole interactions. The magnetostatic interaction energy between 

two nonmagnetic particles i  and j  in a ferrofluid separated by a distance r  is given by: 
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In the literature, a dimensionless interaction strength parameter, max BU k Tλ = , is often 

used to characterize the magnitude of the dipole-dipole interactions within these 

suspensions, where maxU  is the magnetic energy between two touching particles whose  

moments are aligned collinear to the position vector between the particle centers.  For 

the system of nonmagnetic particles in a ferrofluid, this maximum particle energy is: 

2

2
max

3

8 2

n f
o n

n f

U V H
µ µ

µ
µ µ

 −
=   + 

�
 

(38) 

One of the inherent features of this system is that the magnetic energy can not only be 

altered by modulating the applied field, but also by changing the ferrofluid 

concentration, as done in this work. 

Ferrofluids are ideal for these dynamical studies because they allow for highly 

sensitive chain growth experiments to be performed without interference by interfacial 

surface forces.  As presented in Section 3.3, a nonmagnetic particle experiences a 

repulsive image force under magnetic field that is oriented normal to any non-magnetic 



 

115 

 

boundary, such as a glass slide, due to the presence of a surrounding magnetizable 

carrier fluid.  When the image force is strong enough, the particle pushes away from the 

interface to a position where the image force exactly cancels other forces in the system, 

such as the gravitational force on the particle.  By exploiting this image repulsion 

phenomenon, chain growth can be studied without interference by interfacial forces 

caused by local surface roughness or electrostatic effects.  Additionally, all particles in 

this system are repelled to a common plane, allowing for direct comparison with the 2-D 

computer simulations performed by others132.   

First, a review is useful of the definitions and conventions used in dynamic 

scaling theory.  By convention, the state of growth of particle chains is quantified using 

the parameters ( )L t , which represents the average chain length, and ( )S t , which 

represents the weighted aggregate size.  These variables are defined below:   
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where s  is the number of particles in a given chain, and sn  is the number density of  

chains of length s .   Dynamic scaling theory predicts that the rate of chain growth 

should follow a power law as:  as '( ) ~ z
L t t  and ( ) ~ z

S t t , where z  and 'z  are the 

dynamic scaling exponents.  In the work of Vicsek and Family132, many of these power-
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law dependences have been proposed and experimentally demonstrated to conform to 

the following scaling relationship: 

( )( ) ~ /w z
sn t t s f s t

τ− −  (40) 

The function ( )/ z
f s t  approaches 1 when z

s t<<  and approaches 0 for z
s t>> .  

This function encapsulates when smaller clusters in the suspension grow extinct by their 

incorporation into larger clusters.  The exponent w  represents a dynamic exponent that 

describes the reduction of ( )sn t  with time for each aggregate size, s .  The static 

exponent, τ , describes the general relation between cluster sizes and cluster densities 

that is consistent throughout many systems including in the theory of thermal and 

geometrical critical points144,145.    

An alternative form to Eq. (40) brings to light the crossover exponent, ∆ , which 

is written as:  

( )2

( )
~ / zsn t

s t
s

∆
 

(41) 

where it follows that /w z∆ = .  Monitoring the crossover exponent allows for 

observation of distinct regimes of the aggregation process.  The two possible regimes for 

the aggregation process are described as follows:  

2  aggregation

2  aggregation

for L L

for L S

τ− −
∆ = 

−
 

(42) 
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where  aggregationL L−  refers to systems that predominantly undergo aggregation of 

all cluster sizes simultaneously, while  aggregationL s−  refers to systems wherein the 

inclusion of smaller clusters (in the limit, single particles) into larger clusters is the 

predominant mechanism for the aggregation process.   

Based on these relationships, DLCA models have been developed to describe the 

aggregation of Brownian dominated systems.  Aggregation processes driven by 

isotropic diffusion have been observed to exhibit a dynamic scaling exponent of  

' 1.4z z= ≅ , which is independent of the initial particle concentration132.  Processes 

driven by anisotropic diffusion, such as growth of colloidal particle chains in an applied 

magnetic or electric field, are observed in experiments and computer simulations to 

display a different dynamic scaling exponent of 5.0'≅= zz , due to the reduced 

probability of two clusters making physical contact except under certain constrained 

orientations146.  The two regimes of aggregation kinetics described above represent the 

limits of very weak and moderately strong particle interactions, respectively.  

Regardless, in both limits the dynamic scaling exponent is found to be constant and 

independent of the particle-particle interaction strength or the initial particle 

concentration.  This observation has been experimentally tested and validated primarily 

for small particles for which Brownian motion is the dominant mechanism for the 

aggregation process.    
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On the other hand, large particles which are not strongly influenced by Brownian 

motion have been observed to display scaling exponents which are both dependent on λ 

and have magnitudes that are outside of the generally expected range that is valid for 

smaller particles.  Currently, there is no definitive explanation for this behavior.  One of 

the more intuitive, though as yet unproven, arguments is based on how the “capture 

radius” of particles scales with the particle size.  The term “capture radius” refers to the 

maximum distance for which two particles experience potential energy interactions that 

exceed thermal fluctuation energy, kT. An upper bound for the capture radius can be 

obtained from Eq. (38) using the assumption that the magnetic moments of two particles 

are aligned parallel to the position vector between the two particles.  This criterion 

allows for the calculation of the maximum separation between two particles, maxδ , 

while still being dominated by potential energy interactions.  The capture radius, . .C R , 

can be expressed in units of particle diameters, d , as:  
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(43) 

Clearly, the capture radius scales linearly with the particle diameter, indicating 

that larger particles will have larger relative capture radii, and thus are more likely to be 

influenced by potential energy interactions than by Brownian motion.  In terms of 

realistic material parameters, the capture radius of 1 µm and 10 µm particles, while 
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holding all other parameters fixed as in the previous sample (i.e. OeH 100=
�

, 

1.2f oµ µ= , p oµ µ= ), are calculated to be around 2 and 24 particle diameters, 

respectively.  By comparison, the average separation distance between two particle 

positions is considered to be a function of the particle’s initial volume fraction, nφ , 

assuming equally spaced hexagonal 2-d packing, as 0.78 ndδ φ= .  This analysis 

shows why particles smaller than 1-micron are nearly always dominated by Brownian 

motion and thus conform to the DLCA model, since the average separation distance is 

always larger than the particle’s capture radius, except at exceedingly high particle 

concentration (nearly 11% volume fraction in this example).  In essence, a sub-micron 

sized particle must diffuse nearly the entire distance towards an adjacent particle via 

Brownian motion.  The 10 µm particles, on the other hand, are nearly always in the 

capture radius of nearby particles, except at exceedingly low particle concentrations 

(around 0.1% vol. fraction in this example).  In this case, the kinetics of chain growth 

cannot be considered to be diffusion limited.  A main goal of this section is to 

experimentally study the dependence of the scaling exponents on the particle 

concentration and interaction strength and to provide empirical evidence of the scaling 

relationships for these non-diffusion limited systems. 

In studies of particle aggregation kinetics presented here, 10 µm polystyrene 

particles with a polydispersity of <3% (Duke Scientific, Palo Alto, CA) were used. The 
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ferrofluid consisted of ~12 nm iron oxide particles stabilized by a surface coating of 

Bovine Serum Albumin (BSA), and were synthesized according to the previously 

reported methods43.  The biocompatibility of this ferrofluid was previously tested at 

different concentrations and timescales.  The ferrofluid concentration used in these 

experiments ranged from 0.28% to 0.7% by volume.  The saturation magnetization of the 

ferrofluid was assumed to be 0.6s m oM C T µ=  [A/m] to be consistent with previous 

saturation measurements for 12 nm iron oxide ferrofluids110.  

Fluid cells were constructed from 100 µm spacers (Invitrogen, Eugene, OR) 

sealed between a coverslip and a microscope slide. For 10 µm particles, gravitational 

energies play a dramatic role in particle movement and lead to sedimentation on short 

time scales as discussed in Section 3.3.  Due to the strong influence of gravity, fluid cells 

were observed via inverted reflected light microscopy, as shown in Figure 27.  This 

allowed particles to settle to the lower surface of the fluid cell for easy imaging.  Due to 

the large influence of gravity, the sample was placed upon a highly-leveled table to 

avoid translational particle drift which tends to increase aggregation rates. In order to 

minimize particle-surface forces, cleaned microscope slides were first rinsed thoroughly 

with ethanol to produce hydrophobic surfaces.  The microscope slides were then 

incubated in 5mg/mL solution of Bovine Serum Albimum (Sigma Aldrich, St. Louis, 

MO) in 1X Phosphate Buffer Saline (Teknova, Holister, CA).  This treatment was found 
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to prevent the strong adhesive forces between the particle and surface and allow for the 

particle to be released from the surface via “image forces” upon application of the 

external field.   Different and highly variable experimental results were observed when 

this precaution was not taken, in which case the particles remained in very close 

proximity to the glass surfaces, appearing to be stuck on localized surface defects.  When 

the surface treatment protocol described above was used, >99% of the particles were 

repelled from the substrate.  

 

 

Figure 27 - This is a graphical representation of the experimental setup.  Two 
solenoid coils and a level sample stage were used to view the chain growth 

experiments via inverted reflected light microscopy.  A sample consisting of a 
suspension of microparticles and ferrofluid was filled into a fluid spacer and pressed 

between a microscope slide and cover slip while viewed through a 10X objective. 

Magnetic fields were applied in-plane with the glass slides using large solenoids 

containing iron cores.  The field uniformity over the sample was <1%, as measured with 

a gauss meter (Lakeshore, Westerville, OH).  Chain growth was studied by video 
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microscopy using a 10X objective that allowed for a field of view containing a large 

number of particles, 500N >> .  The kinetics of chain growth were studied using a 

digital camera (QImaging Retiga 2000R) that was programmed to compile still images 

every 30 seconds for a minimum of 1800 seconds.  Automated image analysis was found 

to produce inaccurate and variable results due to large intensity differences over time, 

and thus the images were analyzed manually, counting aggregate sizes by hand. 

A typical time sequence for the 10 µm nonmagnetic particles exposed to uniform 

100 Oe external field is presented in Figure 28.  As time progresses, the effective cluster 

size increases dramatically, producing long chains of nonmagnetic particles in 

ferrofluid.  The decrease in fluorescence intensity of the particle with time is indicative 

of the effect of image forces, pushing the particles away from the glass-fluid interface.  

The particle image force creates an energy minimum a few microns from the surface. 

After a critical time, ct , which varies with the ferrofluid concentration (and thus the 

magnitude of the image force), the particles reach a stable position above the glass 

surface.  Prior to reaching the critical time, ct , the chain growth rate was affected by 

interfacial surface forces, and thus only data in the regime of ct t>  was used to calculate 

the dynamic scaling exponents.   Figure 3A shows a log-log plot of the scaling 

parameter, S, as a function of time.  The slope of the straight segment in Figure 29a is the 

growth exponent z  for this specific experiment.  The dynamic exponent w  can also be 
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attained by plotting the time progression of ( )sn t  for a given aggregate size, (e.g., 1s =  

for individual particles), as shown in Figure 29b.  For all experiments, the evolution of 

( )sn t  over time follows a strict power law dependence of ( ) ~ w
sn t t

−  for ct t> . 

 

 

Figure 28 - Example sequence of micrographs obtained from an experimental 
trial for 2.4%nφ =  and 0.4%fφ =  showing the growth of particle chains at various 

times: [A] 0 s, [B] 300 s, [C] 600 s, and [D] 1600s.  Particle intensity initially decreases 
due to the image forces present in the system. 
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Figure 29 - A typical temporal evolution of both (a) the effective cluster length 
and (b) the number of single particles for a chosen trial: 2.4%nφ =  and 0.4%fφ = .  

The slopes of the best fit lines for data points at ct t>> , defined by the dotted lines, 

represent dynamic exponents of z  and w , respectively. 

In this work, the dependence of the scaling exponents, z  and w , was 

systematically tested by varying both the nonmagnetic particle concentration and the 

ferrofluid concentration.  The results of all experimental trials are presented in Table 1, 

including some experimental results presented by others for comparison.  Clearly,  z  

and w  are not constant over all experimental conditions, contrary to predictions by 

DLCA models, and this deviation is conceivably attributed to the strong particle-particle 

interactions that dominate Brownian diffusion in this experimental system.  In fact, a 

major discovery of this work is that there appears to be a linear relationship between the 

dynamic exponents and the concentration of both nonmagnetic particles and ferrofluid.  

Figure 4 represents the dynamic exponents w  and z  as functions of the nonmagnetic 
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particle concentration in a fixed 100 Oe external field.  In these experiments, the 

magnetic particle concentration, and thus the magnetic energy, is kept constant.  Both w  

and z  increase linearly with increasing nonmagnetic particle concentrations.  Figure 5 

displays the measured values of the dynamic exponents w  and z  as the ferrofluid 

concentration is increased while maintaining a constant 100 Oe external field over all 

experiments.  Again there is a linear relationship between the ferrofluid concentration 

and these dynamic exponents.  
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Table 1 - The dynamic exponents of  z , w , and ∆  obtained for different 
experiments are displayed.  Varied concentrations of the nonmagnetic and magnetic 
particles, nφ  and  fφ  respectively, are reported along with the nonmagnetic particle 

diameter, d , and calculated energy ratio, λ , for each experiment. aIn Ref. 139. 
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Figure 30 - Dependence of dynamic exponents z  and w  on the concentration of 
10-micron nonmagnetic particles, nφ , within the ferrofluid. 

 

Figure 31 - Dependence of dynamic exponents z  and w  on the magnetic 
energy, λ .  The data presented includes [square] data points where the particles were 

able to lift off the substrate due to the image force, [X] data points where the image 
force was not sufficient to levitate the particles , [triangle] Černák’s data139 inherently 

surface affected. 
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Figure 32 – Crossover Graphs. 

