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Abstract 

Investigating the use of directed magnetic assembly to create tunable 

colloidal fractal aggregates and DNA-linked bead-spring chains 

by 

Julie Byrom 

 

This work develops techniques for building complex colloidal assemblies using an 

applied magnetic field. The greatest challenge in this field is creating sophisticated, dynamic 

structures from simple building blocks and interactions, as the anisotropic dipolar 

interaction leads to predominantly one-dimensional structures. Here, we combine 

paramagnetic and diamagnetic particles in a ferrofluid to create fractal assemblies in two-

dimensions (both parallel and perpendicular to the field) and demonstrate the ability to 

change the morphology of these assemblies simply by changing the magnetic susceptibility 

of the ferrofluid as well as the overall concentration and ratio of colloids in solution.  

Additionally, chains of magnetic colloids are an important analog for studying 

polymer and biofilament behavior. One characteristic which can greatly affect the 

properties of these filaments is their flexibility. Previous attempts to create linked particle 

chains have been limited to persistence lengths in the rigid and semiflexible regimes, but 

here we describe the method we have devised to create chains that fall in the rigid, 

semiflexible, and flexible regimes. This involves linking the beads of the chain with long 

strands of DNA, of sizes varying up to the same order of the beads themselves. This creates 
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a physical analogy of the “bead-spring” system proposed by Rouse and Zimm. We show that 

we can control the flexibility of the chains by either altering the length of the DNA to tune 

its spring constant. Alternatively, we can also tune the magnetic field strength used to 

assemble the chains, which serves to increase or decrease the number of linkages between 

particles. 

 Finally, we explore the use of shorter DNA linkers to create batches of chains which 

can exhibit different flexibilities at different temperatures. This is done by exploiting the 

melting behavior of DNA; thus, as the temperature increases and portions of the DNA 

linkers are melted we see a gradual increase in flexibility of the chains with a minimal 

amount of breakage along the chain. This process should be reversible and would allow us 

to create more versatile solutions of chains.  
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1. Introduction  
 

1.1 Colloidal self-assembly 

The assembly of colloidal particles into a large variety of structures with a myriad of 

functions and applications has been a major area of research interest for decades. The 

advantages of colloidal systems are many, including their ability to mimic atomistic systems 

on easily observable length scales. Additionally, they can be used in bottom-up assembly 

approaches; allowing the user to program specific functionalities into a one-pot synthesis. 

The sophistication of these assemblies relies largely on the sophistication of the building 

blocks available to researchers. As the field of particle synthesis has advanced, colloids have 

progressed from describing such simple atomistic phenomena as crystallization and 

melting,1-3 to modelling molecular systems.4-7 

In the early stages of colloidal science, research was focused on assembly via isotropic 

interactions such as van der Waals attraction or packing caused by sedimentation or flow.8-9 

This led to close-packed crystal structures. With the ability to tune the overall charge of 

particles came the ability to mimic ionic crystallization with mixtures of positive and 
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negative colloids.10 Examples of some of these colloidal crystallization techniques can be 

seen in Fig. 1.1. 

 

Figure 1.1 Colloidal crystals assembled via: a) sedimentation, b) fluid flow and 

confinement, and c) oppositely charged colloids. Modified from [8], [9], and [10] 

respectively. 

 

While these systems provide valuable insight into fundamental physical processes, their 

limited complexity means that their ability to mirror more intricate natural phenomena is 

inadequate. With this in mind, researchers have developed methods to synthesize particles 

with higher degrees of functionality. Complexity is usually introduced to particles in the 
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form of specific interactions between different sites or ‘patches’ on the particle surface.11 

These can range from charged or hydrophobic areas4, 12-13 to specific chemical moieties such 

as DNA strands,5, 14-15 to depressions on the particle surface that lead to a ‘lock-and-key’ 

depletion interaction.16-17 This has allowed colloids to be assembled into more complex 

crystalline structures, such as the Kagome lattice, and also to mimic molecular structures. 

Some of these complex assemblies can be seen in Fig. 1.2. 

 

Figure 1.2 Complex colloidal assemblies formed by colloids with hydrophobic and charged 

regions (top left), colloids with depressed dimple regions that induce a “lock-and-key” 

depletion interaction (top right), and patches functionalized with DNA molecules 

(bottom). Modified from [13], [5], and [17] respectively. 
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The limitations faced by colloidal assembly, as partially outlined above, are due mainly 

to the need to introduce highly complex synthesis techniques, which may not be scalable, to 

overcome the simplistic structures created by isotropic interactions. Additionally, it is 

desirable in some instances to have a system whose assembly is reversible and can be 

readily turned on or off. It is difficult to reverse the assembly of structures assembled using 

van der Waals or electrostatic interactions. This usually involves changing the system 

temperature, pH, or salt concentration of the solution. Any of these options may have 

unintended consequences for other components of the system, such as denaturing DNA or 

altering the charges on proteins. As such, it can be beneficial to have the option to trigger 

assembly using forces which are external to the system. 

 

1.2 Directed colloidal assembly 

Directed assembly is the branch of self-assembly that uses external fields, such as 

electric or magnetic fields, to assemble particles.18-21 This takes advantage of intrinsic 

electric or magnetic properties of either the particles or solution used. Thus, the assembly 

can be easily and quickly reversed by simply removing the external field. In this work, we 

focus on the assembly of magnetic microparticles, which are straightforward to 

manufacture, but can be utilized to perform complex tasks such as separations and fluid 

flow manipulation. These particles are usually composed of a polymer matrix such as 

polystyrene or poly(methyl methacrylate), with diameters on the order of 100nm-10μm. 

Imbedded in these particles are grains of magnetic material such as iron oxide on the order 
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of 10nm. It is the magnetic characteristic of these grains that determine the magnetic 

properties of the microparticle itself; they can be made paramagnetic or ferromagnetic.  

 The magnetic dipoles that these particles acquire in the presence of an external 

magnetic field cause them to rapidly align in a head-to-tail fashion to form chain-like 

aggregates. At high enough particle concentrations, these chains will also aggregate 

laterally to form columnar structures. This aggregation drastically alters the rheological 

properties of the particle solution.  As the solution coarsens, its viscosity can be altered by 

several orders of magnitude.22-23 Consequently, these “magnetorheological fluids” have 

found application in areas such as dampers and automotive brakes,24 seismic protection,25 

prosthetics,26 and even surface finishing.27-28  

 The fact that these particles can easily be controlled by external fields also makes 

them ideal for biological separations.29-30 The surface groups on the polymer matrix of a 

magnetic microparticle can easily be functionalized with any number of moieties, including 

biological molecules such as streptavidin, antibodies, or DNA. Once functionalized, these 

beads can be placed into solution with a target molecule that will specifically bind to the 

surface groups on the particles. The particles are then extracted from solution by applying a 

magnetic field and the supernatant is washed away. This method is attractive because it is 

much simpler and quicker than traditional bioseparations techniques such as affinity or size-

exclusion chromatography. 

 The self-assembly properties of these particles also make them appealing in the area 

of microscopic fluid flow manipulation. For example, in a rotating magnetic field chemically-
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linked chains of magnetic particles have been shown to be effective micromixers.31 Effective 

mixing in microfluidic devices is difficult to achieve without external forces because the 

Reynolds number is small and mixing is mainly achieved via diffusion rather than 

convection. The key to their application in this area is how the assemblies behave under the 

influence of time-varying magnetic fields. In addition to mixing, magnetic particles have also 

been used in microfluidics as micropumps32 and microrotors33 as seen in Fig. 1.3. Magnetic 

microparticle devices are advantageous because they are cost effective and can be 

fabricated in situ, meaning that they can easily be implemented in disposable lab-on-a-chip 

devices.  

 

Figure 1.3 Fluid flow in microfluidics controlled via magnetic particles. Left: A micropump 

consisting of seven magnetic beads rotates with an external magnetic field to pump a 

separate bead across the channel. Modified from [32]. Right: Rigid chains of magnetic 

particles rotate in an external field to generate effective mixing in low Reynolds number 

flow through a microchannel. Modified from [31]. 
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 Chains of magnetic microparticles are also of interest because they offer a way to 

visualize the bead-spring model of polymer physics and can be used to mimic biological 

structures such as microtubules and actin filaments. The surface of the particles can be 

functionalized such that various molecules can be introduced to the system which will link 

the particles together once the field is applied. These molecules then act as the ‘springs’ 

and the particles as the ‘beads.’ Therefore, by analyzing single colloidal chains, we can 

perform ‘single polymer’ studies cheaply and simply via optical microscopy. However, to 

provide a robust model of polymer systems, we would like to have polymers that fall in all 

three flexibility regimes: rigid, semiflexible, and flexible. In the past, many different 

chemical linkers have been employed, but all of them produced chains that fell in the rigid 

or semiflexible regimes. In contrast, here we present a method using various lengths of 

double-stranded DNA (dsDNA) to produce chains in all three regimes. The relative stability 

of the long strands of dsDNA also provides the colloidal chains a degree of stability not seen 

in previous work. The fact that these chains can withstand a large torque and shear forces is 

promising for their future application in polymer studies. 

 Perhaps the foremost obstacle for the effective utilization of assembly via dipolar 

interactions is the limited nature of structures that can be formed by the anisotropic head-

to-tail assembly. This system is very successful at making one-dimensional chains, but 

higher-order structures can be difficult. Some groups have overcome this limitation by 

introducing complex time-dependent or asymmetric fields, or again by turning to more 

complex particles with metallodielectric patches to direct assembly.34-38 However, in this 

work, we outline a simple method for producing two-dimensional fractal aggregates by 
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using a system of paramagnetic and diamagnetic particles in a ferrofluid. We show that 

changing the magnetic susceptibility of the ferrofluid allows us to independently tune the 

interactions between each type of particle and thus to create different structures: from 

highly linear structures to more porous, branched configurations. We quantitate this effect 

by examining how the fractal dimension of these structures changes as the interactions 

between particles are tuned. Additionally, we investigate the effect that the overall bead 

concentration as well as the ratio of paramagnetic to diamagnetic beads has on the 

behavior of the system. The branched nature of these assemblies suggests a new avenue to 

study colloidal gelation via long-range dipolar interactions. 

 

1.3 Thesis outline 

 The outline of this thesis is as follows. In Chapter Two, the theory behind the 

various forms of magnetic assembly described in this proposal is explained. This includes 

the basic principles of dipolar interactions and the concept of negative magnetophoresis, 

which allows particles without intrinsic magnetic properties to assemble via dipolar 

interactions in a magnetic fluid. Chapter Three presents the work done to add complexity to 

structures formed via dipolar interactions by creating fractal two-dimensional microparticle 

aggregates through a mixture of paramagnetic and diamagnetic particles in ferrofluid.  

Chapter Four examines how varying the properties of the linkers used between 

particles in a colloidal chain confers changes to the properties of the overall chain, namely 

their flexibility. To quantitatively determine the flexibility of these chains, we review the use 
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of Fourier mode analysis to examine the motion of the chains under thermal forces. 

Additionally, we discuss the interesting depletion phenomenon that occur when the size of 

the linker molecules starts to approach the size of the particles and how this can be 

controlled by changing the interparticle spacing during the linking process. To create 

batches of chains which can represent multiple flexibility regimes, in Chapter Five we 

outline the process of gradually melting linkers from between particles by heating up the 

solution of chains. Finally, Chapter Six presents a summary and conclusions of the thesis and 

outlook for future projects.  
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2. Magnetic Particle Assembly 
  

 

2.1  Introduction 

 While other self-assembled systems rely on short range forces such as van der Waals 

or electrostatic forces, systems of magnetic particles utilize long-range dipolar interactions. 

These field-induced interactions also have the added benefit of being easily tunable. They 

can be turned on or off, or made stronger or weaker, simply by adjusting the external field. 