In this work, a more complete study is presented concerning the kinetics of chain 

growth for particles which do not follow the classical DLCA model of aggregation.  Two 

regimes of validity were described for the DLCA model. In the isotropic aggregation 

regime, which is consistent with weak particle-particle interaction energies, DLCA 

theory predicts aggregation rates will have a scaling exponent of132 1.4z ≅ .  In the 

anisotropic aggregation regime, such as electric/magnetic field induced chaining of 

colloidal particles, DLCA theory predicts reduced scaling exponents of  0.5z ≅  due to 

the confined degrees of freedom in the approach of two aggregating clusters146, i.e., 



 

129 

 

attributed to the “strong dipole effect”.  In both of these systems, the time for diffusing 

into the capture radius is the rate limiting step, since the aggregation happens nearly 

instantaneously once the particles are within the capture radius.  Thus, these systems 

can be classified as diffusion limited.  For larger particles, on the other hand, the 

interaction energy and capture radius becomes increasingly long-ranged in comparison 

to the particle’s own diameter.  Except for very low volume fractions, each cluster is 

nearly always inside the capture radius of its nearest neighbors, hence this aggregation 

process can no longer be considered “diffusion limited”, leading to scaling exponents 

that are no longer constant and independent of the interaction strength or particle 

concentration, as specified by DLCA theory.  Instead, clear linear relationships have 

been discovered between the scaling exponents of aggregation and the initial particle-

particle energies and particle concentrations.   

The growth of non-magnetic particle chains inside ferrofluid was first studied by 

Černák, et. al.139, where they reported preliminary experimental observations similar to 

the findings reported here.   For comparison purposes, Černák’s data is presented along 

with new data in Figure 5, and similar trends were obtained; however, it is worth 

mentioning the non-trivial differences between these two experimental setups.  The 

experimental apparatus of Černák et. al consisted of an 18 µm thick fluid cell containing 

14 µm particles.  Due to the nearby proximity of the two surfaces in this setup, it is likely 
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that non-specific surface interactions played a larger role in altering the rate of chain 

growth.  Even for large fluid heights, gravitational energy for large particles (>10 µm) is 

significant enough to cause sedimentation of these suspensions over very short time 

scales. Particles are observed to sediment to the bottom glass layer in less than a minute, 

and many were found to nonspecifically absorb to the surface through local surface 

defects to create pinning sites.   

In both systems, the “image force” was used to reduce the effect of surface 

interactions by repelling the particles away from the interface, however the image force 

was not always sufficient to overcome gravity.  In the experimental apparatus presented 

in Figure 27, the image force was sufficient to levitate the particles above the surface 

only for λ values in excess of approximately 3500. Thus, surface forces were completely 

eliminated for all experimental trials except the ones with the lowest ferrofluid 

concentrations, 0.28%fφ =  and 0.42%fφ = .  These surface-affected experimental trials 

produce dynamic exponents similar to those found by Černák et. al. as displayed in 

Figure 31.  Similar calculations for Černák’s data indicate that the image force was not 

sufficient to overcome gravity in nearly all of his reported data for the 14 µm particles, 

except for the trial with the largest λ.  In order to determine if the image force was 

effective in repelling the particle from the interface, an inverted microscopy setup was 

intentionally used and the effect of image force was verified through the intensity 
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change of the particles after the application of magnetic field.  If, instead, an upright 

microscopy setup was used, such as that used by Černák and colleagues, it is unlikely 

that the effectiveness of the image force could be determined in repelling particles from 

the interfaces.  

From initial experiments using untreated glass slides, interfacial forces (i.e. 

DLVO, depletion, and electrostatic forces) were found to be extremely important and 

prevented the particles from lifting off the substrate due to image force.  Presumably, the 

Van der Waals interaction was so strong that the particles were not able to escape out of 

the secondary energy minimum that was located nanometers from the surface; i.e. even 

in the strongest magnetic field, the image force was not strong enough to overcome the 

large potential energy barriers.  On the other hand, when the surfaces were passivated 

with a BSA monolayer the non-specific surface interactions were dramatically reduced 

and the particles were observed to move away from the substrate due to the image force, 

as is clearly evident in Figure 29c-d.  To reduce the influence of the surface in these 

experimental results, data was analyzed only after the particles reached the quasi-2D  

plane where a force balance between gravitational and image force was obtained, which 

experimentally was determined when the micrographs’ intensity became stable.   

Despite experimental differences, these two methods produce similar 

relationships between the dynamic exponents and the magnetic energy.    By 
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superimposing the data with previous reports, clear linear relationships between λ and 

the growth exponent z are observed, consistent with previously reported data139.  In 

addition, a clear linear dependence has been discovered upon the dynamic exponent w 

and the magnetic energy shown in Figure 31b.  One of the main and previously 

unreported findings of this work was the linear relationship between the dynamic 

scaling exponents and the concentration of nonmagnetic particles.  This relationship 

does not occur for smaller particle sizes where particle energies are on the order of 

thermal energy and chain formation is in the regime of DLCA systems139,147.   

Despite the strong proportionalities of these dynamic exponents, the crossover 

exponent calculated using the ratio of w  to z  remained fairly constant across all trials at 

1.54 0.21± .  An alternative method for double checking the crossover exponent is to 

plot 2 ( )ss n t  against / ( )s S t , as reported by Meakin et. al138, to make light of the power-

law dependence in Equation 3 as illustrated in Figure 6B.  There is nice agreement in 

crossover exponents between both of these methods.  At lower concentrations of 

nonmagnetic particles, the crossover exponent appears to approach Δ=2 and enter the 

domain of L-S aggregation according to Eq. (42) and displayed in Figure 32a.  This trend 

indicates that the aggregation process is primarily dependent upon the movement of the 

smaller clusters in the system, (e.g. single particles).   Since smaller clusters experience 

less magnetic force than their larger counterparts, systems that are not diffusion-limited 
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should not enter the L-S aggregation regime.  This trend indicates that for the most 

dilute experimental trials, diffusion may be playing a slight role.  This is not surprising 

as the more dilute suspensions have interparticle separations that are approaching the 

capture radius requirement for DLCA systems. 

In this section, investigations were presented of the growth of 10 µm sized 

nonmagnetic particles inside ferrofluid in order to determine the experimental feasibility 

of assembling cellular chains for applications in tissue engineering.  It was discovered 

that the kinetics of chain growth are greatly improved by using larger fields and particle 

concentrations, however the type of ferrofluid and its concentration are also important 

variables which can affect its utility in tissue engineering.  Past groups have reported 

patterning endothelial cells into linear shapes using chemical surface patterning 

techniques143, however the structures are inherently 2-D and not applicable to tissue 

engineering applications. Magnetically-actuated chain formation allows for the 

formation of cellular chains in bulk solution or within 3-D biopolymer (e.g., collagen) 

solutions that may be polymerized after chain formation.  Conventional magnetic 

manipulation requires that cells must first be rendered magnetically susceptible either 

through surface attachment or endocytotic uptake of magnetic particles into cells.  

Subsequent chaining of these cells by a magnetic field has been demonstrated142,148 and 

interesting formations have been reported for macroscopically constrained magnetically 
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labeled cells.  However, it is likely that the cellular behavior of these chains will be 

affected by the presence of this magnetic material.  In contrast, the technique of inverse 

magnetophoresis allows for the label-free manipulation of these cells, which can 

potentially overcome issues related to iron toxicity.  These issues will be discussed in 

great detail in Section 4.1.2. 

4.1.2 Applying Chaining Kinetics to Endothelial Cells 

(The work detailed in this section was conducted in collaboration with 

Melissa D. Krebs, Eben Alsberg, Bappaditya Samanta, Vincent M. Rotello, and 

Benjamin B. Yellen.) 

The goal of tissue engineering is the full regeneration of functional tissues that 

have been damaged through disease or injury.  Typically, a combination of cells, 

bioactive factors, and/or biomaterials are used to provide an environment that encourages 

regeneration.149,150  Controlling the spatial distribution and organization of cells within a 

biomaterial matrix remains one of the key challenges in restoring the function and normal 

operation of healthy organs and tissues.  This is especially true for larger organs that 

require complex vascularization to enable nutrients to reach interior cells.151,152  

A range of techniques have been developed to organize cells into controlled 

spatial arrangements on cell-adherent surfaces153 or in 3-D biopolymer scaffolds154.  

These strategies frequently include the use of lithographic techniques to pattern cell-

adhesive regions onto non-adhesive surfaces43,155,156,157,158.  In addition, inkjet printing 
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has been implemented for the construction of 2-D cell patterns by printing cells onto a 

substrate in the desired pattern159, or 3-D organ printing in which a 3-D structure of cells 

is printed in layer-by-layer rapid prototype format160.  These techniques can be time-

consuming and costly, and additionally, lithography frequently employs toxic solvents 

which can potentially denature biomolecules154.  

The use of electric forces is a promising alternative for the manipulation and 

alignment of cells161,162, but this technique has constraints, including the potential for 

inducing cellular electrochemical processes and localized heating.163,164 Additionally, the 

relatively small electrical permittivity differences between the cells and the surrounding 

medium result in weak assembly forces that further limit the capabilities of this 

approach.165 While magnetophoresis has few of the above limitations, current approaches 

to manipulate cells require either the attachment of magnetic materials onto the cells or 

cellular uptake of the particles43,142,166,167,168,169 , both of which present acute and long-

term cytotoxicity concerns. Thus, a system that utilizes the capacity of magnetophoresis 

to organize cells while avoiding the need for particle uptake or attachment would be ideal 

for cell manipulation.  

Instead, a novel approach is presented in this section for magnetically-driven 

organization of ordered cellular structures without using microfabricated substrates, 

potentially harmful electrical fields, or the physical attachment to or uptake of material by 

the cells.  Inert, biologically compatible ferrofluids consisting of suspensions of protein-

passivated iron oxide nanoparticles drive the organization of cells into linear structures 
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(Figure 33).  The purpose of the magnetic nanoparticles is to induce an effective 

magnetization in the extracellular fluid in order to shepherd the cells into highly 

organized structures, such as those typically observed with non-biological particles in 

inverse ferrofluids9,54,139.  It is worth noting that the dimensions of the ferrofluid particles 

must be in the range of ~10-20nm in order to succeed in manipulating other submerged 

non-magnetic materials.   Particles that are too small will lack sufficient susceptibility to 

magnetize the fluid in an external field, making the interaction forces between the 

suspended cells significantly weaker.  Particles that are too large, such as the suspensions 

of >100nm diameter magnetic particles (magnetorheological fluid), will experience such 

strong particle-particle interactions that the fluid will no longer behave as a magnetic 

continuum.    
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Figure 33 - Schematic of process of cell chain formation in ferrofluid.  (a) 
Suspension of cells in ferrofluid assumes a random orientation in the absence of a 
magnetic field.  (b) The suspended cells form linear arrangements in ferrofluid in 

presence of magnetic field (arrows), where the ferrofluid particles shepherd the cells 
into chains due to their induced magnetic dipoles.  (c) Linear arrangement of cells 

adherent to cell-adhesive surface survive and grow upon removal of ferrofluid and 
magnetic field.  (d) Schematic of BSA-passivated nanoparticle synthesis.  

 Individual cells have previously been “trapped” at a given location via inverse 

magnetophoresis using paramagnetic salts and superconducting magnets170, however the 

magnetic susceptibility of a typical paramagnetic fluid is more than 5 orders of 

magnitude weaker than typical ferrofluids which may prevent the assembly of ordered 

multicellular structures using this approach.  Additionally, the strong ionic concentrations 
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required to achieve sufficient magnetic susceptibility with paramagnetic salts 

(approaching 1M in some cases) may adversely affect certain cellular suspensions.  In 

contrast, the energy of interaction between two cells in ferrofluid is more than 10 orders 

of magnitude stronger than is possible in paramagnetic salts, making negative 

electrophoresis using ferrofluids an attractive method for assembling multiple cells into 

extended structures.  The ferrofluid-based platform, which is compatible with media 

compositions and pH levels optimized for cell culture, represents a significant advantage 

over other cellular manipulation approaches. 

Here, the ability to form chains of cells is demonstrated both in suspension and 

adhered to tissue culture plates without using special surfaces or substrates and without 

modifying the cells.  The cellular chains were found to be intact even upon the removal 

of the nanoparticles and/or magnetic field. This inexpensive, straightforward technique 

does not utilize toxic chemicals and does not require special equipment other than a 

magnetic source.  Overall, this approach is versatile, exhibiting great promise as a first 

step for generating more complex cellular structures for potential tissue engineering 

applications9,54,139.  

Nonmagnetic spherical particles such as cells immersed in a magnetized ferrofluid 

will behave like a non-magnetic cavity inside a magnetized medium, and therefore 

exhibit the field characteristics of a point dipole59.  These non-magnetic particles 

experience dipole-dipole interactions resulting in the formation of linear chains oriented 
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along the external field direction, extH
�

. The maximum magnetic adhesion energy, MAXU , 

between individual cells in the chain can be quantified using Eq. (38).  

In classical magnetophoretic cell manipulation techniques, a material such as iron 

oxide is attached to the cell to give it greater permeability than the surrounding fluid, 

fp µµ > , and thus facilitate the application of force to the cell. An alternative approach is 

to use a fluid with a strong magnetic permeability, such as ferrofluid comprised of 

magnetic nanoparticles, allowing for cell manipulation without attachment or uptake of 

magnetic material by the cell.  Magnetic manipulation can only be achieved when the 

magnetic potential energy greatly exceeds thermal fluctuation energy, kT.  Given that the 

magnetic permeability of most ferrofluids is 1-2 times the permeability of vacuum, oµ , 

this relation implies that nonmagnetic objects as small as 650 nm in diameter can be 

assembled by negative magnetophoretic force using magnetic fields as low as 100 Oe.  

Since cells are usually at least ten-fold larger than this lower limit, this concept is highly 

suitable for cell manipulation.    