In this proposal two types of particles are examined: paramagnetic and diamagnetic. Each 

has its own unique assembly mechanism. Paramagnetic assembly leads to linear chains of 

particles and with the assistance of chemical linkage these structures can be made 

permanent. Ferrofluid as an experimental medium allows one to induce assembly in 

particles without magnetic properties to create effectively diamagnetic particles.  In this 

chapter, these mechanisms will be outlined along with their governing equations. 
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2.2  Paramagnetic assembly 

 The paramagnetic particles studied in this proposal are composed of a cross-linked 

polymer matrix with embedded grains of iron oxide (Fe3O4). The total diameter of the 

particle is typically in the range of 100nm-10μm while the size of the iron oxide grains is on 

the order of 10nm. These iron oxide grains are ferromagnetic and possess a permanent 

dipole moment. In most cases, the size of the iron oxide grains is small enough so that they 

have only a single magnetic domain. Each domain has an easy axis of magnetization, and 

the dipole moment of the grain will exist in one of the two directions along this axis. Within 

the polymer matrix of the larger microparticle, however, the grains are randomly oriented, 

so that the net dipole for the microparticle is zero. If the particle is then subjected to an 

external field, the dipoles of the iron oxide grains reorient themselves to whichever of the 

two preferred directions is closest to the direction of the field. This imparts an overall dipole 

on the particle also in the direction of the magnetic field. However, once the field is 

removed the grains will relax back to a randomly oriented state and the particle will lose its 

dipole moment. This process is illustrated in Fig. 2.1. 

 

Figure 2.1 Behavior of single domain iron oxide grains embedded in a polymer 

microparticle as an external field is applied and removed 
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In general, there are two mechanisms by which the dipole of a free iron oxide grain 

may relax: Brownian relaxation and Néel relaxation.1 Brownian relaxation occurs when the 

particle physically rotates to align with the field, with a relaxation time given by: 

𝜏𝐵 =
3𝑉휂0

𝑘𝐵𝑇
 

(2.1) 

where V is the volume of the particle, η0 is the viscosity of the carrier liquid, kB is 

Boltzmann’s constant, and T is the temperature. Néel relaxation, on the other hand, is the 

result of the magnetization vector of the iron oxide grain itself changing direction. In order 

to switch between the two preferred directions, an energy barrier with a magnitude of κV 

must be overcome. Here, κ is the anisotropy constant which describes the relative energy 

penalty that must be paid for the domain to be magnetized in a direction other than along 

the easy axis.  

As long as the thermal energy, kBT, is much larger than κV, the magnetization vector 

may change directions with a time scale as shown in Eq. 2.2: 

𝜏𝑁 =
1

𝑓0
exp (

κV

kBT
) 

(2.2) 

where f0 is a frequency with a value of approximately 109 Hz for 10nm iron oxide particles.2 

For magnetite particles of size 10nm in a kerosene carrier liquid the Néel relaxation time is 

on the order of 10-9s and the Brownian relaxation time is on the order of 10-7s, so that Néel 
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relaxation is the dominant mechanism.1 For particles larger than this, Brownian relaxation 

becomes more favorable. For the microparticles used in this study, the iron oxide grains are 

embedded in the polymer matrix and are not able to physically rotate. As such, they are 

forced to relax by the Néel mechanism. Additionally, since the timescale of the Néel 

relaxation is much shorter than the timescale of the experiment, the microparticles may be 

regarded as superparamagnetic. 

 The magnetic dipole of these microparticles is given by the equation: 

𝒎 = 
4

3
𝜋𝑎3𝜒𝑯𝑒𝑥𝑡 

(2.3) 

where a is the particle radius, χ is the particle’s magnetic susceptibility, and Hext is the 

external field. The strength of the dipole moment can be tuned in one of two ways. The 

simplest is to adjust the strength of the external magnetic field. Another possibility is to 

tune the particle’s susceptibility; however this is related to the amount and type of 

magnetic material present in the particle which is generally determined during synthesis 

and is a much less desirable option. The expression for the dipole moment in Eq. 2.3 leads 

to an interaction energy between particles given by: 

𝑈𝑖𝑗 = 
𝜇0

4𝜋𝑟3
[𝒎𝑖 ∙ 𝒎𝑗 − 3(𝒎𝑖 ∙ �̂�)(𝒎𝑗 ∙ �̂�)] 

(2.4) 

where μ0 is the permeability of free space and r, �̂�, mi, and mj are as defined in Fig. 2.2. 

Assuming both particles have identical dipoles this can be simplified to: 
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𝑈(𝑟, 𝛼) =  
𝜇0𝑚

2

4𝜋𝑟3
(1 − 3𝑐𝑜𝑠2𝛼) 

(2.5) 

where α is the angle between the applied field and �̂�. Consequently, in order to minimize 

the energy the particles will arrange themselves such that the angle α is zero and the 

dipoles are aligned head to tail. 

 

 

Figure 2.2 Illustration of the dipole moments of two paramagnetic particles in an external 

magnetic field and the head-to-tail assembly mechanism. 

 

 In these systems, the propensity for the particles to align in the magnetic field is 

counteracted by Brownian motion which causes the particles to undergo random diffusion. 

The relative importance of each of these two phenomena can be found by taking the ratio 

of the magnetic and thermal energies. This magnetic interaction strength parameter is 

represented by λ, and is given by Eq. 2.6: 
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𝜆 =  
|𝑈𝑚𝑎𝑥|

𝑘𝐵𝑇
=  

𝜋𝜇0𝑎
3𝜒2𝐻0

2

9𝑘𝐵𝑇
 

(2.6) 

where Umax is the interaction energy evaluated  at r=2a and α=0, and H0 is the magnitude of 

the applied field. As long as λ>>1, the particles will have the ability to overcome thermal 

diffusion and line up to form chains. Another measure of the strength of the interaction is 

the attractive force between two particles. The attractive force that a dipole mi exerts on 

another dipole mj is given by: 

𝑭 = (𝒎𝑗 ∙ ∇)𝑯𝒊 

 (2.7) 

where Hi is the field due to dipole mi. Again assuming the dipoles of the two particles to be 

identical, this gives: 

𝑭 =  
3𝜇0𝑚

2

4𝜋𝑟4
[(3𝑐𝑜𝑠2𝛼 − 1)�̂� + sin (2𝛼)�̂� ] 

(2.8) 

 One of the disadvantages of this system, as well as any system that utilizes field-

driven assembly, is that once the field is removed any structures that have been formed are 

destroyed. Thus, a way to lock the assemblies in place once they are formed is necessary. 

This has been accomplished previously via permanent chemical linkage.3-5 The method of 

chemical linkage takes advantage of surface groups covering the particles and joins them 

with a separate bifunctional molecule.  In this way, when the field is removed, the particles 

remain linked into their chain-like aggregate structures. For example, particles coated with 
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amine groups may be linked by glutaraldehyde. The linking process also provides an 

interesting opportunity to tune the flexibility of the magnetic chains. While the 

glutaraldehyde linker is short and makes for relatively rigid chains, longer polymer linkers 

lead to more flexible chains.5-6  

 

2.3 Assembly of diamagnetic particles via a ferrofluid medium 

Ferrofluids are dispersions of magnetic nanoparticles, typically iron oxide, stabilized 

against aggregation via a surface coating of surfactant molecules. Traditionally, there have 

been two approaches to their synthesis: precipitation and ball-milling.1 Today, most 

synthesis procedures rely on the “bottom-up” approach of chemical precipitation. The 

particles are on the order of 10nm, which is below the threshold for single domains in iron 

oxide particles.7 Considered individually, the magnetic nanoparticles are ferromagnetic. 

However, in ferrofluid, the collection of these nanoparticles exhibit superparamagnetic 

behavior. In the absence of a field, the particles will all be randomly oriented by thermal 

fluctuations and the overall fluid will have a zero net dipole. In the presence of a field, the 

particles orient their dipole along the field direction, which imparts an overall magnetization 

to the fluid.  

An important distinction must be made between the ferrofluids just described and a 

different type of colloidal suspension: magnetorheological fluids. Magnetorheological fluids, 

as mentioned in the previous chapter, are dispersions of paramagnetic microparticles which 

aggregate to form chains in the presence of a field. In contrast, ferrofluids are sterically 
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stabilized using surfactants or long-chain hydrocarbon surface groups. Thus they do not 

exhibit chaining or coarsening; they are true “magnetic fluids.”  Ferrofluids have found 

practical applications in areas as diverse as seals and loudspeaker cooling8-9 to magnetic 

drug targeting and hyperthermia therapeutics10. 

Skjeltorp11-12 first demonstrated in 1983 that under the influence of a magnetic field, 

polystyrene particles embedded in a ferrofluid medium will behave in much the same 

manner as paramagnetic colloids in a nonmagnetic liquid. That is, their dipolar interactions 

cause them to align in chains along the direction of the field. Their dipole can be found by: 

𝒎 = 4𝜋𝑎3𝐾𝑯0 
(2.9) 

 
where a is the radius of the particle, H0 is the applied magnetic field, and K is the Clausius-

Mossotti function relating the magnetic permeabilities of the particle and the medium.13 

This relation is given by: 

𝐾 = 
𝜇𝑝 − 𝜇𝑓

𝜇𝑝 +  2𝜇𝑓
 

(2.10) 

where μp is the magnetic permeability of the particle and μf the magnetic permeability of 

the ferrofluid. The magnetic permeability of a material can be related to its magnetic 

susceptibility by the equation: 

𝜇𝑖 ≡ 𝜇0(1 + 𝜒𝑖) 

(2.11) 

where μ0 is the magnetic permeability of free space.  
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 The susceptibility of a particle without instrinsic magnetic material is roughly zero, 

so that its permeability is simply that of free space. Therefore, the Clausius-Mossotti 

function and consequently the dipole moment are both negative. In general, a particle with 

susceptibility greater than that of the medium will have a dipole coinciding with the 

direction of the field while particles with susceptibilities less than that of the medium will 

have dipoles antiparallel to the field. When particles have dipoles antiparallel to the 

external field, they are termed diamagnetic.  

Like the paramagnetic particle system described earlier in the chapter, the dipoles 

can be tuned by altering the susceptibility or the field, though in this instance it is the 

susceptibility of the ferrofluid that is varied. Achieving this is much easier than changing the 

susceptibility of the paramagnetic particles because the susceptibility of the ferrofluid can 

be altered simply by adjusting the concentration of magnetic nanoparticles in the solution. 

This can be seen in the equation that dictates the initial susceptibility of the ferrofluid: 

 

𝜒𝑓 = 
𝜇0𝑀𝑠

2𝜙𝑓𝑉𝑛𝑝

3𝑘𝐵𝑇
 

(2.12) 

which is valid in the low-field regime where the relationship between the applied field and 

the magnetization of the material is linear.1 In Eq. 2.12, Ms is the saturation magnetization 

of bulk iron oxide, Vnp is the volume of a magnetic grain (nanoparticle), and ϕf is the volume 

fraction of magnetic nanoparticles in the ferrofluid. The ratio between the radii of the 

diamagnetic microparticles and the ferrofluid particles is around 100, and it is generally 
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assumed that the ferrofluid can be treated as a continuum with regard to the 

microparticles. 

 

2.4  Ferromagnetic assembly 

The principles governing the assembly of ferromagnetic colloidal particles are 

essentially the same as for paramagnetic particles with one key exception. Unlike 

paramagnetic particles which lose their dipoles once the external field is removed, 

ferromagnetic particles will retain their dipoles. So when the field is removed, chains of 

ferromagnetic particles that have formed may then fold into higher-order structures such as 

rings (as shown in Figure 2.3). These ferromagnetic particles are often made using 

chromium dioxide or cobalt grains in place of iron oxide.14-15 

 

Figure 2.3 Typical structures formed by ferromagnetic colloids in the absence of a 

magnetic field: chains, rings, and chain+ring defect clusters. 
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 For these particles, it is necessary to define two dimensionless parameters because 

in some cases, the particles may have already been magnetized prior to the experiment, 

such that it is possible for the dipole of the particles to be in a different direction than the 

external field. The first parameter is the dipolar interaction strength given by λ in Eq. 2.6, 

which describes how the dipoles of two particles interact with each other. The second is a 

parameter that relates the interaction strength between a particle’s dipole and the external 

magnetic field. This is represented by the symbol ξ, and is given by: 

 

𝜉 =
|𝑚|𝐻0

𝑘𝐵𝑇
 

(2.13) 

 

 For paramagnetic particles, the dipole is determined to a good approximation by the 

field at that instant. This is evidenced by the fact that the hysteresis curve for these particles 

will exhibit no remanent magnetization. Ferromagnetic particles, on the other hand, do 

display remanence. Therefore, they may have been magnetized at a high external field and 

subsequently the field was lowered or removed altogether. As long as the field is large 

enough so that ξ>>1 and ξ>>λ, the particles will still form chains in the direction of the field. 

However, if ξ≈λ the dipole-dipole interactions between particles become important and the 

chains can develop kinks and can even fold to form structures such as rings or lassos, as in 

Figure 2.3.16-20  
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2.5  Conclusion 

 This chapter described the mechanisms of magnetically-directed assembly that will 

be studied in this work. These schemes make use of temporary dipoles (paramagnetic), 

permanent dipoles (ferromagnetic) and dipoles induced by the assembly medium 

(diamagnetic particles in ferrofluid), which demonstrates the diversity of the field of 

magnetic assembly and its many promising tools for arranging colloidal particles into 

functional smart materials. In the subsequent chapters, we describe the application of these 

methods to build two-dimensional colloidal aggregates as well as chains. 
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3. Directed magnetic assembly of two-
dimensional fractal aggregates 
 

3.1 Introduction 

The anisotropy of dipolar interactions can sometimes be a hindrance when 

assembling colloids, as it limits the diversity of structures that can be manufactured. Here 

we outline how a mixture of paramagnetic and diamagnetic colloids in a ferrofluid can be 

used to create a variety of fractal aggregates in the presence of a field.1 These aggregates 

exhibit growth both parallel and perpendicular to the field, a distinct departure from the 

linear chains that are typical of dipolar assembly. The fractal dimension of these aggregates 

displays a parabolic character as the ferrofluid concentration is increased and ranges 

between 1.09±0.02 and 1.54±0.03—a wider range than that which is seen when colloids are 

assembled using short-range forces. This behavior can be explained by examining how the 

ferrofluid concentration affects the relative strength of the dipolar interactions between 

each type of particle. By controlling which interaction is dominant, we are able to create a 
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variety of branched structures. We also investigate the effect of tuning the overall bead 

concentration as well as the ratio of paramagnetic to diamagnetic particles in the system. 

The fractal dimension at very low ferrofluid concentrations deviates from the parabolic 

behavior. We explain this by matching predictions for the growth exponents as a function of 

interaction strength made previously to the conditions in our experiments. These dipolar 

fractal aggregates may find use in the study of gelation via long-range forces or in the 

preparation of gels that have field-dependent properties that can be activated using an 

external field.  

 

3.2 Background 

3.2.1 Fractal colloidal aggregates 
 

The term fractal is used to describe a broad class of complex shapes that have non-

integer dimensions and exhibit self-similarity, meaning the objects appear similar across 

many length-scales. Fractals can be purely mathematical constructs (e.g. the Cantor and 

Mandelbrot sets), but their patterns are also abundant in nature and are important for 

describing colloidal aggregation phenomena. Smoke particles,2 gold nanoparticles,3-4 and 

ferromagnetic colloids5-7 have all been studied in the context of fractal aggregation. 

Information about the aggregation process can often be determined by calculating the 

fractal dimension of the resulting aggregates. For example, when colloids aggregate via 

short range attractions the process can exist in one of two broad regimes depending on the 

sticking probability. If the sticking probability is high—meaning that the particles aggregate 
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on contact—the process is called diffusion-limited cluster aggregation (DLCA). On the other 

hand, if the sticking probability is low and the particles can travel farther into the cluster 

before binding to another particle, the process is termed reaction-limited cluster 

aggregation (RLCA). In ‘cluster aggregation’ processes it is assumed that clusters can join 

with other clusters. This is in contrast to DLA or RLA processes where the assumption is 

made that clusters only grow by the addition of single particles.8-9 

 Initially, much of the available information on fractal colloidal aggregation was 

gained as a result of simulations.10-13 The advantages of simulations include the ability to 

easily tune the sticking probability and also to accurately measure the growth rate of the 

aggregates on a particle-to-particle basis. However, depending on the simulation 

conditions, biases can be introduced depending on what type of lattice is used and how 

particles are introduced to the system.14 With advances in microscopy and colloidal 

synthesis techniques, researchers began to gather information from experiments. Weitz et 

al.3-4 were the first to study the aggregation of gold colloids via short-range attractions for 

various sticking probabilities. In the region where the kinetics were diffusion-limited, 

aggregates formed with a fractal dimension of Df=1.77. For reaction-limited kinetics, the 

fractal dimension of the aggregates was measured to be 2.05. For the case of 2D DLCA, the 

fact that particles bind on contact results in relatively more open structures with an 

accepted 2D fractal dimension of 1.45.15 On the other extreme is 2D reaction-limited cluster 

aggregation where the relatively more dense aggregates have a fractal dimension of 1.55.15 
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Additionally, many groups have studied the fractal dimension of aggregates formed 

by magnetic colloids. For the case of paramagnetic colloids aggregating in an external 

magnetic field, the fractal dimension of the chain-like aggregates sits between 1.0 and 1.1 

depending on the measurement method.16  This is to be expected for linear chains, and 

almost no variation was seen when varying either the field strength or the particle 

concentration. On the other hand, Helgesen et al.5 studied ferromagnetic particles with 

permanent dipoles of various strengths, which exhibit a much wider variety of shapes. With 

no external magnetic field present, aggregates with small dipoles were found to have a 

fractal dimension of 1.49±0.06. As the energetic penalty for not aligning head-to-tail is less 

severe when dipolar attraction is small, particles could more easily form branch points in 

the system. As the dipole strength increased, the structures became more chain-like and 

had smaller fractal dimensions. Finally, when an external field was applied, the fractal 

dimension was found to be 1.05±0.03 as the particles assembled into chains in the direction 

of the field. These assemblies can be seen in Fig. 3.1, taken from Helgesen et al.5 
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Figure 3.1 Ferromagnetic particles assembled in fields with dipole-dipole interaction 

strengths of a) 16kT, b) 100kT, c) 1360kT, and d) with an external field of 1 Oe. Taken from 

[5]. 

 

3.2.2 Paramagnetic and diamagnetic dipolar particle assemblies 
 

In this work, we will focus on the fractal assembly of paramagnetic and diamagnetic 

colloids via dipole-dipole attraction introduced by an external magnetic field. Previously, 
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researchers have shown that aggregates with multipole symmetry (“flower” and “Saturn-

ring” structures) form when paramagnetic and diamagnetic particles in a 2D plane are 

subjected to a field in the direction out of the plane.17 The number of particles in the rings 

could be controlled by varying the size ratios between the two particle types. Additionally, 

by introducing multiple sizes of each particle, hierarchical structures were created.  When 

the dipole interaction strength in this system is large enough to allow for aggregation, but 

still small enough to allow for thermal rearrangements, many crystalline phases form when 

a magnetic field is applied at various angles to the particle plane.18-20 The type of crystal 

could be controlled by altering the relative strength of the two particles’ dipoles, mimicking 

ionic crystals. The phase diagram for this system is shown in Figure 3.2, taken from Khalil et 

al.18 

 Conversely, we explore how an in-plane magnetic field can be used to assemble 

fractal structures and examine how altering the ferrofluid concentration affects the fractal 

dimension of the aggregates. We also investigate the effect of tuning the overall bead 

concentration as well as the ratio of paramagnetic to diamagnetic particles in the system. 

The directionality of the dipolar interaction usually causes particles to form chains21-25 and 

this is one of the limitations of a dipolar system. It reduces the variety of structures that can 

be formed, limiting the applicability of these systems to study other phenomena such as 

gelation. 
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Figure 3.2 Phase diagram for a binary Ising-like system of paramagnetic and diamagnetic 

colloids. Plotted as the relative bead concentration vs the concentration of the ferrofluid 

(which controls the relative strength of each particle’s dipole).  From [18]. 

 

3.2.3 Gelation via dipolar forces 
 

A great deal of focus has been placed on the gelation behavior of colloids interacting 

via short-range forces.26-31 Recently, simulations have also examined the phase behavior of 

colloids with directional interactions,32-38 but complementary experimental investigations 

have been sparse.39  Paramagnetic systems-where the colloidal dipole is induced by an 

external field-have not previously been shown to produce a gel phase. The interaction of 

the particle dipoles with the field leads primarily to chaining in the direction of the field. 

These chains do not yield network structures and increasing the particle fraction only 



34 
 

 

results in crystalline phases.34 On the other hand, it is possible for a network-like phase to 

form in systems of colloids with permanent internal dipoles. In the absence of any external 

field, the predominantly chain-like aggregates formed by ferromagnetic particles can form 

loops and other branch-points, which contribute to the formation of the gel phase.35  

 One of the main advantages of dipolar systems is the ability to tune the interaction 

strength outside the system (by modulating the external field strength). Therefore, it would 

be desirable to develop a system which gels in the presence of a field and reversibly 

disassembles when the field is removed. This system, more so than one composed of 

ferromagnetic particles, could find application in systems such as magnetorheological fluids-

where switchable properties are desired.40-41 This issue can be solved by our two-

dimensional system of paramagnetic and diamagnetic colloids in a ferrofluid that forms 

fractal aggregates which grow in both the directions parallel and perpendicular to the 

external field. The particles in this system have a four-fold “valency” that is heterogeneous, 

meaning that the two sites along the field direction can only be occupied by like particles 

while the two sites perpendicular to the external field must be occupied by particles unlike 

the center particle. This should lead to a more complex phase diagram than a solely 

paramagnetic system. The branching seen in these structures will aid the formation of gels 

and provide a new way to study gelation via long-range interactions.  

Indeed, a system with comparable behavior has been studied by Gangwal et al.39 

Their system consisted of polystyrene spheres with metallodielectric patches at one or both 

poles of the particle. These patches, when exposed to an AC electric field allow for 
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interaction along both in plane directions for single patch particles, and both diagonal in 

plane directions for dual patch particles. Schmidle et al.42 performed simulations on this 

experimental system and found interesting gelation behavior. They showed that the system 

was characterized by two percolation probabilities—both parallel and perpendicular to the 

dipole directions. By varying the amount of particles in the system which could form branch 

points, they demonstrated that they could tune the relative values of these probabilities. 

This provides an interesting parallel to our system and is in contrast to many colloidal gels 

that are completely isotropic.  

 

3.3 Theory 

3.3.1 Magnetic assembly in ferrofluid 
 

 As mentioned in Chapter 2, colloids with intrinsic magnetic properties assemble in 

the presence of a magnetic field due to dipolar interactions. Additionally, microspheres 

without intrinsic magnetic properties can be assembled via magnetic field when suspended 

in a ferrofluid medium. In this phenomenon, the microspheres act as “magnetic holes” and 

acquire dipole moments antiparallel to the direction of the applied field.43-44 In effect, a 

system of diamagnetic particles in a magnetic medium behaves similarly to a system of 

paramagnetic particles in a non-magnetic medium. 