The use of negative magnetophoresis is explored here for manipulating cells by 

preparing a solution of human umbilical vein endothelial cells (HUVECs) at passage 2 

suspended in Endothelial Growth Medium (EGM-2 with 2% fetal bovine serum, Lonza, 

Allendale, NJ) containing 30 mg/mL of BSA coated iron oxide (Fe3O4) nanoparticles (12 

nm core) (Figure 33d).  These magnetic nanoparticles were previously demonstrated to 

be stable in media and non-toxic even at high concentrations43.  To eliminate cell 
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adhesion to the surface of standard glass microscope slides, the slides were pre-treated 

with BSA solution, thereby permitting the examination of unhindered chain formation 

directly in solution.  Alignment of the cells was performed using a 100 Oe magnetic field 

applied using permanent magnets and measured using a handheld gaussmeter (Lakeshore 

Cyrotronics, Westerville, OH).  To verify that the cells were arranged into linear 

structures, HUVECs stained with 10 µM CellTracker Green CMFDA (Invitrogen, 

Carlsbad, CA) were examined with a Zeiss LSM 510 inverted confocal microscope to 

obtain a series of micrographs rotated at 30° intervals (Figure 34a-d).  A lower 

magnification view (Figure 34e) demonstrates that the linear structures are observed 

across the entire plane.  The cell structures were also found to remain intact even after 

removal of the magnetic field (Figure 34f). The strong intercellular interactions, likely 

mediated by cell-cell adhesion receptors such as cadherins, maintain the cells in linear 

motif. This finding provides evidence that the cell chains are highly stable and can be 

implemented in tissue engineering strategies, such as for vascular engineering where it 

has been demonstrated that linear chains of endothelial cells can form capillary-like 

structures156.  
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Figure 34 - Confocal microscopy images of HUVECs chained in BSA-ferrofluid.  (a-d) 
rotated images of cells at 30°°°° intervals under magnetic field forming oriented linear 

chains.  The arrow indicates the direction of the magnetic field.  Scale bar = 50 µm.  (e) 
Low magnification view of cells under magnetic field.  Scale bar = 200 µm.  (f) View 

of cell chains 1 hour after removal of magnetic field.  Scale bar = 50 µm. 
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To determine the kinetics of cell chain formation, the growth of cell chains was 

examined as a function of the time exposed to magnetic field.  HUVECs stained with 

CellTracker Green CMFDA were trypsinized from the flask and resuspended in EGM-2 

to a concentration of 5 x 106 cells/mL.  The HUVECs were first dispersed in 30 mg/mL 

ferrofluid and then placed into a fluid chamber formed with two BSA-coated glass 

microscope slides separated by 100 µm slide spacers (Invitrogen) (Figure 35a). A 100 Oe 

magnetic field was then applied to the chamber by passing current through 2.5 inch iron-

core solenoids (Fisher Scientific, Pittsburg, PA) placed at the perimeter of the microscope 

stage (Nikon Eclipse TE300 inverted microscope).  The cells quickly chained into linear 

structures oriented along the external field direction (Figure 35b).  The average chain 

length grew with increasing time of magnetic field exposure (Figure 35c), which is 

consistent with the main features of diffusion limited cluster aggregation models132,139,146 

that predict a power law dependence for effective chain length, S , as a function of time, 

i.e. zttS ∝)(  (Figure 35d).  The kinetics of the experimental chain growth was obtained 

through manual analysis of photomicrographs obtained with a digital camera (QImaging 

Retiga 2000R). This kinetic behavior indicates that the effective length of the cell chains 

in suspension is controllable through length of magnetic field exposure. 
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Figure 35 - Kinetics of cell chain formation. (a) Fluorescently-labeled HUVECs 
without the presence of a magnetic field exhibit no orientation in BSA-ferrofluid. 
Following magnetic field application, (b) cells cluster and align with field after 1 

second, and (c) cell chains grow in length after 5 minutes.  Scale bar represents 100 
µµµµm.  (d) Log-log plot of effective chain length size (S) versus time (t) (����) following a 

power law-dependence consistent with the form of general colloidal aggregation 
models (dotted line). 

One of the primary concerns regarding the addition of magnetic nanoparticles to 

cellular suspensions is the potentially adverse effects that suspended nanoparticles may 

have on the cells.  Apoptosis or abnormal behavior in a cellular system can be triggered 

by extracellular fluid containing cytotoxic components or by uptake of toxic particles by 

the cells171.  Ferrofluid applications are particularly challenging, since relatively high 

concentrations of nanoparticles are required, and many ferrofluid preparations are 
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typically stabilized with surfactants that would induce cell lysis.  To examine the 

cytotoxicity of this system on HUVECs, the cells were subjected to varying 

concentrations of BSA-ferrofluid and their viability was measured after 2 hours of 

ferrofluid exposure.  HUVECs stained using CellTracker Green CMFDA were seeded at 

2 x 104 cells/well into 96-well black-sided tissue culture plates (Corning, Corning, NY).  

The cells were incubated overnight to allow them to adhere and spread.  Then BSA-

ferrofluid was mixed with EGM-2 to produce ferrofluid concentrations of 0, 15, 30, and 

45 mg/mL.  EGM-2 was removed from the wells and the ferrofluid/EGM-2 mixture was 

added to the cells (N=3 wells for each ferrofluid concentration).  The cells were 

incubated for 2 hours at 37 °C and 5% CO2.  The BSA-ferrofluid/media mixture was then 

replaced with EGM-2 and 7.5 µM propidium iodide (from LIVE/DEAD staining kit, 

Invitrogen).  After 5 minutes of incubation, the cells were imaged under the fluorescent 

microscope.  Digital images were taken (N=4 images in each well) with a green filter (all 

cells) and a red filter (dead cells).  The cells remained completely viable (>95%) after 

submersion in the ferrofluid (Figure 36a-b).  The behavior of the cells was very examined 

by conducting the experiment in a tissue culture-treated plate for a period of 2 hours, after 

which time the cells were well adhered to the plate.  After the ferrofluid was washed 

away and replaced with complete medium, the cells were capable of spreading and 

growing to confluence (data not shown).  Thus, exposure for 2 hours to the BSA-

ferrofluid does not have a significant impact on cell viability or on the ability of cells to 

proliferate normally on tissue culture-treated plastic. 
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Figure 36 - Cell viability in the presence of ferrofluid.  (a) Cell viability of 
HUVECs is high after culture with 30 mg/mL magnetic nanoparticles for 2 hours as 
visualized by LIVE/DEAD staining [green = all cells; red = dead cells].  The 2 dead 

cells in field of view are shown with arrows.  Scale bar represents 100 µµµµm.  (b) 
Ferrofluid concentration does not affect cell viability. 

The linear cell chains formed using this technique can be beneficial to tissue 

engineering research if the resulting structures can adhere to 2-D substrates or be 

immobilized in a 3-D matrix for further culturing prior to use.  To demonstrate the 

capability of these cell assemblies to adhere to a cell culture surface following formation, 

tissue culture-treated 35 mm dishes (Corning, Corning, NY) were coated with a thin layer 

of type I collagen (PureCol, Inamed Biomaterials, Fremont, CA) at a density of 1 µg/cm2 

in a buffer containing 15 mM Na2CO3 and 35 mM NaHCO3, pH 9.4, with overnight 

incubation at 4 °C.172  After two washes with Phosphate Buffered Saline, these dishes 

were placed in an incubator at 37˚C and 5% CO2 and subject to 100 Oe magnetic fields 

produced by the solenoids. 50µL droplets of HUVECs in EGM-2 with BSA-coated iron 

oxide nanoparticles were pipetted onto these surfaces, and within minutes linear cellular 
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chains formed.  After 2 hours, the cells had settled due to gravity and sufficiently adhered 

to the substrates to allow the ferrofluid to be replaced by standard cell culture media 

without disrupting the oriented structures.  The formation and adhesion of single cell-

wide chains in a low concentration of magnetic nanoparticles (15 mg/mL) was observed 

(Figure 37a).  Higher concentrations of magnetic nanoparticles (30 mg/mL) led to the 

formation and adhesion of multi-cell wide chains (Figure 37b) similar to macrochaining 

phenomena seen in aggregation of dense colloids139. Incubation of the cell structures on 

collagen-coated dishes generated stable assemblies, as demonstrated by the persistent 

presence of cell chains after 18 hours of incubation (Figure 37c). The ability of these 

magnetically-formed cellular structures to adhere to various cell culture surfaces while 

maintaining their morphology permits the subsequent removal of the nanoparticles and 

replacement of the surrounding media, making this approach useful in developing 

organized cellular structures for tissue engineering.   
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Figure 37 - Chain structures of HUVECs on collagen-coated dishes.  (a) Chains 
formed with 15 mg/mL and (b) with 30 mg/mL BSA-ferrofluid.  Cells were exposed to 

a 100 Oe magnetic field for 2 hrs, during which time they adhered to the collagen-
coated surface.  (c) Chain structure of HUVECs on collagen substrates formed with 30 

mg/mL BSA-ferrofluid, exposed to magnetic field for 2 hours, and then incubated 
overnight.  Magnetic field was applied in the direction of the arrow in each case.  All 

scale bars represent 100 µm. 

In summary, a new method has been developed for the magnetic manipulation of 

cells using freely suspended inert and cytocompatible magnetic nanoparticles.  

Specifically, magnetic nanoparticles have been used to shepherd the cells into linear, 

oriented structures under uniform magnetic fields through negative magnetophoresis.  

The dimensions of the cellular chains were found to depend upon magnetic field 

exposure time and nanoparticle concentrations.  The linear cell assemblies are stable after 

removal of the magnetic field and ferrofluid, and the cells are able to adhere to standard 

tissue culture surfaces and can then be further cultured for cell studies or tissue 

regeneration experiments. Finally, the magnetic nanoparticles are shown to have no 

cytotoxic effects on the cells, as evidenced by the viability studies. 
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This novel cell assembly approach holds much promise for tissue engineering 

research and offers the ability to organize cells in an inexpensive, easily accessible 

technology platform that could be widely implemented.  Future work using this 

technology will include investigating whether the formation of linear chains of HUVECs 

promotes the process of vasculogenesis as measured by tubule formation and protein 

expression patterns, as well as the ability to form these linear cell structures and 

promote vasculogenesis in three-dimensional biopolymer systems that more closely 

resemble the native extracellular matrix microenvironments.  

4.2 Mixed Assemblies 

(The work detailed in this section was conducted in collaboration with Hui S. 

Son, Bappaditya Samanta, Vincent M. Rotello, and Benjamin B. Yellen.) 

Recent developments in the fields of photonics173,174  and biological sensors175,176 

have been due in large part to rapid advances in colloidal particle synthesis and self-

assembly techniques.  The production of complex particle shapes with both high yield 

and high uniformity can enhance the functionality of nanomaterials for these and other 

applications. “Bottom up” self organization techniques are perhaps the most efficient 

route to manufacturing complex colloidal structures in large quantities, and recent 

advances attest to the increasing control that can be achieved over the diversity, 

uniformity, and yield of colloidal structures8,116,117,177,178,179,180,181.   Instead, this section 
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presents a new principle for controlling the organization and precise placement of 

multiple different types of colloidal particles into highly reproducible arrangements 

directly in the bulk fluid.  The structures are assembled by tuning the interactions 

between effectively diamagnetic and paramagnetic point dipoles within ferrofluid, 

leading to multiple different rotationally symmetric particle arrangements, including 

ring, flower, polar and other complex shapes. 

Colloidal particle dispersions feature a wide variety of attractive and repulsive 

interactions and mechanical packing constraints that have been exploited to assemble a 

diverse set of structures, including Pickering emulsions and particle clusters177,178, linear 

and kinked chains117,179, and highly ordered arrays8,116 and matrices180,181. Self-assembly 

mediated by Van der Waals forces and hydrophobic interactions leads primarily to 

close-packed structures, such as colloidal crystals, when the assembly is performed in 

the bulk fluid182,183 and to particle clusters when the assembly process is confined to the 

interior of an emulsion droplet or to a liquid–liquid interface178. Ionic interactions 

between oppositely charged colloidal particles have been used to assemble various ionic 

crystalline lattices180,181. Also, both electric and magnetic dipole–dipole interactions have 

been used to create either one-dimensional chain structures or two-dimensional arrays 

when attractive or repulsive interactions, respectively, are induced in the particles by an 

external field179. Despite recent progress in colloidal self-assembly, there have been 
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relatively few demonstrations of ordered structures in suspensions containing multiple 

different particle types. At present, the demonstrations of controlled assembly in binary 

suspensions include ionic crystalline lattices180,181 and discrete particle clusters assembled 

in oil-in-water emulsions184; however, there have been no demonstrations of controlled 

assembly in suspensions containing three or more colloidal components. 

Here dipole–dipole interactions are used to fashion multi-component, 

rotationally symmetric colloidal superstructures from isotropic spherical particles. These 

structures are produced by applying static, uniform magnetic fields to aqueous 

suspensions of paramagnetic and non-magnetic particles suspended in a ferrofluid (that 

is, Fe3O4 nanoparticles suspended in water). The ferrofluid concentration is an essential 

control parameter for this assembly technique. Particles with higher magnetization than 

their carrier fluid (for example paramagnetic particles) will exhibit a classical 

paramagnetic response with respect to the surrounding fluid, that is, with the particle 

moments aligned parallel to the external field direction. Conversely, particles less 

magnetizable than the carrier fluid (for example non-magnetic particles) will behave as 

non-magnetic cavities inside a magnetizable medium and will exhibit an effectively 

diamagnetic response with respect to the surrounding fluid, that is, with the particle 

moments aligned antiparallel to the external field direction. In multi-component 

suspensions, the paramagnetic and non-magnetic particles interact 
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antiferromagnetically, resulting in the formation of ring structures (Figure 38) that differ 

from the chain and sheet assemblies commonly observed when electric or magnetic 

fields are applied to single-component colloidal suspensions179. 
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Figure 38 - Illustration of magnetic assembly in colloidal particle mixtures. a, 
Rotationally symmetric structures form in mixtures of ferrofluid (brown dots) and 

small/large colloidal particles (red/grey spheres, respectively). No structures form in 
the absence of a magnetic field. When a magnetic field is applied (black arrows 

denote the external field direction), equatorial and polar arrangements form when the 
particle magnetizations respectively have the opposite and the same sense. Particle 

dipole moments are indicated by the yellow arrows. b, Hierarchical assembly in three-
component suspensions is illustrated. ‘Two-tone’ structures consist of simultaneous 

polar and equatorial arrangements assembling on a single core particle, whereas 
‘flower’ structures are formed by the fractal assembly of multiple equatorial 

arrangements. 