Paramagnetic particles placed in a magnetic medium can exhibit dipoles either 

parallel or anitparallel to the direction of the external field, depending on the relative 
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magnitudes of the medium and particle susceptibilities. The equation governing a particle’s 

dipole in a magnetic medium is given by: 

 

�⃗⃗⃗� = 4𝜋𝑎3𝐾�⃗⃗⃗� 𝑒𝑥𝑡 

     (3.1) 

where a is the radius of the particle, Hext is the applied magnetic field, and K is the Clausius-

Mossotti function relating the magnetic susceptibility of the particle to that of its 

surroundings 

𝐾 =
𝜒𝑝 − 𝜒𝑓

𝜒𝑝 + 2𝜒𝑓 + 3
 

       (3.2) 

In this expression, χp is the susceptibility of the particle and χf is the susceptibility of the 

ferrofluid. The susceptibility of the paramagnetic particles is set during synthesis, while that 

of the diamagnetic particles is negligible and assumed to be zero. The ferrofluid 

susceptibility is easily tuned by adjusting the volume fraction of magnetic nanoparticles in 

the solution  

𝜒𝑓 =
µ0𝑀𝑠

2𝜙𝑓𝑉

3𝑘𝐵𝑇
  

      (3.3) 

where µ0 is the magnetic permeability of free space, Ms is the saturation magnetization of 

the bulk ferrofluid material, φf is the volume fraction of magnetic nanoparticles in solution, 
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and V is the volume of a single magnetic nanoparticle. It is simple to alter the dipole 

strengths of each particle type by changing the concentration of the ferrofluid. Increasing 

the ferrofluid concentration has the effect of increasing the diamagnetic dipole and 

decreasing the paramagnetic dipole. 

 To understand why imposing a magnetic field on a system of paramagnetic and 

diamagnetic particles in ferrofluid leads to two-dimensional aggregates and not one-

dimensional chains, one can examine the expression describing the interaction energy 

between two particles, i and j: 

𝑈𝑖,𝑗(𝑟, 𝛼) =
𝑚𝑖𝑚𝑗

4𝜋𝜇0𝑟3
(1 − 3𝑐𝑜𝑠2𝛼) 

    (3.4) 

Here, r is the magnitude of the vector connecting the centers of the particles’ dipoles and α 

is the angle between this vector and the direction of the magnetic field. Thus, for like 

particles the energetically favorable configuration is the formation of chains with their 

dipoles arranged head-to-tail (α=0°). For all of our experimental conditions unlike particles 

will have dipoles of opposite signs. Therefore, the lowest energy configuration for unlike 

particle pairs is to stack at a 90˚ angle relative to the direction of the applied field. A 

schematic of these relationships can be seen in Fig. 3.3. 

The major factor that determines what types of structures form in these systems is 

the relative magnitude of the dimensionless dipole parameter, λ, for each particle pair. This 

parameter compares the relative magnitudes of the magnetic and thermal energies 
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𝜆𝑖,𝑗 =
−𝑈𝑖,𝑗(𝑟, 𝛼)

𝑘𝐵𝑇
 

(3.5) 

Fig. 3.4 shows how tuning the ferrofluid susceptibility alters λ. In this plot, the ferrofluid 

susceptibility is normalized to the paramagnetic particle susceptibility (X = χf/χp) and λ is 

evaluated at the minimum interaction energy for each particle pair. Thus, the value of r is 

taken to be the sum of both particles’ radii. For like pairings, the angle is taken as 0°, while 

for the case of an unlike particle pair the angle is assumed to be 90°. A field strength of 

140G was used in the calculation, as this was the value used in our experiments. Altering 

the field strength will shift the curves up or down along the y axis—changing the magnitude 

of the interactions, but not their relative strengths. 

 

Figure 3.3 Schematic of the three interaction types present in the experiments and the 

minimum energy configuration for each. Interactions between a) two paramagnetic 

particles, b) two diamagnetic particles, and c) a paramagnetic and a diamagnetic particle 

in the presence of an external field, Hext.   
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Figure 3.4 The effect of changing the ferrofluid susceptibility on the strength of the dipolar 

interaction. The dimensionless dipole-dipole interaction, λ, is plotted against the 

ferrofluid susceptibility normalized by the paramagnetic particle susceptibility for the 

three types of interactions: paramagnetic-diamagnetic (dotted red line), paramagnetic-

paramagnetic (solid green line), and diamagnetic-diamagnetic (dashed blue line). 
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This plot demonstrates the three main regions of the 2D assembly process. In the 

first (0<X<0.3), the interaction between paramagnetic particles dominates and is the major 

determinant in aggregate formation. In the second region (0.3<X<0.7) the interaction 

between the three particle types are of similar magnitude and growth in both dimensions is 

expected to be of the same order. Finally, the third region (X>0.7) is deemed to be that in 

which the dipolar interaction between the diamagnetic particles is dominant. 

 

3.3.2 Scaling theory for colloidal aggregation via dipolar forces 
 

The growth of particle chains (both paramagnetic and diamagnetic) has been studied 

previously in the context of their scaling behavior. The aggregation of these particles is 

irreversible as long as the external field is applied, and thus can be described using 

Smoluchowski’s kinetic aggregation equation:45 

 

𝑑𝑛𝑠

𝑑𝑡
=  

1

2
∑ 𝐾𝑖𝑗𝑛𝑖𝑛𝑗 − 𝑛𝑠 ∑𝐾𝑠𝑗𝑛𝑗

∞

𝑗=1𝑖+𝑗=𝑠

 

(3.6) 

This equation describes the rate of change of the number of clusters of size s, ns(t). The first 

term describes the creation of clusters of size s through the addition of two clusters of sizes 

i and j, with a reaction kernel Kij. The second term is the loss of clusters of size s through 
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their combination with other clusters with size j. This theory relies on the assumption that 

only binary collisions occur and thus only applies in the low particle concentration limit.  

Through computer simulations that modeled diffusion-limited cluster aggregation, 

Viscek and Family46 were able to show that the cluster size distribution obeys a scaling law 

of the form: 

𝑛𝑠(𝑡) ~ 𝑡−𝑤𝑠−𝜏𝑓 (
𝑠

𝑡𝑧
) 

(3.7) 

The function f(x) is approximately 1 for x<<1 and much less than 1 when x>>1. In this scaling 

law, there are two dynamic exponents, w and z, and one static exponent, τ. Using the fact 

that the total number of particles in the system doesn’t change, a relation between the 

three scaling exponents can be derived: 

𝑤 = (2 − 𝜏)𝑧 

(3.8) 

 The mass average cluster size is given by the expression: 

𝑆(𝑡) =
∑ 𝑛𝑠(𝑡)𝑠

2
𝑠

∑ 𝑛𝑠(𝑡)𝑠 𝑠
 

(3.9) 

From Eq. 3.7-3.9, the average length of these chains can be shown to have a power-law 

dependence on time (for large time): 
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𝑆(𝑡)~𝑡𝑧 

(3.10) 

It has been proposed that the power-law exponent, z, depends on the interaction strength, 

λ, as well as the volume fraction of microparticles in the system, φ. 47-50 However, 

experiments so far have offered contradicting results for what these dependencies should 

be. For our case, we will focus on the effect that changing λ has on the growth of the 

aggregates. 

 Work done by Cernak et. al48 provides the most complete examination so far of the 

behavior of z with changes in λ. In this paper, the authors outline aggregation kinetics 

experiments done on a system of diamagnetic particles. They performed tests on particles 

of three different diameters. For the smallest particles (d=1.9μm) the interaction strength 

was within the range λ=8-37. In this range, they found no dependence of z on λ. The second 

particle size tested (d=4μm) yielded a range of λ=30-370. In this case, the power law 

exponents seemed to exhibit a slight linear dependence on λ, ranging from z=0.38 to 

z=0.54.  For the largest particles (d=14μm), the interaction strength λ ranged from 1,040 to 

10,600. In this range, the power law exponent appears to drop off sharply to a value of only 

z=0.084 when λ=1040. From this point, z has a strong dependence on λ, climbing back to 

z=0.59 for λ=10,600. These results are shown in Figure 3.5, taken from Ref. 48: 
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Figure 3.5 Scaling exponent, z, as a function of interaction strength, λ. Shows the sharp 

drop in z when the particles crossover to ballistic motion between λ=400 and λ=1000. 

From [48]. 

 

Cernak et. al attribute this drastic change to the particles undergoing a switch from 

diffusive motion to ballistic motion. In fact, it has been shown that the power law exponent, 

z, is more strongly dependent on the exponent describing ballistic motion, δ, than on the 

exponent describing diffusive motion, γ.51 The ballistic exponent describes how the cluster 

velocity changes as a function of its size: 

𝑣𝑠(𝑠) = 𝑣1𝑠
𝛿 

(3.11) 
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where s is the cluster size (number of beads), and v1 is the velocity of a one-particle cluster. 

Similarly, the diffusive exponent describes how the cluster diffusion coefficient changes as 

the cluster size changes: 

𝐷𝑠 = 𝐷1𝑠
𝛾  

(3.12) 

Through computer simulations, the relationships between these three exponents were 

determined51 and are shown in Eq. 3.17 and Eq. 3.18: 

𝑧 =
1

1 − 𝛿
 

(3.13) 

𝑧 =
1

2 − 𝛾
 

(3.14) 

In this work the authors assumed that when both types of motion are present, the faster 

dynamics dominate. The case of ballistic motion was also studied by Erb et. al.49 With an 

interaction strength range of λ=2000-13,354 they found that z had a strong linear 

dependence on λ when λ was greater than 6000.  

In our case, there are actually three growth exponents controlling the fractal 

aggregate formation—one for each of the three interaction types. For the low ferrofluid 

concentration experiments presented in this work the normalized ferrofluid susceptibility is 

in the range X=0-0.015. This means the interaction strengths of the paramagnetic particles 
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are on the order of 105 and can thus be assumed to be well within the regime necessary for 

ballistic motion. Therefore, the power law exponent should be expected to have a strong 

dependence on the interaction strength parameter. The interaction strengths between two 

diamagnetic particles are much less, only between 0 and 103 and have a less drastic 

dependence on λ. However, the interaction between the two unlike particles passes 

through the critical value of λ≈1000, which marks the crossover point from diffusive to 

ballistic motion as proposed by Cernak et. al.48 This switch proves to have great 

consequences on the final structure formation. A graph similar to Figure 3.4, but blown up 

to the region X=0-0.015 is presented in Figure 3.6. 

 

Figure 3.6 Dimensionless dipole interaction parameter, λ, vs. normalized susceptibility, X, 

for the region X=0-0.015. 
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3.3.3 Fractal dimension 
 

To describe the changes in morphology of these aggregates, we choose to analyze 

their fractal dimension. There are many ways to measure fractal dimension, including using 

light scattering data, size scaling, or overlaying grids of various sizes onto images.8-9, 52 

However, at the heart of all these methods is the idea that the fractal dimension provides a 

measure of how an irregular shape fills space. Thus, it can be determined by relating how 

the size of the aggregate changes as more building blocks are added. For colloidal 

aggregates, fractal dimension can be determined using the relationship between the 

number of beads in an aggregate and its radius of gyration8-9 

〈𝑅𝑔(𝑁)〉~𝑁1 𝐷𝑓⁄  

     (3.15) 

To analyze the aggregates formed at extremely low concentrations of ferrofluid, we 

instead turn to the ‘boxcounting’ method46 to determine the fractal dimension. This 

method entails overlaying a grid of boxes onto the experimental image and counting the 

number of boxes which contain particles. The box size is reduced and the process repeated. 

The fractal dimension can then be found by a power law similar to the one in Eq. 3.15 that 

relates the number of filled boxes to the box-size: 

𝑁~𝑟−𝐷𝑓 

(3.16) 

The boxcounting method is preferable in this case, because for low ferrofluid 

concentrations we expect the aggregates to be smaller. The radius of gyration method 

outlined above works best for aggregates with greater than 10 particles, so many of the 
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aggregates in this set would be discarded and it is difficult to achieve a statistically 

significant set of data. 

For a 2D system, the limiting cases are fractal dimensions of one and two. A chain-

like aggregate would be expected to have a fractal dimension approaching one, while a 

sheet-like aggregate would have a fractal dimension closer to two. As discussed earlier, 

different colloidal aggregation processes will result in different final structures that can be 

ramified to varying degrees. Thus, the fractal dimension can provide a useful insight into the 

growth process that causes an aggregate with a certain morphology to form. 