A physical model can be used to predict the equilibrium structure produced 

within multi-component systems. This model employs a continuum approach to 

approximate the local fluid magnetization, which is justified when the ferrofluid 

particles are much smaller than other colloidal particles in the fluid. The effective dipole 

moment of linearly magnetizable spherical particles immersed in a magnetizable carrier 

fluid is given by Eq. (5) and can be rewritten in terms of susceptibility as: 
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where ffχ  and pχ  are the magnetic susceptibilities of the ferrofluid and the particle, 

respectively. If an appropriate ferrofluid is chosen such that the susceptibility of the 

fluid is between that of the non-magnetic and paramagnetic particles (that is, 

NMχ < ffχ  < PMχ ), then equation (1) predicts that the paramagnetic particles, with 

pχ = PMχ > ffχ , will behave as point dipoles aligned parallel to the applied field, 
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whereas the non-magnetic particles, with pχ = NMχ ≈ 0, will behave as point dipoles 

aligned antiparallel to the field. Although ‘non-magnetic’ materials typically have slight 

intrinsic paramagnetic or diamagnetic properties with susceptibility values on the order 

of 10−6, all of these materials will have effectively negligible susceptibilities in 

comparison with a ferrofluid (typical susceptibilities of ferrofluids are on the order of 

0.1–1.0), and their effective moments will therefore reflect the model proposed here by 

assuming that NMχ ≈ 0. 

Stability of particle configurations can be understood from the expression for 

magnetostatic potential energy of a dipole m in a locally applied field H, given by 
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For the non-magnetic particle ( NMχ < ffχ ), Eq. (45) implies that its potential energy is 

strictly positive, which causes the particle to move towards regions of minimum 

magnetic field, |H(r)| = |Hmin|. Eq. (45) also implies that the paramagnetic particles 

( PMχ > ffχ ) have strictly negative potential energy, causing them to move towards 

regions of maximum field, |H(r)| = |Hmax|. Hence, in mixed suspensions of non-

magnetic and paramagnetic particles, magnetic force drives the non-magnetic particle 

towards the ‘equator’ of the paramagnetic particle, where the dipolar field of the 

paramagnetic particle subtracts from the external field. Likewise, the paramagnetic 
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particles move towards the equator of the non-magnetic particles, where the dipolar 

field of the non-magnetic particle adds to the external field. Under the assumption that 

stable structures can be formed only when the magnetostatic potential energy greatly 

exceeds thermal fluctuations, the smallest particle that can be manipulated using this 

technique is calculated to be on the order of 60 nm in diameter. (See calculations in 

Appendix and ref. 54). 

Experimental demonstration of this assembly technique is presented in Figure 39. 

The size ratio between the colloidal particles is an important control parameter used to 

adjust the resulting structures. Large paramagnetic particles mixed with smaller non-

magnetic particles will provide ring configurations (Figure 39a, b), where the 

paramagnetic particle acts as the magnetic core around which the satellite non-magnetic 

particles assemble in a Saturn-rings configuration. The inverse structure is formed when 

large non-magnetic particles are mixed with smaller paramagnetic particles (Figure 39d). 

The formation of ring shapes was verified both by confocal microscopy and by 

observing the synchronous rotation of the colloidal assemblies in a rotating magnetic 

field. The assemblies form within seconds of the application of an external field, and 

dissolve when the external field is removed, indicating the rapid and switchable nature 

of the assembly technique. 
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Figure 39 - Assembly of ‘Saturn-rings’ particles and their statistical 
distribution. a, b, Rings form in a three-component aqueous suspension including 
ferrofluid (1.2% volume fraction, ffχ = 0.25), 2.7-µm paramagnetic particles (0.33% 

volume fraction) and 1.0-µm (red) non-magnetic particles (0.2% volume fraction), 
corresponding to 11–12 non-magnetic particles per paramagnetic particle. c, An 
average of 10.82 non-magnetic particles per ring confirms this dilution ratio. d, 

Inverse rings form inside a suspension of ferrofluid (2.2% volume fraction, ffχ = 0.46), 

3.0-µm non-magnetic particles (0.32% volume fraction) and 1.0-µm paramagnetic 
particles (0.057% volume fraction), corresponding to 5 paramagnetic particles per non-

magnetic particle. The inset depicts a magnified view of one of the inverse rings. e, 
SEM image showing ring structure in dry state. Scale bar, 5 µm. 

A notable aspect of this magnetic assembly technique is its self-limiting nature. 

The magnetostatic interaction between two nearby colloidal assemblies is dominated by 

the repulsive force between the core particles within each assembly, resulting in large 

separations between individual structures (Figure 39b). This self-limiting process can 

assist in the formation of highly monodisperse colloidal structures of controlled shape 

by permanently linking the structures using an appropriate cross-linking strategy. The 

ring structures can be stabilized using either streptavidin–biotin recognition or by 

covalent linking of amine-functionalized particles with glutaraldehyde as the cross-

linking agent by previously reported methods179. The resulting structures have been 

purified using a combination of centrifugation and magnetic separation steps; a 

scanning electron microscope (SEM) image of a colloidal ring in the dry state is provided 

as an example (Figure 39e). These ring structures are highly stable when suspended in 

fluid even after multiple separation and rinsing steps; however, the strong evaporative 
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force causes the satellite non-magnetic beads to reorganize around the central magnetic 

bead during the drying step (Figure 40). 

 

Figure 40 – Side view of colloidal rings in the dry state as imaged by SEM.  
Evaporation-induced reorganization of the colloidal rings due to the drying process is 

clearly evident. 
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Additional colloidal structures can be engineered by adjusting the degree of the 

non-magnetic particle’s magnetization. The ferrofluid used was designed to controllably 

adsorb on the surfaces of non-magnetic particles, as confirmed in transmission electron 

microscopy (TEM) measurements (Figure 41). In very dilute ferrofluid suspensions, the 

non-magnetic particles with an adsorbed layer of Fe3O4 nanoparticles have higher 

magnetization than the surrounding medium and are thus attracted to the poles of the 

paramagnetic particles instead of to the equator. The critical concentration for the pole–

ring transition can be determined from simple arguments based on the magnetization 

difference between the non-magnetic particle (including its adsorbed Fe3O4 nanoparticle 

layer) and the surrounding fluid, approximated as 

( )
extffB HVaM
��

χτθχπ −= /4 2  (46) 

where a, τ , θ , Bχ  and V are the radius of the non-magnetic particle, the diameter of the 

Fe3O4 nanoparticle, the fractional area coverage of Fe3O4 nanoparticles adsorbed on the 

non-magnetic particle, the bulk susceptibility of undiluted ferrofluid and the volume of 

the non-magnetic particle, respectively. Magnetic susceptibility measurements indicate 

that within the tested concentration range the susceptibility of the ferrofluid follows a 

linear relationship with the Fe3O4 nanoparticle concentration, namely ffχ = Bχ mφ , 

where mφ  is the volume fraction of Fe3O4 nanoparticles and Bχ  is the extrapolated value 

for the susceptibility of bulk Fe3O4 ( Bχ ≈ 21; see Appendix). The critical concentration, 



 

160 

 

Cφ , for the pole–ring transition is determined by setting Eq. (46) to zero, leading to the 

following expression: 

aC /3τθφ =  (47) 

The critical concentration for each non-magnetic particle size was determined 

experimentally from the singularity in the phase diagram (Figure 41a). Near the 

singularity, the field strength required to form colloidal structures increases 

dramatically as a result of approaching the index-matching condition between the non-

magnetic particle and the surrounding fluid. A discussion of the analytic technique used 

to identify the phase transition is provided in the Appendix. The inverse relationship 

between particle radius and critical ferrofluid concentration predicted by Eq. (47) is 

supported by experiments conducted with different-sized non-magnetic particles 

ranging from 300 nm to 1000 nm in diameter (Figure 41b). Ring structures form above 

the best-fit line, where the non-magnetic bead’s magnetic susceptibility, NMχ = Bχ Cφ , is 

less than the ferrofluid susceptibility, ffχ . Pole structures form below the best-fit line, 

where the converse is true. The slope suggests that the area fraction of Fe3O4 

nanoparticle coverage is ~9.2%, assuming a uniformly distributed monolayer of 10-nm 

Fe3O4 nanoparticles adsorbed to the non-magnetic particle’s surface. TEM images 

(Figure 41b, inset) reveal the presence of particles in the predicted locations, with 

aggregation that may be either inherent in the system or a result of drying. Visual 
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inspection of the number of adsorbed nanoparticles on the non-magnetic particle’s 

surface suggests a reasonable agreement with the calculated value of fractional area 

coverage. 
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Figure 41 - Experimental phase diagrams and critical behavior. a, Experimental 
phase diagram depicting the dependence of ferrofluid concentration, f, on the 

evolution of structural phases in suspensions of 1.0-µm non-magnetic particles (0.25% 
volume fraction) and 2.7-µm paramagnetic particles (0.25% volume fraction). Hext is 

the critical field strength of the phase transition. b, The critical ferrofluid 
concentration of the pole-ring transition, Cφ , implying susceptibility matching 

between the non-magnetic particle and the surrounding ferrofluid, is plotted as a 
function of the inverse particle diameter. Inset, TEM image of Fe3O4 nanoparticles 

adsorbed onto polystyrene beads. Scale bar, 200 nm. 
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More complex structures can be formed using this magnetic assembly technique. 

Two initial possibilities are presented here. By assembling both pole and ring 

configurations simultaneously, two-tone structures can be formed. This is accomplished 

by exploiting the sensitivity of the particle’s size to the pole–ring transition. The two-

tone structures (Figure 42a) are assembled in a mixture of 2.7-µm diameter 

paramagnetic particles, 1.0-µm diameter (green) non-magnetic particles, 0.21-µm 

diameter (red) non-magnetic particles and ferrofluid at an appropriate dilution (in the 

range of ~1% volume fraction, corresponding to magnetic susceptibility of ffχ ≈ 0.2). In 

these conditions, the smaller non-magnetic particles acquire positive magnetization with 

respect to the ferrofluid, whereas the larger non-magnetic particles acquire negative 

magnetization with respect to the ferrofluid. Hence, the smaller particles are attracted to 

the poles of the paramagnetic particle, whereas the larger particles are attracted to the 

equator of the same paramagnetic particle.  
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Figure 42 - Demonstration of multi-component particle assembly. a, b, 
Fluorescent images of structure formation in four-component colloidal-particle 

aqueous suspensions consisting of ferrofluid (1.1% volume fraction, ffχ = 0.24), 0.21-

µm (red) non-magnetic particles (0.02% volume fraction), 1.0-µm (green) non-
magnetic particles (0.2% volume fraction) and 2.7-µm paramagnetic core particles 

(0.33% volume fraction) (a) and ferrofluid (1.2% volume fraction, ffχ = 0.25), 1.0-µm 

(red) non-magnetic particles (0.12% volume fraction), 2.7-µm paramagnetic core 
particles (0.21% volume fraction) and 9.9-µm (green) non-magnetic particles (1.5% 
volume fraction) (b). Each panel includes a sketch of the assembled structure and a 

magnified view of one of the assembled structures (inset). Scale bar, 20 µm. 
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Other types of complex hierarchical structure can be formed using the ring 

structures as building blocks for assembling larger superstructures. The flower-shaped 

colloidal structures (Figure 42b) are formed when 9.9-µm (fluorescent green) non-

magnetic particles are mixed with 2.7-µm paramagnetic particles and 1.0-µm (red) non-

magnetic particles. The flowers in Figure 42b are notable for the high uniformity in the 

number of ‘petals’ in each, which shows that the assembled structures can be obtained in 

high yield, typically with 6–8 petals per flower at these relative concentrations. 

Qualitatively, the number of petals was observed to increase at higher ferrofluid 

concentrations and decrease at lower ferrofluid concentrations, as a result of the 

diminishing or, respectively, increasing influence of dipole–dipole repulsion between 

the magnetic beads of each pair of petals.  

Overall, application of magnetically actuated self-assembly techniques to multi-

particle colloidal mixtures provides a direct and general approach to the creation of 

complex colloidal superstructures. A rich variety of different particle configurations is 

possible depending on the size, type and degree of magnetization of the different 

particle components. In this section, nonmagnetic particles as small as 200 nm in 

diameter were assembled into complex arrangements; however, theoretical predictions 

and preliminary experimental tests have shown that particles smaller than this can be 

manipulated using other magnetic particles and ferrofluids54. 
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To conclude this section, there are many interesting and useful magnetic 

manipulation techniques that exist in bulk fluids where localized interactions with the 

surface do not exist.  Instead, these systems rely upon magnetic field gradients 

generated by nearby particles and an external control of the magnetic field to produce 

and regulate useful particle assemblies.  These structures can than be cemented together 

for future applications, either through chemical bonds, mechanical constraints, or, where 

applicable, intercellular junctions.  Though the methods presented in this section 

provide a means for spatially controlling the relative position of suspending particles, 

these techniques are unable to affect particle rotational orientations.  This characteristic 

denies access to many systems and applications that require torsion and rotation to 

operate.  Instead, Section 5 will discuss a family of particles, namely anisotropic 

particles, which do have access to these traits and can be manipulated to execute 

interesting and vital tasks.  
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5. Anisotropic Particle Manipulation 

Up to this point, all of the systems that have been discussed deal with essentially 

spherical particles.  Spherical particles frequent Microsystems for a few following key 

advantages.  First, spherical particles offer the largest volume per amount of material in 

comparison to any other geometry.  This trait is very important for magnetic systems as 

forces are volume dependent.  Second, spherical particles are generally more 

straightforward to produce.  Since particle growth tends to occur isotropically leading 

naturally to spherical geometries, alterations in the process, such as flows or fields, or 

additional fabrication steps are required to produce non-sphere particles.   However, 

spherically symmetric particles do not offer any rotational preference.  For this reason, 

the family of anisotropic particles has been investigated due to its potential with 

rotational control. 

Anisotropy umbrellas a large number of particle asymmetries from shape to 

material to crystal structure anisotropies.  All of these characteristics can be utilized in 

order to achieve rotational control of the particles.  For example, paramagnetic 

microparticles are comprised of ferromagnetic magnetic nanoparticles positionally fixed 

in a polymer matrix.  Small asymmetries in the particle orientations within this matrix 

cause the microparticle as a whole to exhibit a preferred direction of magnetization, or 

an easy-axis.  A true paramagnetic particle would instantly remagnetize in any direction 
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the external field rotates without preference to orientation.  However these small 

anisotropies that exist in reality provide a directional preference and, thus, the particles 

can be orientationally controlled25.  As another example, birefrigent materials offer 

anisotropies in crystal structures which can be utilized for rotation in optical traps22. 