 

3.4 Materials and Methods 

3.4.1 Experimental procedure 
 

 Paramagnetic beads used for all experiments were Dynabeads M-270 Streptavidin 

(Invitrogen, Grand Island, NY) which were 2.8µm in diameter and coated with the protein 

streptavidin. These microspheres contain a polystyrene matrix interspersed with magnetic 

nanoparticles. As listed by the manufacturer, they have an iron content of 14%, leading to a 

magnetic susceptibility of 6x10-4 m3/kg. The diamagnetic particles are Melamine resin beads 

(Sigma-Aldrich, St. Louis, MO) with a diameter of 3µm. They are coated with a surface layer 

of carboxyl groups and are marked with a fluorescent FITC dye to allow them to be 

distinguished from the paramagnetic beads. Melamine resin was chosen as the material 

rather than the more common polystyrene because its density (ρ=1.51g/cm3) more closely 
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matches that of the paramagnetic beads (ρ=1.6g/cm3). Both settle quickly to the surface of 

the assembly cell under gravity, approximating a two-dimensional assembly process. 

The ferrofluid used for these experiments was fluidMAG-PAS (Chemicell-GmbH, 

Berlin). Its saturation magnetization was confirmed by SQUID measurements to be 

307kA/m. These particles have a coating of (poly)acrylic acid with a hydrodynamic diameter 

of 50nm as specified by the manufacturer. The magnetic core diameter was found by 

transmission electron microscopy to be between 10-20nm. The polymer brushes on the 

nanoparticles are terminated with carboxylate anions, which act to prevent the 

nanoparticles from aggregating even in the presence of an external magnetic field. This, 

along with the fact that the size of the nanoparticles is two orders of magnitude smaller 

than that of the microspheres, allows us to assume that the ferrofluid can be treated as a 

continuum with respect to the larger particles. 

Experiments are conducted in a flow cell constructed using double-sided tape 

sandwiched between a glass slide and a coverslip. For each experiment, 40µL of solution are 

prepared. The ferrofluid particles are concentrated by first precipitating them from the 

aqueous stock solution using the antisolvent isopropyl alcohol (Sigma-Aldrich, St. Louis, MO) 

and then centrifuging at 14,000 rpm for approximately one hour or until all nanoparticles 

had collected in the precipitate and the supernatant was clear. The nanoparticles can then 

be redispersed to the desired concentration in 18.2MΩ-cm deionized water (Millipore, 

Billerica, MA) with 0.5% v/v Tween-20 surfactant (Sigma-Aldrich, St. Louis, MO) to prevent 

nonspecific aggregation. To this solution are added the paramagnetic and diamagnetic 
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microspheres in various ratios and overall bead concentrations to yield various surface 

coverage percentages on the glass surface. 

Two ferrite bar magnets with dimensions 2in. x 1in. x 0.5in. (McMaster Carr, Atlanta, 

GA) generate the magnetic field. A magnet spacing of 3 inches yielded a field strength of 

140G in the flow cell, as confirmed by a magnetometer reading. The system was observed 

using a digital camera (Hamamatsu, Hamamatsu City, Japan) attached to an inverted 

microscope (Olympus IX71, Olympus, Tokyo). Fluorescence images were captured using a 

mercury lamp (X-Cite 120, Lumen Dynamics, Ontario) combined with a FITC filter. Both 

fluorescent and bright field images were taken after the field had been applied for one 

hour.  For each experiment, a series of 10-15 images were taken at 20X magnification that 

spanned the entire area of the flow cell. Each image contained anywhere from ten to thirty 

aggregates. 

 

3.3.2 Image Processing 
 

The radius of gyration for each aggregate was determined via image processing done 

in MATLAB using the expression: 

𝑅𝑔
2 ≡

1

𝑁
∑(�⃗� 𝑖 − �⃗� 𝐶𝑂𝑀)

2
𝑁

𝑖=1

 

         (3.17) 

where Ri is the position of each bead, RCOM is the position of the aggregate center-of-mass 

(simply the average of all bead positions), and N is the number of beads in the aggregate. 

The first step to determine the bead positions is to binarize the image such that all pixels 
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that are part of the aggregate have a value of one, while all background pixels are zero. In 

order to separate which pixels belong to each bead, we use the MATLAB function 

‘watershed’ and the process outlined in Gonzalez, et. al.53 Then, the locations of each 

bead’s pixels are averaged to give its position and all bead positions of an aggregate are 

averaged to give its center of mass. An example of this image processing can be seen in Fig 

3.7. 

Once all aggregates from all images have been analyzed, those comprised of the 

same number of beads are grouped and their average radius of gyration calculated. Then, as 

in Eq. 3.15, the average radius of gyration can be plotted versus the aggregate size on a log-

log scale and the fractal dimension determined from the inverse of the slope. Unlike 

mathematical fractals, natural fractals are only expected to be self-similar across a limited 

range of length scales. In this case, the radius of gyration vs. aggregate size data shows 

linear behavior only above a size of ten beads. This is intuitive since below ten beads, the 

aggregate overall is not much larger than a single bead, and by definition cannot be 

examined over multiple orders of magnitude. As such, the fit was applied only to the subset 

of the data above N=10. Typically, this meant fitting over approximately two orders of 

magnitude of aggregates sizes. A representative plot of <Rg> vs. N can be seen in Fig. 3.8. 
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Figure 3.7 Image processing algorithm to determine aggregate radius of gyration. 

Aggregates are first separated from the image as a whole (bottom left). Then the 

watershed function is used to separate pixels from each bead (bottom right). These pixel 

positions can then be used to calculate the bead positions and the overall aggregate 

center of mass as outlined in the text.  
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Figure 3.8 Representative plot of the average radius of gyration vs. aggregate size for one 

experiment. The fractal dimension is given by the inverse slope of the linear regression on 

a log-log scale. 

 

 To calculate the boxcounting dimension, as discussed earlier, the images are first 

binarized in a similar method as above. Next, a grid of varying mesh sizes are drawn on the 

image (an example is shown in Figure 3.9). The upper limit for the grid size is the size of the 

image itself and the lower limit is reached when the box size is one pixel. For each grid size, 

the number of filled boxes are counted. This operation uses a simple logic function to 

determine if any of the pixels in a given box are nonzero, meaning that at least one particle 

is present in the box. This process is repeated over all the images for a given experiment 
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and the average number of filled boxes is then plotted against box size and the fractal 

dimension determined from the slope of the log-log plot.  A representative example from 

one experiment is shown in Figure 3.10, where we see that the line appears to have 

multiple slopes. We use only the middle range to calculate the fractal dimension, because 

the other two regimes are subject to biases due to the box size. The small box sizes are 

ignored because they represent the region where the boxes are smaller than one particle 

diameter. We do not expect fractal behavior beyond this point. For large box sizes, the 

slope become steeper simply because the number of boxes is very small and usually all 

boxes will be filled. Neither of these ranges provide insight into the aggregation process. 

 

 

 

 

 

 

 

Figure 3.9 Image processing to calculate the boxcounting dimension. The panels show: at 

left, the experimental image to be analyzed, in the center the image after it has been 

binarized and a grid applied, and at right the same image with a finer grid. Scale bar is 

40μm 
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Figure 3.10 Representative plot of number of filled boxes, N, vs. box size, r. The plot also 

shows the regions where data is excluded when the box size is either too large or too 

small. 

 

3.4 Results 

3.4.1 One-to-one ratio of diamagnetic and paramagnetic beads 
 

 The results of the fractal dimension analysis for various ferrofluid concentrations, a 

1:1 ratio of diamagnetic to paramagnetic beads, and an overall surface coverage of 14.6% 

can be seen in Fig. 3.11. The error bars in the figure represent the standard error of the 

slope obtained via linear regression of the radius of gyration data. The fractal dimension 

exhibits a parabolic behavior over the experimental range.  
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Figure 3.11 Fractal dimension as a function of normalized ferrofluid susceptibility, with 

representative aggregates shown under both brightfield and fluorescent illumination for 

certain values of X. The fractal dimension increases from a value of 1.20±0.02 at low X to a 

maximum of 1.54±0.03, before decreasing again to a minimum of 1.09±0.02 at high X. All 

images taken at 20X magnification. Particle size is 3μm. 

 

The smallest ferrofluid concentration was chosen to be 30mg/mL (corresponding to 

a normalized susceptibility of X=0.13). Below this point the dipole moment of the 

diamagnetic particle is almost negligible and little aggregation is seen outside of the 
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chaining of the paramagnetic particles. The fractal dimension at this concentration is 

1.20±0.02. The upper limit of 240mg/mL (X=1), is the point at which the ferrofluid 

susceptibility equals that of the paramagnetic particles and the dipole of the paramagnetic 

colloids is close to zero. For a value of X=1, aggregates formed with an average fractal 

dimension of 1.09±0.02. In between these two extremes, at X=0.5, the fractal dimension 

goes through a maximum value of 1.54±0.03. The aggregates were roughly 50% 

paramagnetic and 50% diamagnetic across all ferrofluid concentrations; thus, it is their 

arrangement and not their composition which changes.  

 The images in Fig. 3.11 provide representative aggregates at select ferrofluid 

concentrations and can be used to explain the parabolic fractal dimension behavior. At low 

ferrofluid concentrations (X<0.3), the paramagnetic-paramagnetic interaction is the 

strongest (~105kT) and the dipole of the diamagnetic particles is relatively weaker (~103kT). 

Thus, the mechanism for aggregation consists of paramagnetic chains which form almost 

immediately upon the activation of the field. Only after this do the diamagnetic particles 

start to assemble on either side of the chains. Indeed, we see that the positioning of the 

diamagnetic particles at the lowest ferrofluid concentration is often not in registry with the 

paramagnetic particles. The low strength of the dipolar interactions of a diamagnetic 

particle both with itself and with a paramagnetic particle means that the energetic penalty 

it must pay to align at angles other than 0° or 90° is not a limiting factor. This mechanism 

leads to highly linear aggregates with fractal dimensions closer to one. 

As the ferrofluid concentration increases (0.3<X<0.7), the interaction strength 

between paramagnetic particles decreases while simultaneously the interaction strength 
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between the two diamagnetic particles and between two unlike particles increases. The fact 

that the three interactions are of a similar order of magnitude (~104kT) in this region means 

that growth of chains in the direction of the field is no longer the principal aggregation 

mechanism. Instead, we note that small fractal-like aggregates form at the outset and these 

initial clusters then join together to create larger fractal assemblies. A schematic of this 

proposed growth mechanism is shown in Fig. 3.12. 

 

 

Figure 3.12 Growth mechanism for fractal aggregates with examples. a) When one 

interaction is much larger than the others, chains of this particle type form quickly after 

the field is applied and result in linear aggregates with fractal dimension close to one. b) 

When all three interactions are of similar magnitude, initially smaller fractal-like 

aggregates form and later join to form large branched aggregates with fractal dimensions 

around 1.5. Scale bars=5μm. 
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The strength of the interaction between unlike particles goes through a maximum in 

this region and thus growth in the direction perpendicular to the field is greatest when X is 

between 0.3 and 0.7. Subsequently, the fractal dimension increases to a maximum of 

1.54±0.03 at X=0.5 as these clusters have a more two-dimensional quality. Upon further 

increase of the ferrofluid concentration (X>0.7) the aggregates appear once again to 

become linear. This is expected as the interaction between diamagnetic particles begins to 

dominate (~105kT for the diamagnetic interaction vs. ~103kT for the paramagnetic 

interaction) and the same principles apply as in the low ferrofluid concentration case. We 

observe that upon addition of the field, chains of diamagnetic particles form quickly and 

only after this do paramagnetic particles begin to assemble on these templates. Indeed, at 

the extreme value of X=1, the dipole moment of the paramagnetic particles is so low 

(essentially zero) that many of these particles do not incorporate into any aggregates. 

 

3.4.2 Ferrofluid concentrations greater than X=1 
 

At ferrofluid concentrations greater than X=1, the dipole of the paramagnetic 

particles will flip and become antiparallel to the field and parallel to the dipoles of the 

diamagnetic particles. This is because when X is greater than one χf is greater than χp and 

the overall susceptibility is thus negative. The interaction strengths above X=1 are 

illustrated in Fig. 3.13, which is an extended version of the dimensionless dipole interaction 

vs. normalized susceptibility plot presented earlier. When the dipoles of the two particle 

types are no longer antiparallel, the growth behavior will be fundamentally different: chains 

composed of both paramagnetic and diamagnetic particles should form, but no branching 
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will occur. The particles at concentrations above X=1 lose their unique square valency. 

Instead, any growth in the direction perpendicular to the field would be close-packed 

‘bundling’ as seen in systems of only one particle type at high bead concentrations. This can 

be seen in Fig. 3.14, where the fluorescent particles are the diamagnetic melamine 

particles. The melamine particles form chains quickly upon the activation of the field so that 

the ‘paramagnetic’ polystyrene particles (which at this point are actually diamagnetic) do 

not have time to be incorporated into these chains. They can be seen in the image diffusing 

near the edges of the chain and on the sides of the melamine chains—at this point in a 

close-packed, not square, lattice. 

 

Figure 3.13 Dimensionless dipole interaction parameter vs. normalized susceptibility for 

the range 0<X<2. In this plot the magnetic polystyrene particles listed as ‘paramagnetic’ 

are actually diamagnetic above X=1. 
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Figure 3.14 Particles assembled at X=1.13. Both particles’ dipoles are antiparallel to the 

field and the square lattice is replaced by a close packed lattice arrangement. Fluorescent 

particles are diamagnetic. Above X=1, the particles no longer pack into square lattices. 

Scale bar=5μm. 

 

3.4.3 Fractal dimension as a function of time 
 

To ensure that our measurements of fractal dimension were not time-dependent we 

also tested samples allowed to aggregate under the field for four hours. In these samples 

we did not observe any appreciable differences compared to the one hour measurements. 

Additionally, videos of the aggregation process were recorded for anywhere between 45 

and 60 minutes and the fractal dimension of each frame was analyzed in an analogous way 

to that described earlier. These results are shown in Figure 3.15. We can see that across all 

ferrofluid concentrations the fractal dimension becomes more or less stable after 

approximately 10 minutes. Some noise is expected for these measurements because, by 

nature of taking only one frame per time increment, fewer aggregates are analyzed and 
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more variability is to be expected. Thus, after one hour, the system can be assumed to have 

reached a kinetically trapped state with a stable fractal dimension.  

Figure 3.15 Fractal dimension as a function of time. Field is applied at t=0. The fractal 

dimension for all ferrofluid concentrations becomes stable after approximately 10 

minutes. 

 
 

3.4.4 Effect of altering total surface coverage  
 

It has previously been shown that fractal dimension will change when the overall 

bead concentration is altered. For the case of 2D DLCA aggregation, the fractal dimension 

was found to increase linearly with bead concentration.54 This is because at higher bead 

concentrations, the clusters must become more compact simply to accommodate the 

greater number of particles. We varied the bead concentration of our system to examine 

the effect on the fractal dimension on the dipole-induced aggregates. Fractal dimension 
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data for overall surface coverages ranging from 7.3% to 18.3% are shown in Fig. 3.16. As this 

data shows, there is a slight increase in fractal dimension as the bead concentration 

increases, but the parabolic trend is not greatly influenced by the overall bead 

concentration. From this we conclude that the parabolic change in fractal dimension is a 

unique property related to the strengths of the three types of particle-particle interactions 

for a given ferrofluid concentration and system concentration is not a major influencing 

factor, at least within this moderate range. 

 

Figure 3.16 Fractal dimension as a function of normalized ferrofluid susceptibility for 2D 

surface coverages of 7.3% (blue circles), 11.0% (black triangles), 14.6% (red squares), and 

18.3% (green diamonds). A general parabolic trend is seen for all cases, with the largest 

fractal dimensions occurring in the region 0.3<X<0.8. 
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3.4.5 Effect of altering the ratio of diamagnetic to paramagnetic particles 

 In order to better understand the driving force behind the aggregate assembly, we 

performed experiments where the ratio of diamagnetic to paramagnetic particles was not 

equal. Fig. 3.17 shows the results for ratios of 1:1, 1:2, and 1:3 diamagnetic to paramagnetic 

particles at the overall surface coverage of 14.6%. The 1:2 curve shows a similar parabolic 

behavior as the 1:1 curve with two notable differences. First, the peak of the 1:2 curve 

occurs between X=0.75 and X=0.88 instead of X=0.5. Second, the magnitudes of the fractal 

dimensions of the 1:2 curve are generally lower than those of the 1:1 curve. 

If the interaction between unlike particles is the driving factor for the parabolic 

behavior it is reasonable to expect that the peak will shift when one particle is depleted. At 

a ratio of 1:2, it is more likely that a paramagnetic particle will encounter another 

paramagnetic particle than a diamagnetic particle—leading to more linear chains and 

aggregates with lower fractal dimensions. At high enough ferrofluid concentrations, the 

interaction strength of the paramagnetic particles has been reduced to the point where 

their relative concentration is not as important. At this point, we see the peak in fractal 

dimension. Taken even further, to a ratio of 1:3 diamagnetic to paramagnetic particles, 

there is no peak at all. There are simply not enough diamagnetic particles in the system to 

allow the diamagnetic-diamagnetic interaction to become dominant and cause the decrease 

of fractal dimension at high ferrofluid concentrations. We also observe that at a ratio of 1:3 

the fractal dimensions are even lower than either the 1:1 or 1:2 cases. 
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Figure 3.17 Fractal dimension as a function of normalized ferrofluid susceptibility for 

different particle ratios: 1:1 (red squares), 1:2 (blue circles), and 1:3 (black diamonds) 

diamagnetic:paramagnetic. For all cases the overall surface coverage was 14.6%. The 

parabolic behavior of the 1:1 ratio curve is seen in the 1:2 curve, albeit with a peak shifted 

to X=0.88 rather than 0.5, but is not seen in the 1:3 curve. 

 

 On the other hand, when the ratio is increased to 2:1 diamagnetic to paramagnetic, 

the behavior does not follow the parabolic trends of earlier experiments, as seen in Fig. 

3.18. At low ferrofluid concentrations, the fractal dimensions are higher than expected and 

unpredictable. This is due to the relatively low interaction strength of the diamagnetic 
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particles at these conditions. As mentioned previously, there is a lower energetic penalty to 

pay when the particles do not aggregate at either 0˚ or 90˚ in relation to other particles. 

Therefore, we see highly disorganized and close-packed structures rather than the square-

lattice structures observed in other experiments. At higher ferrofluid concentrations (above 

X=0.5) it seems as if there may be a recovery of the expected parabolic behavior, but it is 

not obvious. 

 

Figure 3.18 Fractal dimension as a function of normalized ferrofluid susceptibility for the 

ratios 1:1 (red squares) and 2:1 (green stars) diamagnetic:paramagnetic. In both cases the 

surface coverage was 14.6%. The parabolic nature of the fractal dimensions of the 1:1 

curve is not evident in the 2:1 curve. 
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3.4.6 Comparison to fractal aggregates of systems using short-range attractions  

The utility of this system is readily apparent upon examination of the vast array of 

fractal structures exhibited over the range of experimental conditions considered. We are 

able to achieve fractal dimensions from 1.09±0.02 to 1.54±0.03, a range much larger than 

that between the two extremes of aggregation via short-range forces noted previously. The 

difference between DLCA (Df=1.45) and RLCA (Df=1.55) is roughly 20% of the range shown 

by the ferrofluid system with a mixture of paramagnetic and diamagnetic particles. Our 

system compares favorably with the range demonstrated by Helgesen, et. al5 using 

ferromagnetic colloids. They observed fractal dimensions from 1.16±0.05 to 1.52±0.05 in 

the limits of strong and weak dipolar interactions, respectively. However, unlike with 

clusters of ferromagnetic particles, our system has the added benefit of being reversible. 

The aggregates can be disassembled simply by removing the external field. 

 

3.4.7 Fractal dimension at low ferrofluid susceptibilities 
 

 To achieve the extremely low ferrofluid susceptibilities used in this section, we use a 

slightly different ferrofluid with a saturation magnetization that is three orders of 

magnitude lower than the samples used in the experiments presented above. This allows us 

to lower the susceptibility, while still using similar nanoparticle volume fractions as above to 

preserve the assumption that the ferrofluid acts as a continuous medium with regard to the 

microparticles. The normalized ferrofluid susceptibilities used in this section range from 

X=0.002-0.014, two to three orders of magnitude lower than those presented above. 

Examples of aggregates formed in this range of concentration are shown in Figure 3.19. 
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Their fractal dimensions, as calculated using the boxcounting method, can be seen in Figure 

3.20. The structures are seen to go from linear structures at X=0.002 to more branched 

structures at X=0.006, following the same general trend as the structures from previous 

sections. However, when the ferrofluid susceptibility is further increased to X=0.008, the 

fractal dimension drops off and the structures become linear once again. Above this point, 

the process starts again as the fractal dimension increases. 

 

Figure 3.19 Fractal aggregates at low ferrofluid susceptibilities between X=0.002-0.014. 

Particles are 3μm in diameter. 
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Figure 3.20 Fractal dimension as a function of susceptibility for aggregates at low 

ferrofluid susceptibilities, calculated using the boxcounting method. 

 

The reason for this change in the aggregation process may lie in the changing of the 

interaction between the paramagnetic and diamagnetic particles from the diffusive motion 

regime to the ballistic regime (which occurs when λ is between 400-1000). When X is below 

0.006, the particles primary motion is through Brownian diffusion. As the ferrofluid 

concentration crosses the threshold, the motion switches to become dominated primarily 

by field-driven ballistic motion. As Cernak et. al48 showed, this switch to ballistic motion is 

accompanied by a drop in the power law scaling exponent. This would explain why the 

structures revert back to being more one-dimensional, as the growth exponent in the 
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perpendicular direction has decreased significantly. These results provide an interesting 

addition to the main results of the earlier sections. 

 

3.5 Conclusions 

 This chapter demonstrates a system of paramagnetic and diamagnetic particles 

assembled in a ferrofluid using an external magnetic field. The nature of the dipolar 

interactions between the two types of particles leads to the formation of fractal aggregates 

that grow in two dimensions. These structures are unique in that it has been difficult in the 

past to introduce branching into colloidal systems with dipole moments that depend on an 

external field.  By simply changing the ferrofluid concentration, we are able to produce 

aggregates with fractal dimensions ranging from 1.09±02 to 1.54±0.03. Their fractal 

dimension changes predictably based on the relative strengths of the three different dipolar 

interactions. We can further extend the types of structures formed by changing the ratio of 

diamagnetic to paramagnetic particles. Using ratios of 1:2 and 1:3 diamagnetic to 

paramagnetic we achieve fractal dimensions down to 0.94±0.03, however for a ratio of 1:3 

parabolic fractal dimension behavior was no longer observed and was replaced by a linear 

trend. A ratio of 2:1 diamagnetic to paramagnetic yielded aggregates that at low ferrofluid 

concentrations were largely disordered and did not demonstrate the four-fold valency seen 

in other experiments.   
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3.6 Outlook and future work 

The ease with which we can tune the properties of this system offers a unique 

opportunity to study the formation of gels and networks via dipolar interactions. For 

example, one can envision investigating the percolation behavior of dipolar systems of 

varying fractal dimensions. Since the growth in the two dimensions are controlled by 

different interactions, the percolation probabilities should be independently tunable. This 

was mentioned earlier for simulations done on particles with metallic patches.42 In that 

work, the authors found that the percolation probability in the direction with the fastest 

growth rate was always higher that the probability in the slow direction. Figure 3.21 shows 

the results of experiments done at much higher bead concentrations than those presented 

above, both at X=0.13 and X=0.45. These images were taken after one hour after the field 

was applied to a solution of an equal ratio of paramagnetic and diamagnetic beads. 