 The level of anisotropy often dictates the controllability.  To illustrate this, the 

birefringent and paramagnetic particles, though they have asymmetries, can only 

provide about 10-18 Nm of torque in realistic systems185.  Instead, exaggerating these 

anisotropies can produce systems capable of 10-15 Nm torques that have access to a 

whole new window of applications.  This section will discuss the development of two of 

these examples in detail, namely, micro-rods, exhibiting aspect ratios of approximately 

10:1, and magnetic Janus microparticles, exhibiting significant volumes of cobalt on 

patches of the particle surfaces.  This class of super-anisotropic particles allows for large 

torsional forces and increased particle control while requiring smaller applied fields. 

5.1 Nonmagnetic Rod Orientation 

(The work detailed in this section was conducted in collaboration with Chin 

Chun Ooi, and Benjamin B. Yellen.) 

In this section, geometrically super-anisotropic particles, namely micro-rods, will 

be considered.  For centuries the ability to orient magnetic rods in an applied field, 

specifically shards of magnetite in the presence of a permanent magnetic, has been 
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understood and accepted.  In fact, the development of the compass needle, which 

functions solely from the needles anisotropic interaction with the earth’s magnetic field, 

has been around since circa 100 A.D. and is arguably one of the most impactful 

discoveries in that time period.  However, negligible applications have been developed 

since then until the last few decades.  The primary blockade for additional technologies 

involves the incompatibility of magnetic materials with common systems until recent 

developments in surfactant and surface chemistries.  Also, magnetic rods are more 

difficult to synthesize than their nonmagnetic counterparts.  The control of nonmagnetic 

rods would allow for easy synthesis procedures are far more compatibility and function.  

To this end, this section will focus on the magnetic control of nonmagnetic rods.  

Specifically, gold micro-rods will be investigated that offer easy integration into systems 

and a large amount of available surface chemistries that ultimately allow for useful 

applications. 

Torques can be applied to geometrically anisotropic particles in cases of either 

magnetic or nonmagnetic particles depending on the surrounding fluid magnetization.  

The energetics of particle alignment is schematically illustrated in Figure 43, in which a 

magnetized particle develops magnetic poles on its surface which act to oppose the field 

H
�

 within the particle.  This field, known as the demagnetizing field, 
DH
� ,  contributes to 
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the total magnetic field within the interior of the particle, 
intH
� , according to the following 

equation: 

( )int D p fH H H H G M M= − = − −
� � � � � �

 (48) 

Here the tensor G  represents the demagnetizing factor, and is based solely on the 

particle’s aspect ratio and the direction of the external field. In general, demagnetizing 

factors are smaller when the longest particle axis, (i.e. the easy axis), is aligned with the 

field. 

 

Figure 43 - A magnetic ellipsoidal particle shown in a local field directed (A) 
parallel and (B) perpendicular to the easy axis, a .  Magnetic poles on the particle 

surfaces create a demagnetizing field, 
DH
� , within the particle. 

Though many particles can be approximated as spherical, there exist many 

particle geometries that are better modeled as ellipsoids186,187, such as rod-like colloidal 

particles which can be represented very accurately as prolate spheroids when the aspect 

ratio is larger than 10.  When the long-axis of the prolate spheroid, labeled a  in Figure 
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43, is aligned parallel or perpendicular to H
�

, the respective demagnetizing factors of aG  

and 
bG  are well established188: 
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As seen in Eq. (49), alignment away from the easy-axis requires more energy to achieve 

due to substantial increase in de-magnetizing fields.  Because particles are more likely to 

be in lower energy states, the particle experiences a torque driving its easy-axis to point 

along the external field direction.  The rotational energy of an ellipse aligned at an angle 

of θ  from the magnetic field is well characterized and found to be188,189: 
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here 
pµ  and 

fµ  are the respective magnetic permeabilities of the particle and the fluid 

derived from the material susceptibility, (e.g. ( )1p o pµ µ χ= + ). 
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Figure 44 - Optical micrographs (A) and (B) demonstrate the orientation 
distribution of nonmagnetic nanorods in ferrofluid for external fields of (A) 0.2 G and 

(B) 100 G. Data in (C-F) show the effective orientation of nanorods at ferrofluid 
volume fractions of (C) 3.6%, (D) 1.8%, (E) 1.2%, and (F) 0.9%. The theoretical fitting 

curves from the nematic order parameter S are shown by the solid lines and 
demonstrate a nice fit of the experimental data points. 

This rotational energy can be used to determine the alignment distribution 

within a population of prolate spheroids using a Boltzmann distribution function.  For 

larger particles with strong fluid magnetization mismatches, the rod’s alignment is 

completely determined by the direction of the external field; however, smaller particles 
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can experience larger orientational variation when the average alignment energy, ( )U θ , 

is close to thermal fluctuation energy. The average energy of particle alignment energy 

is given by: 
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In order to describe the orientation variation, nematic order parameters190 can be 

used such as ( )23cos 1 2S θ= −  where S  ranges from 0, for completely disordered 

suspensions of particles, to 1, for completely ordered suspensions of particles.  For a 

suspension of magnetic or nonmagnetic elliptical particles within nonmagnetic or 

magnetic carrier fluid, respectively, typical order parameters, like those shown in Figure 

44, depend upon particle geometry, surrounding fields, and relative magnetizations.  

Such studies have been carried out for both nonmagnetic rods in ferrofluid191, seen in 

Figure 44, as well as magnetic particles in water75.  

5.2 Janus Particle Manipulation and Orientation 

(The work detailed in this section was conducted in collaboration with 

Nathan Jenness, Robert L. Clark, and Benjamin B. Yellen.) 

The previous section discussed shape anisotropies that could be utilized to 

dictate particle orientation along an easy-axis.  Spatial manipulation of these particles 

was not discussed, though this could be achieved using magnetic field gradients.  The 
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significant issue to the magnetic spatial manipulation of these structures is that an 

applied field and applied field gradient will be directionally linked, and therefore 

independent control of these two parameters is not possible.  Often, certain applications 

involve increased programmability, requiring both spatial and orientational control.  In 

order to side-step the field and gradient co-dependence, an additional medium must be 

employed such as optical or electric fields.  With two types of interacting fields, the 

particle is required to exhibit hybrid properties that are compatible with either system.  

The type of hybrid particle that is getting increasing interest is a class of colloids known 

as Janus particles.  

Janus particles generally refer to a class of colloids with two dissimilar faces 

having unique material properties192.  The spherical asymmetry associated with Janus 

particles is the key to realizing many commercial applications, including electrophoretic 

displays193, nanosviscometers194, and self-propelling micro-machines195.  These diverse 

functionalities were accomplished by using an external electric or magnetic field to 

control the particle orientation196,197,198, and in the process, modulate its reflectivity, 

hydrodynamic mobility, or direction of motion, respectively.  However, these same 

asymmetries can interfere with optical trapping techniques that are used to control the 

translational degrees of freedom of a particle199.  Optical fields present an effective 

method for controlling the 3 translational degrees of freedom for particles ranging from 
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tens of nanometers13 to microns in size14,15,16,17.  Previously, optical fields have been used 

in combination with magnetic fields to control 4 degrees of freedom of an asymmetric 

particle or particle aggregate185,200,201,202. To achieve 5 or more degrees of freedom, 

magnetic Janus particles can theoretically be used; however none so far have been stable 

in an optical trap.  Controlling all 6-degrees of freedom of Janus particles, including 3 

translational and 3 rotational, would open up new applications not only in biophysical 

force and torsion measurements, but also in microfluidics and material self-assembly.    

A new type of spherical Janus has been reported which can be manipulated by a 

combination of optical and magnetic fields.  Further, the ability to directly control 5 

degrees of freedom of the particle’s motion is demonstrated (3 translational and 2 

orientational) while constraining the final 6th degree of freedom.  Ultimately, this 

demonstration represents the most control ever achieved over freely suspended 

spherical colloidal particles and opens up many exciting applications; the most obvious 

being the exertion of torsional and linear forces on biomolecules.  The main achievement 

reported in this section is the method of synthesizing magnetically anisotropic Janus 

particles that are also compatible with conventional optical trapping systems.  A novel 

lithographic technique was developed for forming so-called ‘dot’ Janus particles, which 

have a metallic coating covering < 20% of their surface area.  The advantage of this 

approach is that the dot Janus particles behave more like normal dielectric particles in an 
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optical trap, while also responding to magnetic forces and torques produced by an 

external magnetic field. 

Purely dielectric and metallic Mie and Rayleigh particles have been optically 

trapped using a variety of techniques.  Both dielectric micro and nanoparticles can be 

trapped in three dimensions with a high degree of spatial control14,15,16.  Metallic 

nanoparticles can also be trapped in three dimensions because scattering from metallic 

and dielectric particles are similar in this size regime203.  However, metallic 

microparticles can only be controlled in two dimensions, due to considerations 

previously documented by others204,205,206,207.  For anisotropic Janus particles, such as 

dielectric particles that are partially covered by metal, the trapping stability in a focused 

optical beam depends to a great extent on the degree of metal coverage of the particle 

surface.   

Here a general explanation is proposed for why optical trapping is more easily 

accomplished with ‘dot’ Janus particles (i.e. particles with metal covering much less than 

50% of the particle surface) than with half coated Janus particles.  In the Mie size regime, 

where the particle diameter is large compared with the trapping wavelength, λ, the 

momentum imparted by a focused optical beam can be described using geometric ray 

optics following Ashkin’s line of reasoning208.  In brief, each light ray refracts and reflects 

at the particle/fluid interface according to Snell’s law, and the momentum change 
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between the incident ray and the refracted/reflected ray is summed over all incident rays 

to determine the net force on the particle.  Typically, the net force is artificially divided 

into a gradient force, arising from refraction through the particle, and a scattering force, 

arising from reflection at the particle surface.  The gradient force tends to pull the 

particle towards the beam focus, whereas the scattering force tends to push the particle 

away from the emission source. 

Figure 45 illustrates the incident light rays a  and b  refracted through the 

particle and the gradient forces aF
�

 and bF
�

 imparted on the particle due to each light 

ray.  The ray optics approach reveals the importance of the symmetry of conjugate light 

rays in an optical trap.  As long as the gradient force balances the scattering force, sF
�

, 

the trap will remain stable. For particles partially coated by reflective metal, the 

symmetry of this process may be broken, leading to unbalanced torques and forces that 

will depend on the position and orientation of the particle.  As illustrated in Figure 45b, 

the metal coating inhibits light transmission through half of the particle leading to 

unbalanced gradient and scattering forces, consequently expelling a Janus particle from 

the center of the trap.  This effect was recently observed experimentally199.  At low 

optical powers (≤ 7 mW), it was demonstrated that Janus beads can be confined within 

an optical trap199; however, the trapping region in these cases is not strongly localized 

and rotation of the particle can be observed about the focal point. Optical trapping 
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capability should theoretically be improved with ‘dot’ Janus particles, as illustrated in 

Figure 45c, because the momentum imbalance on opposing sides of the particle is 

greatly reduced.     

 

Figure 45 - A simplified ray-optics approach is illustrated for optical trapping 
of a) transparent, b) ‘half’ Janus, and c) ‘dot’ Janus particles.  The smaller magnetic 
coating of ‘dot’ Janus particles allows for greater optical transmission through the 
particle and trapping of the particle near the focal point.  Conversely, the metallic 

coating of half-Janus particles leads to larger momentum imbalance on the opposing 
faces of the particles and hinders its stability near the focal point. 

There are many methods to fabricate Janus particles including masking209, 

directional evaporation[5], microcontact printing210,211, and interfacial fluid 

techniques212,213,214. Nanometer-size metallic Janus particles have been fabricated using a 

convective assembly deposition technique215 followed by metal evaporation or through 

self-assembled grafting techniques216.  On the micron-size scale, metallic Janus particles 

are most commonly produced by directional metal evaporation onto colloidal 

monolayers197.  Variants of this technique can be used to produce both conventional 

‘half’ metallic Janus particles and ‘dot’ Janus particles. In brief, 10 micron polystyrene 

particles (Thermofisher, Waltham, MA) were transferred from aqueous solvent by 
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spinning the particles down in a centrifuge at 2 units of relative centrifugal force for 1 

minute and re-suspending them in ethanol.  These particles were pipetted onto slightly 

tilted glass microscope slides, which formed consistent regions of close-packed 

monolayers via gravitation induced sedimentation combined with solvent evaporation 

(Figure 46a). A thin 50 nm cobalt layer was directionally evaporated onto the substrate 

using conventional metal evaporation techniques, (Figure 46b).  Next, the substrate was 

sonicated in water to resuspend the ‘half’ Janus particles, (Figure 46c).  The ‘dot’ Janus 

particles are engineered from the same monolayer of particles (Figure 46a); however, an 

intermediary step is required to partially mask the region of metal evaporation.  This is 

accomplished by first spinning a 1.5 µm thick layer of S-1813 positive photoresist 

(Microchem, Newton, MA) at 3500 RPM onto another glass slide.  The two slides are 

pressed firmly together into a sandwich, with a pressure of ~11 N/cm2 (Figure 46d).  The 

applied pressure creates displacement and capillary forces due to the volume and 

geometry of the particles, causing the photoresist to envelop the particles except in the 

region where steric forces between the top glass slide and the particles exclude the 

photoresist. The sandwich is cured by heating the sample at 90°C for two minutes, after 

which the two slides can be pulled apart.  The particles remain anchored to the bottom 

slide due to stronger adhesion forces, leaving a small ‘dot’ of uncoated surface 

remaining on each particle, (Figure 46e).  A thin 20 nm cobalt layer is evaporated onto 
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the surface, (Figure 46f), and finally the sample is developed in M-351 (Microchem) for 5 

minutes and sonicated for 10 seconds to remove the photoresist and release the ‘dot’ 

Janus particles into solution, (Figure 46g).  The particles are transferred to a 0.05% 

LiquiNox aqueous solvent to stabilize the suspension. 
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Figure 46 - Techniques for fabricating ‘half’ Janus and ‘dot’ Janus particles are 
illustrated.  In both processes a monolayer of 10 µm fluorescent polystyrene particles 
are convectively assembled on a glass slide.  Evaporation of cobalt onto the colloidal 

monolayers is typically used to produce ‘half’ Janus particles, which are subsequently 
released by sonication.  ‘Dot’ Janus particles are produced by pressing the particles 

into photoresist in order to protect a larger region of the particle. Cobalt is evaporated 
onto the photoresist film, followed by development of the remaining photoresist and 

sonication, in order to produce Janus particles coated with a small dot.   Insets are 
scanning electron micrographs with scale bars of (b) 10 µm, (e) 15 µm, and (c,g) 2 µm. 
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In order to test the optical compatibility of these Janus particles, each type of 

suspension was exposed to an optical trap.   Dilute Janus particle suspensions (~ 0.1% 

volume fraction) were placed between a microscope slide and a glass coverslip 

separated by a 120 µm thick spacer (Invitrogen, Carlsbad, CA).  The optical trapping 

setup, identical to Jenness et al.217, used a 532 nm wavelength laser coupled with a 

spatial light modulator.  ‘Half’ Janus particles were immediately expelled from the beam 

focus when the laser was turned on.  It was noted that upon lowering the average beam 

power below a certain threshold (< 8.0 mW), ‘half’ Janus particles, though not trapped, 

would remain near the focal point.  Occasionally, these proximal particles were 

observed to rotate around the focal point, consistent with previous results199.  In some 

cases, heating of the particle was observed as substantiated by the formation of air 

bubbles nucleated on the particle surface, a phenomenon previously observed in 

colloidal suspensions of microparticles218,219,220,221. However, at these lower beam 

intensities, the optical traps could not overcome surface and gravitational forces to 

translate ‘half’ Janus particles in a reliable fashion. 