 

Figure 3.21 Network structures formed at high bead concentrations. Top: For X=0.13, the 

direction of the field defines the mostly chain-like structures. Bottom: For X=0.45, this is 

no longer the case as the aggregates become more crystalline. 
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We can see from these images that when the fractal dimension is closer to one, as it 

is at X=0.13, it is very easy to have percolation in the direction of the field, but less so in the 

perpendicular direction. This is because of the dominance of the paramagnetic-

paramagnetic interaction at these conditions. The higher ferrofluid susceptibility, X=0.45, is 

the point at which the fractal dimension of the structures is at its highest which is evident in 

the more crystalline aggregates. From this, we can also see that now the percolation 

probability will be much closer in either direction and the properties of the solution will be 

less dependent on the direction of the field. 

It would also be interesting to see the effect of changing the field strength on both 

the kinetics of the system as well as the final quasi-equilibrium structures. By increasing or 

decreasing the field, the time required for percolation can be altered. As discussed earlier, 

changing the field strength will not change the relative strengths of the interactions for any 

given ferrofluid concentration—only their absolute value. Above we used the assumption 

that the relative strength of the dipoles was the major driving force for the types of 

structures that were created. In that case, one would not expect the field strength to have a 

major effect on the fractal dimension. However, this may not be the case once the field 

strength is lowered to the point that the dipole interactions are closer to thermal energy. 

The fractal aggregates in this study are formed in a dynamically arrested state, akin to 

diffusion-limited cluster aggregation. The interactions are all on the order of 1,000 to 

100,000 times greater than thermal energy. If, on the other hand, the interactions are on 

the order of 1-100kT then the aggregation process is more akin to reaction-limited cluster 

aggregation which would allow for rearrangement and should produce aggregates with 
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higher fractal dimensions approaching the theoretical maximum of a 2D square lattice 

crystal. Another way to approach this would be to introduce a pulsed magnetic field to act 

as an annealing agent. This was used with an aqueous suspension of paramagnetic 

microparticles to cause the columnar chains to rearrange into elliptical disc-like structures 

with conical spikes in the direction of the field.55 

Additionally, this system may be useful as a novel type of magnetorheological fluid. 

The branching seen in these aggregates may offer an advantage over fluids utilizing simple 

paramagnetic chaining by offering greater stabilization of the fluid against shear. Traditional 

magnetorheological fluids generally exhibit directionally dependent properties when 

subject to shear. This effect may be more easily controlled by our two-dimensional 

aggregates, allowing us to control the stress properties in more than one direction. Indeed, 

our system was studied computationally by Liu et al.56 in this context. For a 3D system of 

paramagnetic and diamagnetic particles, they found a significant stress enhancement in the 

transverse direction to the field as the ratio of particles was altered, with a maximum 

occurring at a 1:1 ratio. This is commensurate with our result showing the largest fractal 

dimensions for an equal ratio of particles. In summary, this binary system of particles in 

ferrofluid offers many promising avenues for investigating novel dipolar aggregate 

structures and their applications. 
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4. Assembling DNA-coated 
paramagnetic colloids to generate rigid, 
semiflexible, and flexible chains   
 

4.1  Introduction 

 Colloids have been used as promising atomic analogue systems to investigate 

multiple phenomena, such as crystallization and melting transitions.1-3 As synthesis 

techniques have increased in sophistication, colloids have also been used as mimics for 

more complicated molecular systems.4-6 Recently, the development of colloidal polymers 

(long chains of linked nano or micron-sized particles that are analogous to linear polymer 

molecules) has generated interest.7-10 Colloidal polymer systems have many advantages 

similar to those that make colloids appealing for atomistic studies, including that they are 

small enough to be influenced by Brownian forces yet large enough to enable ‘single 

molecule’ studies using ordinary light microscopy. Various methods have been used to 

assemble colloidal polymer chains, including methods that produce anisotropic binding site 

patches11-14 and the use of anisotropic dipolar interactions in a directed assembly of colloids 

using either magnetic15-19 or electric fields.20-22 These structures can be considered a 
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concrete representation of the theoretical ‘bead-spring’ system introduced by Rouse and 

Zimm in the 1950s to describe linear polymer chains.23-24 

 In addition to the forces used to assemble the particles, the linking moieties (the 

‘chemical bonds’ between the monomers) also contribute to the stability of the structures 

after the external field has been removed. Without permanent linkages, the particles would 

revert back to a randomly arranged solution, as shown in the schematic of Figure 4.1. These 

linkers can also be used to control the overall flexibility of the colloidal chains, a 

characteristic that can greatly affect the physical properties of the assembled structure. In 

this work, we demonstrate a robust and easily tunable method for creating colloidal particle 

chains using commercially available micron-sized paramagnetic colloids linked by double-

stranded DNA. The DNA linkers can be easily synthesized and their sizes precisely controlled 

using standard molecular biology techniques.  

 

Figure 4.1 Schematic depicting the linking process for 

paramagnetic colloids. Initially a randomly diffusing 

solution, when an external field is applied the 

particles align in a linear chain. At this point, if the 

field is removed the particles will disperse. However, 

if a linker molecule is introduced to the system it will 

act as a bridge between beads, securing the chain-

like aggregate even as the field is removed. 
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The mechanisms by which the properties of the linker molecules affect the 

properties of the colloidal chains are also a focus of this work. Keeping with the bead-spring 

analogy, two possible methods for adjusting the persistence length were investigated. First, 

by altering the length of the DNA, the spring constant of the linker could be tuned. Second, 

by changing the field strength used to link the particles, the interparticle spacing could be 

adjusted to either increase or decrease the area available for the linkers to form bridges,25 

thus varying the number of springs between the beads. Both of these variables are of vital 

importance to the assembly of the particle chains. As the linker increases in length, the 

chains increase in flexibility. For the longest DNA used, however, the field induces exclusion 

of the linker between the beads, creating chains with increased stiffness. At low field 

strengths the chains linked with short DNA linkers become unstable, as the field strength 

was insufficient to bring the particles close enough to allow the DNA to bridge the gap. 

Our model bead-spring system consists of micron-sized paramagnetic colloids 

connected with DNA linker lengths ranging from 564 base pairs (bp) to 8000bp under 

magnetic field strengths ranging from 19G to 275G. In this range, colloidal polymers were 

produced with persistence lengths spanning over three orders of magnitude—from 83mm 

to 19μm. With the typical chain contour lengths ranging from tens to hundreds of microns, 

chains were designed and constructed with properties that fall into all three flexibility 

regimes: rigid, semi-flexible, and flexible. 26 
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4.2 Background and theory 

4.2.1 Chain flexibility 
 

Linear polymer chains can be classified into one of three flexibility regimes: rigid, 

semiflexible, and flexible. Which regime a chain is in depends on the ratio between its 

contour length (LC) and its persistence length (LP). The contour length is simply the total 

length of the chain backbone. The persistence length, however, is more complex and highly 

dependent on the molecular structure of the chain. It is a measure of the chains flexibility 

and provides the length over which bending takes place along the chain. Put another way, it 

is the length scale on which the correlation of movement along the chains persists. Stiff 

chains have high persistence lengths, because the movement of one segment is correlated 

to segments much farther along the chain that for more flexible chains. The correlation is 

strong because stiff chains have higher bending energy and the penalty for bending on small 

length scales is too great.   

For rigid chains the persistence length is much smaller than contour length, meaning 

that there will be almost no appreciable bending. The chain is essentially rod-like. 

Semiflexible chains have persistence lengths of similar magnitude to their contour lengths. 

Thus, some bending is possible on length scales close to the size of the chain. Finally, 

flexible chains occur when LP << LC. Large amounts of bending occurs and these chains may 

also fold into coil-like structures. These chains approach those of the freely-jointed chain 

model where bending effects are presumed to be unimportant. This is opposed to 

semiflexible chains, which have been shown to be well described by the worm-like chain 
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(WLC) model with finite flexibilities. The important points made in the last two paragraphs 

are summarized in the schematic in Fig. 4.2. 

 

 

Figure 4.2 Schematic depicting chains in the three flexibility regimes. a) Rigid rod regime. 

For a rod with infinite stiffness, the bending correlation between the chain ends goes to 

one (perfect correlation). b) Semiflexible regime. Correlation length is related to the 

persistence length of the chain. c) Flexible regime. In the limit of a perfectly flexible chain, 

the correlation between the chain ends goes to zero. 

 

 The chains used in this thesis are hierarchical, in that the colloidal chains whose 

flexibility we wish to characterize are linked by DNA molecules which themselves are 

considered linear polymer chains. It is this interrelationship that we wish to investigate. 

Double-stranded DNA has an accepted persistence length of approximately 50nm.27 At low 
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forces, this molecule can be well described by the freely-jointed chain model and behaves 

as a Hookean spring with a linear force vs. extension curve given by:27 

 

𝐹(𝑥) = −
3𝑘𝑇

2𝐿𝑃

𝑥

𝐿𝐶
 

(4.1) 

and thus a spring constant of: 

𝑘𝐷𝑁𝐴 =
3𝑘𝑇

2𝐿𝑃𝐿𝐶
 

(4.2) 

 At intermediate forces, when the extension is higher than the predicted non-

stretched contour length, the freely-jointed chain model fails. The enthalpic contributions 

from the alteration of the chemical structure must be considered at this point. This is 

described by considering the stretch modulus, S, of the DNA in this linear elastic regime. The 

stretch modulus can be related to LP via the following expression:27 

𝑆 =
4𝑘𝑇𝐿𝑃

𝑟2
 

(4.3) 

where r is the radius of the DNA. Nevertheless, we do not observe DNA extensions of this 

length, so we believe the DNA to still be in the Hookean regime in our experiments. 
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4.2.2 Linking Colloids with DNA 
 

DNA is a popular choice for linking colloids together for many reasons. As outlined 

above its physical properties have been thoroughly investigated. Using microbiology 

techniques, highly uniform samples of DNA of the desired size can quickly and easily be 

fabricated or purchased. Similarly, it is straightforward enough to functionalize the DNA 

with many different types of molecules like antibodies or ligands for various proteins. These 

act as the recognition sites to bind the DNA to the particles. Additionally, the specificity of 

DNA allows many different interactions to be programmed into a particle simultaneously. 

DNA itself has become a robust toolbox for creating intricate molecular structures, as 

evidenced by the pioneering work of Nadrian Seeman’s group 28-31 who have created DNA 

lattices and 3D DNA structures.  

Several research groups have created higher-ordered assemblies by linking 

nanoparticles with DNA.32-34 The crystalline spacing and type of ordering can be controlled 

by altering the sequence of the DNA molecules and their binding specificity with other 

particles. Crystals and aggregates of micron sized particles have also been assembled using 

DNA.35-40 It has also been shown that the compressibility of these lattices can be tuned by 

changing the amount of the linker that is double-stranded vs. single-stranded.41 Another 

unique property of DNA is its sequence specific melting temperatures. This means that 

colloids with multiple DNA binding sites can exist in different crystalline arrangement across 

a range of temperatures as certain sequences melt and others with different orientations 

form. Citation. Crystals can also be reprogrammed by introducing new DNA fragments that 
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have higher affinity than the initial strands.39, 42 Putting all of these techniques together, 

researchers have begun to use DNA coated colloids with multiple functionalities and 

temperature release sequences to create self-replicating materials from seed assemblies.43 

 

4.2.2 Previous linear colloidal polymer systems 
 

The idea that chains of colloidal particles might exhibit similar behavior to, and could 

be used to mimic, linear polymers has been explored by a number of researchers. The 

assembly mechanism is predominately either magnetic or electric field directed assembly, 

although another avenue is to synthesize particles with one flattened side or a 

depression.14, 44 This creates a depletion attraction that is anisotropic and forces the colloids 

to align in the head-to-tail fashion seen in dipolar attractions. These systems use the 

depletion attraction as the ‘linker’ between beads, which means it is somewhat difficult to 

tune the properties of the chain without synthesizing various batches of particles.  