Alternatively, the ‘dot’ Janus particles can be trapped in the focal point of the 

optical trap and subsequently controlled in three orthogonal spatial directions ( x , y , 

z ), (Figure 47).  In the coordinate system defined in Figure 47a, the trapped ‘dot’ Janus 

particle remains free to rotate in the ψ  and φ  directions, however, the optical trap 
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effectively constrains the particle’s motion in the θ  direction in order to minimize 

interference of the cobalt ‘dot’ with the transmission of the optical beam.  While it is 

theoretically possible to directly control θ  as well, by using an optical beam that can be 

independently rotated, this is technically very challenging and was not demonstrated in 

this work.  Trapping of both ‘dot’ Janus and bare 10 µm particles was consistently 

observed with laser intensities in the range of 2 to 15 mW.  The compatibility of the ‘dot’ 

Janus particles with the full range of trapping laser intensities demonstrates that the 

metal coatings of ‘dot’ Janus particles do not impair the optical trapping behavior. 

 

Figure 47 - a) Coordinate axes are defined relative to particle orientation, as 
depicted. b) Cartoon and c) micrograph depicting an overlay of 12 images during 

optical manipulation of a ‘dot’ Janus particle with magnetic moment oriented along 
�0=φ .  Manipulation sequence moves particles along x (green), y (yellow), xz (red), 

and yz (blue) global axes.  Scale bar is 10 µm. 

To test the magnetic response of both types of Janus particles, external magnetic 

fields were applied using iron-core solenoids.  Cobalt is ferromagnetic, retaining a 

remnant magnetic moment, 
pm
� , in the absence of magnetic field.  The magnetic moment 
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of cobalt can be approximated from the magnetization of bulk cobalt, OeM p 5000=
�

,113 

and the volume of the cobalt patch, 
pV , as 

ppp VMm
��

= . Thin films of cobalt have large 

shape anisotropy, which causes the magnetic moment to be effectively pinned in the 

plane of the film. In the presence of an external field, 
extH
�

, the moment of the particle 

will feel a magnetic torque, 
mτ
� , that aligns it along the external field direction, according 

to: 
extpom Hm
���

×= µτ , where 
oµ  is the permeability of free space. For the 10 µm diameter 

‘dot’ Janus particles fabricated here, the maximum magnetic torque in a 50 Oe magnetic 

field is calculated to be mN ⋅⋅ −15102 .  For low Reynolds number systems, such as this 

one where inertial terms are negligible, the rotation frequency of the particle can be 

determined through the balance between magnetic torque and viscous drag, where  

38 aROT πηγ = , is the torsional friction on a particle of radius a  due to a fluid with 

viscosity η .  For sufficiently low rotation frequencies, the particle becomes phase-locked 

with the external field and follows the equations of motion of a non-linear harmonic 

oscillator, similar to systems studied by others89.  For this system, the critical frequency 

is calculated to be on the order of hundreds of hertz, thus the angular velocity of the 

particle will nearly always be phase locked with the field.  For the sake of comparison, 

the magnetic torque in this experimental system is three orders of magnitude larger than 

torques previously reported in similar optomagnetic systems185, which is a direct result 
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of the large volume of ferromagnetic material on the surface of these ‘dot’ Janus 

particles. 

Although alignment in two dimensions can be achieved using a single uniform 

field, due to the axial symmetry of the field, the particle will have one remaining 

orientational degree of freedom that cannot be controlled.  For example, if the field 

direction is �0, =ψφ , then the magnetic moment will be constrained to the plane 

�0, =ψφ ; however, the particle is still free to rotate in θ , (Figure 48).  It is possible to 

increase the control of the particle by using an optical trap in combination with external 

magnetic field.  The optical trap can directly control three translational degrees of 

freedom of the particle while constraining one rotational degree of freedom, (θ  in this 

case).  In addition, the magnetic field can directly control the remaining two 

orientational degrees of freedom leading to near holonomic control of a colloidal 

particle. 
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Figure 48 - Orientational control of ‘dot’ Janus Particles is demonstrated.  a) 
Cartoon and b) fluorescent micrograph of the alignment of ‘dot’ Janus particles’ 

magnetic moments with an applied external field (black arrows).  Due to the axial 
symmetry of the applied field, particles remain free to rotate in θ. 

To demonstrate this system, three iron-core solenoids are placed along 

orthogonal axes that are positioned 5 cm from the sample experimental apparatus 

(Figure 49a).  A ‘dot’ Janus particle is first optically trapped within the focal point 

allowing for control of x , y , z , and a constraint of �0=θ .  An external magnetic field 

is applied to orient the particle in φ  and ψ  directions.  In order to demonstrate the 

degree of particle control, a series of videos is provided as a visual aid.  In one, a particle 

is moved in a circular path via a programmed optical beam, while a 30 Gauss, 0.1 Hz 

horizontally rotating magnetic field simultaneously orients the particle in ψ , (Figure 

49b).  In another, a 30 Gauss, 1 Hz vertically rotating magnetic field is shown to rotate 

the particle’s orientation in φ , (Figure 49c-e).  Theoretically, it is possible to use 

holograms generated by spatial light modulators to control multiple particles 
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simultaneously14,16,217.  This approach may also be combined with local magnetic fields to 

achieve near holonomic control of an ensemble of particles9,10. 

 

Figure 49 - Simultaneous optical and magnetic control of a ‘dot’ Janus particle 
is demonstrated. (a) The magnetic field setup required for ‘dot’ Janus optical and 

magnetic manipulation.  The solenoids apply the magnetic field required for rotation 
while the optical trap positions the particle in three dimensions (b) Overlay of seven 

images as ‘dot’ Janus particle is spatially moved around a predefined circle (green 
dotted line) by a holographic optical trap and rotationally oriented by a 0.1 Hz 
rotating magnetic field, (oriented in the direction of blue arrow at each image 

capture). (c-e) Sequence of images showing rotation of Janus particle around φ  axis 

while optically trapped.  A particle with small debris was intentionally used to better 
visualize the orientation of the Janus particle inφ . 

In this section, a new method for the controlled synthesis of ‘dot’ Janus particles 

is described that have sufficiently small surface coverage of cobalt film to allow 

compatibility with an optical trap.  The near holonomic control over these spherical 

Janus particles opens up a new realm of advanced manipulation strategies which will 

have important ramifications in nanoengineering. The controlled manipulation of ‘dot’ 

Janus particles affords new degrees of freedom in the measurement of mechanical 
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properties of previously investigated molecules such as DNA, ankyrin, and many other 

biomolecules222,223.  Recent studies have also introduced the concept of manipulating and 

controlling cell function through the magnetic actuation of nanoparticles bound to the 

cell surface224,225.  These potential biological applications as well as the ability to improve 

directed hierarchical particle assembly establish the broad reaching scientific value of 

the capabilities demonstrated here. 
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6. Conclusion and Future Work 

6.1 Conclusion 

The intent of this work was to investigate previously unexplored concepts in 

magnetic manipulation including control and assembly of magnetic and nonmagnetic 

particles either in bulk fluid or near a substrate.  In some cases these substrates 

contained magnetic microstructures, and in other cases the substrate was simply a 

uniform glass interface.  In particular, the focus of this thesis was on controlling the 

positions and orientations of multi-component particle suspensions, including both 

magnetic and non-magnetic particles, which were spherical or anisotropically shaped, in 

the form of rods and Janus colloids, and in other cases were nanoscopic ferrofluid 

particles.   Section 1 introduced the concepts of particle manipulation and compared 

current manipulation technologies, focusing in detail on magnetic manipulation.  

Section 2 presented basic magnetic phenomena and principle equations for describing 

magnetic manipulation of particles.  Then the next three sections detailed several recent 

advances by the author in adapting these phenomena to producing useful devices and 

models for the following: manipulation of particles near interfaces (Section 3), 

manipulation of particles in bulk fluid (Section 4), and manipulation of anisotropic 

particles (Section 5).  This section will act as a summary of conclusions, and the 

following section will offer some areas and ideas for future work. 
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In this work, a theoretical basis was developed for determining the effect of 

Brownian fluctuations within a system, by considering the ratio of the magnetic 

potential energy to the randomizing thermal energy content of a particle suspension.  

Several deterministic systems were detailed that are minimally influenced by thermal 

fluctuations, in which recent theoretical and experimental work was described on 

surface-based assembly and substrate-based transport of colloidal particles.  Due to the 

programmability of these systems, they have potential in self-assembled fabrication 

techniques and lab-on-a-chip platforms.  These types of systems are necessary when 

precise placement or manipulation of individual particles is a requirement.   

Next, several particle systems were presented that can be influenced, but are not 

dominated, by thermal fluctuations.  Several types of self-organizing structures were 

presented included particle arrays, particle rings, and chain growth.  The use of multiple 

different colloidal components may lead to more complex assemblies than those 

presented here, thus this field appears to be very promising for future discoveries.  In 

this discussion, a new aggregation model was also detailed for systems that do not have 

rate dependence upon Brownian motion, as originally believed.  

In addition, the discussion included an analysis of systems in fact dominated by 

thermal fluctuations, which despite the inherent randomness, can still allow for 

controllable manipulation of densities of colloidal particles.  The theoretical predictions 
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developed in these discussions, based on ensemble modeling techniques for determining 

local particle concentrations, were shown to agree well with experimental results.  

However, these models are limited to the low particle concentration regime, and future 

numerical work is required to determine the degree of inaccuracy when these models 

are applied to regions of high particle concentrations.  

A significant conclusion of this work is that describing ferrofluid in multi-

component systems can be accurately realized only when the effective ferrofluid particle 

diameter used in magnetic calculations was larger than its real diameter.   This could be 

a result of slight particle aggregations that exist within these suspensions, which are 

either field induced or naturally occurring in these particle suspensions.  The effective 

particle size for the most studied ferrofluid in this thesis, (EMG 705 ferrofluid), was 

shown to be relatively consistent at ~20 nm across different ferrofluid dilutions and 

applied field strengths.  These results suggest that the aggregation process is naturally 

occurring in ferrofluid suspensions and is not a result of field induced aggregation.  

However, this assertion is unproven as only one ferrofluid is consistently tested 

throughout this thesis and unforeseen dependences, (e.g. ferrofluid surfactants, 

composition materials), might lead to different, and possibly varying, effective particles 

sizes. 
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 A primary analysis technique employed in this work was to determine particle 

concentrations and heights using a Beer-Lambert relationship for light absorption in the 

ferrofluid.  The method proposed was to first develop a calibration curve, relating fluid 

height to transmitted intensity, which could be used to analyze experimental light 

intensities.  These calibration curves were found to produce Beer-Lambert fits, however 

there was a high degree of variability in the absorption coefficient that allowed for 

different results in the concentration profile to be obtained.   This large variability raises 

questions about the accuracy of calculated particle positions and concentrations.  For 

this reason, during the calibration of magnetic image force, confocal microscopy 

techniques were employed to side-step the dependence on calibration curves and attain 

true particle positions.  However, the values determined for nanoparticle concentration 

gradients presented in this thesis remain reliant upon the use of these calibration curves.  

Particle concentration gradients might be better checked by employing confocal 

techniques.  For example, calibration particles of different magnetization can be placed 

in the fluid suspension.  These particles will rest in concentration regions that match 

their average permeability.  Then a confocal microscope can be used to directly measure 

the position of these calibration particles and arrive at true concentration values to 

compare against the developed concentration gradient models.   Nonetheless, utilizing 
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intensity calibration curves is a very effective method for producing a first-order 

approximation of particle positions or concentrations within ferrofluid. 

Overall, this work conveys the significance of recent achievements performed in 

the field of magnetic manipulation of multi-component suspensions.  Though these 

achievements offer some instant applications, more development is required to utilize 

their full capabilities.  To this end, the following section will discuss the associated areas 

of future work. 

6.2 Future Work 

All of the topics presented in this thesis are far from complete.  Advanced 

extensions of these technologies remain that offer increased performance and 

functionality, as well as higher impact in society.  This section will act as a list of open-

ended questions in each of these developments that requires additional investigation. 

First, a novel chip-based magnetic separation system was presented that is 

capable of non-linear, and possible infinite, separation of particles with minute size 

discrepancies or labeled with viruses for disease detection.  In these transport systems, 

proof-of-concept experiments have already been demonstrated that surface coatings can 

affect the associated critical frequencies.  For example, biotinylated surfaces will reduce 

the critical frequency of streptavidin-coated magnetic beads.  An interesting avenue of 

work would entail trying to relate this dependence on critical frequency with an 
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effective particle-substrate bond strength.  Also, the idea of infinite separation based on 

minute differences seems to be an exciting prospect.  Additional theoretical work toward 

this end is on-going by others, and already interesting dependencies are being noticed.  

In particular, it appears that engineering the magnetic template periodicity in relation 

with the applied frequency of rotating field produces a discrete range of harmonic 

motion.  Thus, it appears possible to separate particles with minute differences into 

bands of traveling populations, very similar to mass chromatography.  This would allow 

cheap, mobile units that provide visual queues for detection on a larger scale.  

Second, the concentration gradients that arise in various ferrofluid mixtures are 

complex phenomena that lend themselves to certain unique applications.  The particles 

within a magnetic particle suspension can be strongly concentrated within certain 

regions of HGMS systems, and in some cases can reach close-packing, which implies a 

localized phase transformation has occurred in the fluid.  Regions of the substrate where 

the particles become close-packed will experience substantial changes in the local 

viscosity and rheological properties. Furthermore, these regions become effectively 

inaccessible (i.e. masked) from the surrounding suspension.  For example, these close-

packed regions can be used as a UV photomask to block light from interacting with the 

underlying surface109,226.   
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Figure 50 - Example setup of magnetically controlled adsorption of 
nonmagnetic particles to the surface. In (a), ferrofluid is concentrated in regions to be 

blocked. In (b) nonmagnetic particles are introduced into solution and allowed to 
diffuse throughout suspension, avoiding areas of high magnetic particle 

concentration. In (c), suspension is rinsed or diluted and adsorbed particles remain. 

In addition to blocking electromagnetic waves, these close-packed particles can possibly 

block certain chemical hybridization reactions from taking place.  Such applications are 

enhanced since in the regions of high magnetic concentration there are very low 

concentrations of nonmagnetic particles as per Eq. (26).  For this reason, magnetically 

programming the chemisorption or physiosorption of nonmagnetic particles onto 

surfaces becomes physically plausible as demonstrated in Fig. 11.  This technique can be 

used for applications including cell manipulation, concentration of fluorescent labels 

onto biosensors, and even production of protein arrays.  However, due to the recent 

development of this niche of colloidal physics, there remain many applications yet to be 

conceived.  

Third, inverse magnetophoresis was employed to assemble nonmagnetic 

particles into controlled patterns on magnetic templates for application to cellular or 

protein patterning or in building new microassembly techniques.  One promising 
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pursuit is to form controllable arrays of two unique cell types for controlled analysis of 

cell-cell interactions through negative magnetophoresis techniques and magnetic 

templated substrates.  Analyzing cellular behavior of individual cells is progressing 

quickly.  However, there are very important interactions that occur between different 

cell types that need to be properly analyzed to understand and possibly use many 

cellular behaviors.  There are few developments in building controllable dual-cell arrays 

including that by Mrksich143.  The advantage to this system is that the cell adhesion 

becomes programmable by external and biologically-invisible magnetic fields.  These 

fields can be easily switched for on-off style adhesion, see Figure 51.  The novelty of the 

proposed system is that it does not require surface chemistries or particle labels to 

function. 
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Figure 51 - (a) Properly sized magnetic templates can be magnetized in-plane 
rightward.  (b) Cell type A will be concentrated onto left side of magnetic islands 
using island’s field, external field, and bio-compatible ferrofluid.  After adhesion, 

fluid will be rinsed.  (c) Then cell type B will be concentrated onto right side of 
magnetic island after switching the external field. (d) The fluid will again be rinsed 

after adhesion and a dual-cell array will remain on the substrate. 

Fourth, the magnetic image force phenomenon has been well calibrated and 

developed to observe predictable repulsion forces between uniform substrates and 

particles.  Current research underway is applying this image force to measure bond 

strengths between chemically-labeled particles and surfaces.  The bond strengths in this 

technique will be well calibrated from measuring equilibrium forces relative to well-

known gravitational force in these systems.  These measurements can then be compared 

directly to binding forces calculated from AFM bead-surface pulling experiments.  This 
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would allow a method for properly calibrate AFM tips which has become a significant 

issue, plaguing the well-developed AFM measurement sciences with a cloud of doubt 

over the precision of calibration within these systems. 

Fifth, the work chaining endothelial cells is still ongoing.  So far the plausibility 

of forming linear cell chains that can be separated from ferrofluid has been proven.  

However, the behavior of these cell chains after formation needs to be further 

investigated.  For example, if these cells maintain their linear structure, they have been 

shown to undergo vascleotosis143 forming cellular tubules that can be used in the 

engineering of blood vessels.  In addition, it appears the cells in linear chains in bulk 

fluid retain their contact amongst the cells, likely due to intracellular connections.  

Further investigation of this is phenomenon is required as it could become very useful in 

stabilizing new structures for further assembly steps. 

Sixth, the rotationally symmetric bulk assemblies that were formed of Saturn, 

flower, and other mixed magnetic and nonmagnetic colloids have potential implications 

in optical sciences.  Rings of gold nanocolloids have been demonstrated to act as good 

sensors in the frequency bandwidth in which the body is transparent.  Forming these 

rings would make ideal candidates for in vivo disease testing applications, putting to 

use the well-developed field of surface plasmon resonance.  Also, many other assemblies 

have been witnessed, including particle dumbbells and half-rings.  A full investigation, 
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possibly through theoretical analysis of this system, is required to determine available 

assemblies that may have significant ramifications. 

Seventh, orientations of nonmagnetic gold rods have been observed to behave 

strangely when in proximity to magnetic templates227.   As the understanding of this 

system develops, it may become possible to apply this technology to transistor 

fabrication.  Self-assembly methods for aligning wires between circuit contacts is 

becoming increasingly a topic of interest in the field of re-programmable and bio-chip 

technologies.  Though transistor technology is well developed, larger scale Micro- 

electromechanical systems can benefit from this remote programmability. 

Finally, the development of ‘dot’ Janus particles for 6-degrees of control and 

constraint has many possible routes for development.  To start, a better understanding 

of the fabrication process is required to make this system more applicable in different 

sciences.  Instead of 10 micron colloids, testing these procedures on 1 micron size 

particles could lead to better optical control.  Also, the control over these ‘dot’ Janus 

particles is ideal for testing torsional binding strengths between two particles or a 

particle and a surface.  These torsional strengths would provide added insight into 

molecular interaction complexities. 

Clearly, there are many possibilities for continuing investigations in the systems 

presented in this thesis.  However, this thesis presented many significant advances in 



 

200 

 

the magnetic manipulation and assembly of multi-component particle suspensions.  

Hopefully this work, not only provided some immediate applications, but helped 

advance these sciences toward very exciting functionalities and results.  .  
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7. Appendices 

7.1 Appendix A. Magnetophoretic Separation Details 

 Micro-beads and Surface Chemistries - MyOne™ and M-270™ 

superparamagnetic beads were purchased from Dynal Biotech (Madison, WI).  The 

diameters of the MyOne and M-270 beads measured in the scanning electron 

microscope (SEM) were found to be 0.987-µm ± 4.3%, and 2.71-µm ± 3.2%, 

respectively. The beads are reported to be loaded with 37% and 20% ferrites by 

volume, respectively.  The beads were acquired with carboxyl or streptavidin surface 

coatings.  The B. globigii and polyclonal antibodies against B. globigii were a kind gift 

of Jennifer Aldrich and Thomas O’Brien (Tetracore, LLC, Rockville, MD).  These 

antibodies were biotinylated by reaction in a 1:20 molar ratio with 

sulfosuccinimidobiotin (Pierce, Rockford, IL) in a 12 mM phosphate buffered saline, 

150mM NaCl, pH 7.4, for 30 minutes.  Excess biotin was removed by passing the 

solution through cellulose desalting column (Pierce). The S. cerevisiae (i.e. baker’s 

yeast) was obtained from Sigma-Aldrich (St. Louis, MO) and the biotinylated 

concanavalin A (con A) was obtained from Biomeda (Foster City, CA).  The 1-µm 

streptavidin beads were functionalized with antibodies against B. globigii by 

reacting 106 beads/ml with 0.1 mg/ml of antibody solution in 50 mM 

Na2HPO4/NaH2PO4, 150 mM NaCl buffer (PBS) with 0.01% Tween-20TM. The 2.7-µm 
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streptavidin beads were functionalized with con A by reacting 106 beads/ml with 0.1 

mg/ml of protein solution in sodium acetate buffer pH 6.5, 0.9% NaCl containing 1 

mM Ca2+ and Mn2+ ions and 2-5 mg/mL bovine serum albumin. 

Fabrication of the Micro-magnet Arrays - The micro-magnet arrays were 

produced by conventional photolithographic liftoff process described elsewhere228.  This 

technique was used to fabricate 5-µm diameter, 70nm thick cobalt micro-magnets that 

were equally spaced in a square array with center to center distance of 8-µm.  A thin 

layer of SiO2 was coated on top of the micro-magnet array both to create a surface with 

uniform chemical properties as well as to protect the micro-magnets from exposure to 

aqueous environment. The SiO2 monomer solution (Filmtronics, Butler, PA) was spun 

onto the chip at 5000prm, and then cured for 5 minutes at 200oC.  In the micro-organism 

separation experiments, the substrate was coated with an additional layer of Casein 

(Sigma Aldrich), with thickness estimated to be ~100nm, because it was found to reduce 

adhesion between the beads and the micro-magnet array surface.  A top view of the 

micro-magnet surface is provided in Figure 6A and Figure 4B-C. 

Magnetophoretic Instrument - The rotating field was produced by air-core 

solenoids fitted with cast iron cores, which were arranged along mutually orthogonal 

axes (x-z) with respect to the wafer surface.  An image of the magnetophoretic separator 

is shown in Figure 52. Two current sources controlled by Labview software (National 
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Instruments, Austin, TX) were used to supply sinusoidal waveforms to each solenoid 

coil.  The current sources along the orthogonal axes were adjusted with 90o phase 

difference in order to generate rotating magnetic field in the x-z plane. Linear transport 

is possible only when the magnetizations of the micro-magnets are unaffected by the 

external rotating field.  For this reason, the fields used in experimental work were kept 

intentionally low in order to avoid de-magnetizing the micro-magnets within the array.  

An ellipsoidal rotating field, with components of 30G in the x-direction and 60G in the z-

direction, was used consistently throughout all experiments, because it produced very 

reliable bead motion in this experimental setup.    

 

Figure 52 – This figure presents a photograph of the experimental setup.  
Traveling wave magnetophoresis was observed through a video camera, labeled (1).  
The separation apparatus exploits a magnetic field which is rotating in the xz-plane.  
The solenoid coils used to provide the magnetic field in the x- and z- directions are 

labeled (2) and (3), respectively.  A magnified image of the micro-magnet chip, 
labeled (4), is presented in the upper left-hand corner. 
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Magnetophoretic Separation Experiments - A 5 µL drop of magnetic beads at 

various dilutions ranging from 1:100 to 1:1000 from the stock volume was mixed with 

commercially available detergents, such as LiquinoxTM, for the data presented in Figure 3 

or various concentrations of Tween ranging from 0.01% to 5% for the data presented in 

Figure 4.  The mixture was placed directly onto the wafer surface, after which the fluid 

was covered by a glass slide to enable microscopic observation.  The separation process 

was conducted in a quasi-hydrostatic environment and observed in a Leica DMLM 

microscope through 40x air immersion or 100x oil immersion objectives using a BW high 

speed video camera (Qimaging, Retiga 200R). 

Bead Tracking Protocol - The velocity of every singlet bead and bead-

microorganism complex that entered or left the field of view was tracked through the 

duration of each video, which lasted 30 seconds on average.  Bead clumps, though rare, 

were excluded from these measurements. The velocities of the singlet beads were 

determined from the number of frames required to move across the field of view of the 

video camera, which was about 40 magnets in length.  A video capture rate of 10-20 

frames per second was sufficient to obtain precise velocity data.  The velocity was 

calculated from the formula: FNdv ϕ=  where d  is the period distance in the micro-

magnet array,  N  is the number of magnets the bead moved across during the 

measurement, F  is the number of frames in which the bead moved across the N  
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magnets, and , ϕ  is the frame rate per second of the video camera. Measurements were 

conducted on at least 50 beads for each frequency in the data presented in Figure 3, and 

5 beads on average for each frequency in the data presented in Figure 4a.  

In the high frequency “phase slipping” regime, the beads were commonly 

observed to execute a periodic motion, wherein they would they would stall between 

adjacent magnets for a brief period and then move across several magnets for another 

short period, in a repetitive and predictable fashion. The velocity of the bead was 

measured over the entire time it executed this periodic motion. In the very high 

frequency data above 10 Hz, the great majority of beads were oscillating back and forth 

between adjacent magnets but never advanced to the next magnet.  At these frequencies 

and above, most or all the beads were classified as “immobile”. 

7.2 Appendix B. Multi-Component Bulk Particle Assemblies 
Methods Summary and Supplementary Information 

Colloidal assembly experiments were observed in a 5-l bead mixture placed 

between a coverslip and a glass slide and then sealed with microscope oil to reduce fluid 

motion. A uniform magnetic field was applied to the bead solution by passing current 

through air-core solenoids (Fisher Scientific) fitted with iron cores. Microscopy was 

performed with a DM LM fluorescent microscope (Leica) using ×40 air-immersion and 
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×100 oil-immersion (numerical aperture, 1.3) objectives and a dual red/green filter cube 

(Chroma Technology).  

The magnetic susceptibility of the ferrofluid was measured with a MPMS-7 

superconducting quantum interference device magnetometer (Quantum Design). 

Critical thresholds for ring and pole formation were defined by fluorescence intensity 

measurements as a function of the external field strength. For each field strength, the 

average intensity in the immediate vicinity of 25–30 individual colloidal assemblies was 

measured. The phase transition was defined as the maximum in the slope of the 

fluorescence intensity measured as a function of magnetic field.  

Streptavidin–biotin crosslinking was performed using 0.86-µm biotin-coated 

non-magnetic beads (Spherotech) and 2.7-µm streptavidin-coated paramagnetic beads 

(Dynal Biotech) rinsed in ×0.1 PBS. A solution was prepared with 1.9% ferrofluid, 0.32% 

paramagnetic beads and 0.2% non-magnetic beads by volume fraction. After 5–10 min 

exposure in a 100-Oe magnetic field, the non-magnetic beads were permanently 

crosslinked to the paramagnetic beads in ring structures. Glutaraldehyde crosslinking 

was performed using the above method except with 0.86-µm amine-coated non-

magnetic beads (Sigma-Aldrich) at 0.2% volume fraction in a 5% glutaraldehyde 

solution (MP Biomedicals) at pH 8–9. After field exposure, the solution was centrifuged 
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to remove the iron oxide nanoparticles, then magnetically separated to remove spare 

non-magnetic beads, leaving purified rings that were dried and observed in the SEM. 

Synthesis of Cationic Ferrofluid (Iron oxide nanoparticles): The iron oxide 

nanoparticle precursor had a core size of ~10 nm and was synthesized using reported 

procedure43Error! Bookmark not defined.. Ligand passivation on the iron oxide core was performed 

via ultrasonication of the particle in the presence of excess capping ligands. In brief, 0.86 

g (4.32 mmol) of FeCl2.4H2O and 2.34 g (8.66 mmol) of FeCl3.6H2O were dissolved under 

argon atmosphere in 80 mL of deionized water with vigorous stirring. The solution was 

purged with argon for 5 min to remove any oxygen present in the de-ionized water. A 

black precipitation was formed after the addition of NH4OH (10 mL) to the reaction 

solution. The pH of the reaction mixture was retained ~ 10-12.  This precipitation was 

further incubated at 90 ºC for 20 min.  Then the reaction mixture was cooled down to 

room temperature and washed with deionized water several times to remove any 

unreacted chemicals and decrease pH of the solution to 7-8. 20 ml aqueous solution of 

10-carboxydecyltrimethylammonium bromide (3mmol) was added to the nanoparticle 

precursor in argon atmosphere. Then the reaction mixture was sonicated (using 

Aquasonic ultrasonic cleaner Model 150T) for 2 h. A clear reddish-brown color solution 

was formed. Excess ligand was removed by ultracentrifugation at 50,000 rpm for 30 min. 

Then the precipitated nanoparticles were dissolved in deionized water. The TEM 
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micrograph of ferrofluids reveals the nanoparticle core is 10.3 ± 2.1 nm in diameter. The 

stock ferrofluid concentration in water is 200 mg/mL, which is the equivalent of 3.9% 

volume fraction. 

Colloidal Particles:  Superparamagnetic 2.7 µm M-270 Dynabeads (Cat. No. 

653.05), and MyOne 1.0 µm Dynabeads (Cat. No. 650.01) coated with Streptavidin were 

obtained from Dynal Biotech, a subsidiary of Invitrogen (Oslo, Norway).  Particles from 

Dynal are supplied in concentrations of approximately 0.66% vol. fraction suspended in 

PBS pH 7.4, 0.01% Tween-20, and 0.09% NaN3.  Non-magnetic, red fluorescent 

polystyrene particles with sizes of 0.21 µm (Cat. No. R200), 0.3 µm (Cat. No. R300), 0.5 

µm (Cat. No. R500), 0.7 µm (Cat. No. R700), and 1.0 µm (Cat. No. R0100), as well as 

green fluorescent polystyrene particles with sizes of 1.0 µm (Cat. No. G0100), 3.0 µm 

(Cat. No. G0300), and 9.9 µm (Cat. No. G1000) were all obtained from Duke Scientific 

(Palo Alto, CA). Particles from Duke Scientific are supplied in concentrations of 

approximately 1% vol. fraction suspended in water and proprietary surfactant.  Biotin 

Coated Fluorescent Pink Particles with sizes in the range of 0.7-0.9 µm (Cat. No. TFP-

0858-5) were obtained from Spherotech (Libertyville, IL) at 0.1% w/v concentration.  

Particle Preparation: Paramagnetic particles are rinsed 2 to 3 times in deionized 

water to remove preservatives and other contaminants.  Nonmagnetic particles are not 

washed to preserve the anti-clumping surfactants. Paramagnetic particles are mixed 
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with nonmagnetic particles and ferrofluid in controlled proportions, depending on the 

experiment.   

 External Field Apparatus: Electrical current was supplied to sets of air core 

solenoids (Cat. No. S520511) obtained from Fisher Scientific (Pittsburgh, PA) in order to 

produce uniform magnetic field in the range of 0-300G. More details on the apparatus 

can be obtained from previous references10.  

Magnetic Susceptibility Measurements: Concentration dependent magnetic 

susceptibility measurements were performed using a MPMS-7 superconducting 

quantum interference device (SQUID) magnetometer from Quantum Design. The 

volume magnetic susceptibility χ, is defined by the relationship M = χ H, where, in SI 

units, M is the magnetization of the material measured in A m-1, and H is the magnetic 

field strength, also measured in A m-1. All samples were taken in a plastic holder with a 

fixed volume of 40 µL. Five different magnetic fields (50, 25, 0, -25, -50 Oe) were used to 

receive long moments (in emu) from the each sample. Diamagnetic contribution from 

sample holder was mathematically subtracted to obtain single contribution from 

ferrofluid. Plot of long moments with different magnetic field was best linearly 

fitted. The slope of the straight line is the magnetic susceptibility in emu Oe-1. Therefore, 

χ, is defined as χ = (slope) (sample volume).-1 

TEM Microscopy, Sample Preparation and Determination of Nanoparticle Size 
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Distribution: TEM images were acquired on a JEOL 100CX operating at 100 keV. 

Samples were drop casted from water solution, onto a carbon coated copper grid, dried, 

and imaged. The particles size distribution was measured using imageJ software. 

Optical Microscopy: To prepare the sample for observation, 5-µL of solution is 

place on an 80 nm thick gold coated glass slide and covered with an 18mm x 18mm 

coverslip.  The cover slip is then sealed with microscope oil to prevent particle agitation 

and solution evaporation.  The slide is placed on a LEICA DM LM fluorescent 

microscope (Bannockburn, IL) and observed through 40X air-immersion or 100X oil-

immersion lens (NA=1.3). A dual filter cube (Cat. No. 51006) with FITC and Texas Red 

emission from Chroma Technology (Rockingham, VT) is used for simultaneous 

observation of green and red fluorescence.  Still images were captured using a 

MicroPublisher 5.0 RTV digital camera (Cat. No. MP5.0-RTV-CLR-10) and QCapture 

image acquisition software from QImaging Corporation (Surrey, BC, Canada).  Videos 

were captured using a Retiga 2000R Fast 1394 digital camera (Cat. No. RET-2000R-F-M-

12) from QImaging Corporation and Simple PCI image acquisition software from 

Hamamatsu Corporation (Sewickley, PA). 

Criteria for Assessing Magnetic Phase Transition (Fig. 3a): In order to 

determine the critical magnetic field strength of a phase transition, an image analysis 

technique was developed to define critical thresholds for the formation of ring or pole 
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superstructures.  Images were analyzed in SimplePCI. A sequence of images is obtained 

for a representative region of the fluid while external magnetic field is ramped upwards 

from 0-200 G.  Each image contained roughly 25-30 magnetic particles accompanied by 

equally sized nonmagnetic particle rings.  A region of interest is defined at the center of 

the magnetic particles with a radius of 1.5 times the PM particle diameter.  The 

fluorescent intensity of the pixels within each region of interest (ROI) are averaged and 

plotted as a function of the external field. As the magnetic field was increased, the 

intensity of the ROIs was found to increase sharply as the rings began to form around 

the critical transition.  The point of maximum slope in the intensity vs. field data was 

defined to be the phase transition point.  Similar methods are used to determine the field 

strength at which pole formation occurs.  For all experimental data reported in Figure 3, 

the concentration of 2.7- µm PM beads and 1.0-µm red NM beads are both maintained at 

0.25% and 0.25% volume fraction, respectively.  Various dilutions of ferrofluid over the 

range of 0-2% were used to construct the phase diagrams.   In Figures 2 and 4, the 

relative concentration of the PM and NM beads are reported in the figure captions. 

Criteria for Assessing Ring/Pole Phase Transition (Fig. 3b): The critical 

concentrations at which the phase transitions from rings to poles, as plotted in Figure 3b, 

were found by a method similar to the half-interval method for finding the zero of a 

function.  First, an initial guess is made for a critical concentration within the bounds of 
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the concentration limits of 0% and 3.9%.  If rings are produced the concentration is too 

high and the concentration of the next experiment is set to halfway between the lower 

limit and the previous guess.  If poles are produced the concentration is too low and the 

concentration of the next experiment is set to halfway between the upper limit and the 

previous guess.  Using this algorithm, narrowing down the critical concentration for a 

given particle size is more quick and efficient.  

Criteria for Obtaining Size Distribution for Particles/Ring (Fig. 2c): A tri-

component aqueous suspension of colloidal particles, including ferrofluid (1.2% vol., 

25.0=fχ ), 2.7-µm PM core particles (0.33% vol.), and 1.0-µm NM satellite particles 

(0.2% vol.), corresponding to approximately 11-12 NM particles per PM particle was 

introduced to the fluid chamber and exposed to an external uniform field increasing at 

the rate of 100 Oe for several minutes.  At several intervals, the field was reduced to the 

melting strength (~30-40 Oe for this sample) for a period of several minutes in order to 

anneal the samples.  This procedure was followed by slow increases up to 100 Oe.   After 

roughly 30 minutes, four representative images were obtained at various positions in the 

fluidic chamber.  In total, the number of NM particles per PM particle was counted for 

388 rings.  Since the images were taken at 100X objective, it was possible to observe and 

count the individual NM particles within each ring.  The distribution of particles/ring 

obtained is plotted in Figure 2c.  These results revealed that high uniformity could be 
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obtained.  Very few NM particles were observed in any field of view.  In this particular 

example, there was an average of 10.82 NM particles per ring, with a standard deviation 

of 23% relative to the average value.   

Protocol for cross-linking colloidal particle rings using Streptavidin-Biotin 

recognition:  Biotin coated red NM beads with average particle diameter of 0.86 µm 

were concentrated to 1% vol. fraction by centrifugation.  Streptavidin coated PM beads 

with average particle diameter of 2.7-µm was rinsed in 0.1X PBS without Tween.   10uL 

of Biotin-NM beads were added to 25uL of Streptavidin-PM beads and 15uL of 

ferrofluid.  The final solution contained: 1.9% vol. fraction ferrofluid, 0.32% vol. fraction 

PM beads, and 0.2% vol. fraction NM beads, corresponding to ~15:1 number ratio 

between NM and PM beads in the suspension.  5uL of the final solution was placed 

between 2 glass slides and exposed to 100 Oe magnetic field while under microscopic 

observation.   After 5-10 minutes, nearly all of the NM beads were rigidly attached to the 

PM beads in a ring structure.  The field was then removed and video microscopy 

revealed that the rings remained permanently cross-linked.  
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Figure 53 - Volume susceptibility of ferrofluid as a function of volume fraction of iron 
oxide nanoparticle concentration in the fluid.  Plot indicates bulk iron oxide 

susceptibility of 21.
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Figure 54 - The microscopic analysis technique for analyzing the phase 
transition (from random to ring structures) is shown here.  A tri-component aqueous 
suspension of colloidal particles, including ferrofluid (1.2% vol., 25.0=fχ ), 2.7-µm 

PM core particles (0.33% vol.), and 1.0-µm NM satellite particles (0.2% vol.) was 
introduced to the fluid chamber and exposed to an external uniform field increasing 
at the rate of 1 Oe/min.  A circular region of interest (red circle) was selected for each 

particle in the image, and the average intensity of the circles was averaged as function 
of the applied field strength. 
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Figure 55 – The average intensity of the circular regions of interest (red circles) 
in Figure 54 was averaged as function of the applied field strength. A sixth order 

polynomial was used to fit the intensity vs. field data (black line).  The first derivative 
of the polynomial is also provided (red line).  The transition was identified as the 

point of maximum slope in the intensity data, which occurred at OeH c 38=
�

for this 

ferrofluid concentration. 

Supporting Calculation on Scaling Limitations of the Assembly Process.  To 

obtain the limits of the assembly process, let’s consider a scenario when the ferrofluid 

concentration is 10%, corresponding to magnetic susceptibility of 2≈fχ , and let’s 

assume reasonable material values for the core PM particle with susceptibility of 

10≈PMχ , and the satellite NM particle with susceptibility, 0≈NMχ .  Adjacent to the 

equator of the PM bead, the local field will be ~80% of the external field based on a 

point-dipole approximation for the field of the PM bead and a geometric size ratio of 3:1 

between the smaller NM bead and larger PM bead.  Assuming that a potential energy 

difference of TkU B10≈  is required to move a NM bead towards the equator of the PM 
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bead from infinitely far away, it follows in the presence of 500 Oe external magnetic field 

NM beads as small as 60nm can be assembled into ring structures. 

7.3 Appendix C. Derivation of Recursion Relations in Bispherical 
Coordinates 

This section offers one method for matching the boundary conditions in the 

expansions of the potential terms for three regions, (1) the particle, (2) the substrate, and 

(3) the fluid.  The potential in the three regions is given as: 
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For matching, the potential of the applied field is represented with: 
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Consider the overlap of Region 1 and 3: 
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Taking the derivative of these expressions, plugging in the functions for both 

( ) ( ) ( )θηηθη ηη ,4, ReeR −−=∂∂  and  ( ) θηθη coscosh,2 −=R , and finally, separating 

the terms into θcos  and non- θcos  terms yields: 
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In order to solve this equations, we must consider the Nth term, a trick is implemented 

by J. D. Love123 to multiply by PN(Cos) and integrate over theta in order to take 

advantage of two properties of Legendre functions: 
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Plugging these terms yields the final exact recursion equations: 
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By employing the image relationship, namely nn BKA ⋅=  , this expression can be 

reduced to only contatining nA ’s or nB ’s.  Since we are interested in the field within the 

solution, and not the substrate, we can consider just the nB ’s.   

 There are either two possibilities to start these recursion equations, to begin at 

N=1 or at N>>1.  We chose to begin with N>>1, where N is large enough that we can 

assume that the surface and the substrate don’t interact allowing for an approximation 

of the coefficient.  We follow Stoy’s derivation for this term and use his expression (13) 

in order to start the recursion relationship121.  This expression is: 
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We can take this one step further and calculate the p+1 term using: 

pppp BBBB
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~
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In order to calculate β , we employ a best-fit analysis with this value.  For each β , we 

can calculate the potential everywhere after running through the recursive relationships 

to get each coefficient.  We search for the β  that allows for the boundary conditions to 

be properly satisfied.  This represents the exact solution with accuracy defined by p, the 

point at which we approximate the recursion coefficient. 
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