For the case of dipole-induced chains, many types of molecules have been used as 

linkers for colloidal polymers, including small bifunctional molecules17, 45-46, polymers 

adsorbed to the surface of the particle that then become entangled when the particles are 

brought together,47-48 and short single-stranded DNA linker molecules.25, 49 Micron-sized 

colloids linked with small molecules, such as glutaraldehyde17, 45 and low molecular weight 

poly(ethylene glycol),46 produce chains that are very stiff, where the persistence lengths (8-

800 mm) exceed the contour lengths (on the order of 100μm). These linking chemistries 

only produce chains in the rigid-rod regime and thus are severely limited with respect to the 
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ability to create flexible polymer analogs. Using short DNA linkers (between 30 and 150 

base pairs), the persistence lengths of colloidal chains were shown previously in our group 

to range from 50mm to 1mm (typical contour lengths again~100μm).49 Short ssDNA linkers 

produce rigid chains and chains that begin to approach the semiflexible regime, but no 

flexible chains. Additionally, while the overall linker length varied between 30 and 150bp, 

the total bound portion remained fixed at 30bp. This meant that the chains were very 

brittle and were not able to robustly withstand either shear or torque, suggesting that the 

applications of these chains may be limited.  

In a recent study using an electric field, Vutukuri et al.48 produced rigid chains with 

persistence lengths of 40mm using unmodified particles and flexible chains with persistence 

lengths of 14μm using particles grafted with polyvinylpyrrolidone. The mechanics of their 

system differs slightly from the approach investigated in this study; in this work, linkers are 

used to bridge the particles via specific binding-site interactions rather than the polymer 

entanglement process used in Vutukri et al. The behavior of the chains in the intermediate 

semiflexible regime and the transition mechanisms between the regimes are also 

investigated in this work. 

 

4.2.3 Assembly process and intermolecular interactions 
 

A schematic characterizing the behavior of the DNA linkers and the 

streptavidin/biotin binding of our system is shown in Figure 4.3. The DNA linkers have 

reactive end-groups that bind to groups on the surfaces of the particles, either forming a 

bridge to another particle or looping back to form another attachment on the same particle. 



86 
 

 

There are two distinct states to consider in our system: the field on and field off states. 

During the linking process, while the field is on, the magnetic attractive interaction is the 

dominant factor driving assembly. In the presence of an external field, paramagnetic 

colloids interact via their dipole moments to form particle chains. The strength of the dipole 

moment is given by 

 

�⃗⃗⃗� =  
4

3
𝜋𝑎3𝜒�⃗⃗⃗�  

(4.4) 

 

where a is the particle radius, χ is the magnetic susceptibility of the particle, and H is the 

external field. The interaction energy between two particles, i and j, with dipole moments 

mi and mj, respectively, is 

 

𝑈𝑖,𝑗(𝑟, 𝛼) =
𝑚𝑖𝑚𝑗

4𝜋𝜇0𝑟3
(1 − 3𝑐𝑜𝑠2𝛼) 

(4.5) 

 

where μ0 is the permeability of free space, r is the magnitude of the vector connecting the 

two particles’ centers, and α is the angle between this vector and the direction of the 

external field. This equation shows that it is energetically favorable for dipolar particles to 

align with their dipoles in a head-to-tail fashion in the direction of the field. The magnetic 

field therefore serves as a means to direct the assembly of the particles into chains rather 
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than disordered clusters, as the timescale for directed magnetic assembly is on the order of 

seconds—much faster than the hours or days needed for particles to assemble via random 

collisions.  

 

 

 

Figure 4.3 Schematic representation of linker behavior. The biotinylated DNA linkers can 

bind to the streptavidin-coated particles in either a bridge or loop configuration. a) Top: 

Behavior at surface-to-surface distances, d, larger than the size of the linker molecule, 

𝑵𝟏/𝟐𝓵. Bottom: A chain linked with 8000bp in the 𝒅/𝑵𝟏/𝟐𝓵 >  𝟏 regime. b) Top: Behavior 

for surface-to-surface distances smaller than the size of the linker. At this point, the DNA 

linker molecules are entropically excluded from between the particles. Bottom: A chain 

linked with 8000bp DNA in the 𝒅/𝑵𝟏/𝟐𝓵 <  𝟏 regime. Scale bars: 5μm. 
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The strength of the magnetic field can be used to control the interparticle spacing 

along the chain, as the dipolar attraction balances the steric and electrostatic repulsion of 

the DNA in the gap.25 The distance between the particles determines the total surface area 

on a given particle that is accessible by DNA on a neighboring particle to form bridges. The 

ability to control the total number of bridges between the particles along the chain can be 

used to tune the flexibility of the chain.  

After the chains have been linked and the field is removed, the intermolecular 

interactions caused by the linker molecules dominate. Our DNA linkers induce an attractive 

bridging interaction between the particles. It has been shown that for bridging with ideal 

chains, the energy minimum occurs at separations equal to the size of the chains and the 

attractive bridging force varies linearly with the particle separation.50  With DNA chains, 

there are additional electrostatic and steric repulsions between the particles29. When the 

dipolar interactions are removed, these repulsive forces balance the attractive bridging 

interactions. Van der Waals interactions are not significant, since the particle surfaces do 

not come in close contact due to repulsive interactions. The last important factor is the 

configurational entropy of the linkers. For small enough interparticle spacing, it becomes 

entropically favorable for the linkers to be depleted from the gap 

 

4.2.4 Relevant polymer scaling arguments and their implications 
 

In our system, there are two relevant size ratios. The first is the ratio between the 

size of the gap between the particles and the polymer size: 𝑑/𝑁1/2ℓ, where d is the surface-

to-surface distance between particles, ℓ is the polymer segment length (twice the 
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persistence length, or approximately 100nm for double-stranded DNA), and N is the 

number of segments (found by dividing the contour length by the segment length). The 

second is the ratio between the particle and the polymer sizes: 𝑎/𝑁1/2ℓ, where a is the 

particle radius.  

Bhatia and Russel51 theoretically modeled a system of particles linked by associative 

polymers that were able to form either bridges or loops. They observed that the interaction 

potential between particles becomes attractive when 𝑑/𝑁1/2ℓ <  1, with the position of 

the attractive minimum occurring at a point at which the particles are almost touching. As 

shown in Figure 1b, when the spacing between the particles is small the linkers have greater 

configurational entropy available outside the gap and the DNA linkers become entropically 

excluded. Additionally, this model predicts that the potential well depth increases with 

decreasing 𝑎/𝑁1/2ℓ (as the linker molecules become larger). When 𝑎/𝑁1/2ℓ = 1 the well 

depth is approximately equal to kT. Therefore, thermal motion is not able to overcome the 

depletion. 

The values of the linker sizes and the particle/linker size ratios used in our 

experiments are shown in Table 4.1. For most cases, the ratio 𝑎/𝑁1/2ℓ is greater than one 

and the well depth of the interaction potential is less than kT. This is not the case for linkers 

of 8000bp, where 𝑎/𝑁1/2ℓ = 1 and the entropic exclusion of the linkers begins to affect the 

overall properties of the colloidal particle chains, as will be discussed further in the results. 
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Table 4.1 Relevant length scales and sizes ratios for different DNA linker lengths (in base 

pairs) used in this study. N1/2ℓ represents the size of the linker molecule. 𝒂/𝑵𝟏/𝟐𝓵 is the 

ratio between the size of the particle (radius 535nm) and the linker. 

 

4.3  Experimental Methods 

4.3.1 Synthesis of DNA fragments 
 

 DNA fragments (sizes: 564bp, 1250bp, 2000bp, 4000bp, and 8000bp) were created 

using standard polymerase chain reaction (PCR) techniques from the original λ-DNA 

template (New England Biolabs, Ipswich, MA). The DNA polymerase VentR (New England 

Biolabs) was used to create fragments from 564bp to 4000bp. To synthesize the 8000-bp 

fragment, the Phusion polymerase (New England Biolabs) was used, as this polymerase 

displayed a fourfold increase in the extension rate and the ability to handle large amplicon 

sizes. In both cases, the manufacturer’s suggested PCR protocols were followed. The 

primers (Integrated DNA Technologies, Coralville, IA) used in all experiments were 

biotinylated on the 5’ ends to allow the final DNA product to bind to the streptavidin 

coating on the particles. This idea is illustrated in Fig. 4.4. The Streptavidin/biotin bond is 

one of the strongest non-covalent bonds known in nature, with a dissociation constant on 

DNA Length (bp) N
1/2

ℓ (nm) a/N
1/2

ℓ

564 138 3.9

1250 206 2.6

2000 261 2.1

4000 369 1.5

8000 522 1.0
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the order of 10-14M.52 Thus, we expect the linking to be irreversible once a 

Streptavidin/biotin bond occurs.  

 

Figure 4.4 Linking chemistry used to make chains. Beads are purchased with a layer of 

streptavidin on the surface. Streptavidin binds with high affinity to the vitamin biotin, 

which is attached to the DNA on both 5’ ends during PCR. 

 

The same reverse primer (5’-Biotin-TTC CTG ACG GAA TGT TAA TTC TCG -3’) was 

used for all fragments. The forward primers were then tuned to yield the desired length, 

with the following sequences: 564bp, 5’-Biotin-TTA GAG CGA TTT ATC TTC TGA A-3’; 

1250bp, 5’-Biotin-ACG TAA GGA ATT ATT ACT ATG TAA ACA CCA GGC -3’; 2000bp, 5’-Biotin-

ACT TAC GGC CAA TGC TTC GTT TCG-3’; 4000bp, 5’-Biotin-GCA TGG TGT GCT CCT TAT TTA 

TAC-3’; and 8000bp, 5’-Biotin-CTC GCA CAT TGC AGA ATG GG-3’. After the sizes were 

verified using gel electrophoresis, each sample was purified using a PCR DNA fragment 

extraction kit (IBI Scientific, Peosta, IA) to remove the PCR reagents from the solution. 
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4.3.2 Linking experiments and image capture 
 

 Linking was performed in a chamber constructed with double-sided tape 

sandwiched between two glass coverslips and sealed using epoxy glue, generating a 

chamber volume of approximately 35-40µL. Immediately prior to use, the coverslips were 

cleaned using oxygen plasma and soaked in a concentrated potassium hydroxide bath for 30 

minutes. The KOH bath was used to distribute a negative charge on the surface of the glass, 

preventing the particles from sticking to the surface of the chamber. The particles used in 

the experiments were Dynabeads MyOne Streptavidin C1 beads (Life Technologies, 

Carlsbad, CA),with a diameter of 1.07µm and a hydrophilic surface coated with the protein 

streptavidin. The particles contained 26% iron content (ferrites) dispersed throughout a 

cross-linked polystyrene matrix, as specified by the manufacturer. The density of the 

particles (1.8 g/cm3) was much greater than that of the solution, facilitating the almost 

immediate settling of the beads on the surface of the chamber and ensuring that the chains 

existed in a quasi-2D environment. Prior to use, the particles were rinsed thoroughly with DI 

water to eliminate the preservatives present in the stock solution. Each experimental 

solution consisted of 0.01wt% of Dynabeads and 5nM of the biotinylated DNA fragment in a 

10mM phosphate buffer (pH ~7.4). 

 The sealed chambers were placed on a hot plate at 50˚C. A magnetic field was 

applied for 1.5 hours to allow the paramagnetic particles to assemble into chains and the 

DNA fragments to form bridges between the particles. The field was created using two 

ferrite bar magnets with dimensions of 2in. x 1in. x 0.5in. (McMaster Carr, Atlanta, GA). The 

field strengths were varied between 19G and 275G, as measured via a magnetometer 
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(AlphaLabs, Inc., Salt Lake City, UT), by changing the magnet spacing. Experiments were 

performed to determine the linking time needed to ensure that the properties of the 

resulting colloidal chains were independent of time and suggested that at times exceeding 

1.5 hours, the persistence length of the chains was stable, with homogeneity along the 

length of the chain.  

The linking process was performed at an elevated temperature to enhance diffusion 

of the sticky DNA ends to the surface of the beads. We believe that the DNA coats the beads 

before the field is applied. To test this, we performed experiments varying the time 

between when the DNA was added to the bead solution and when the field was applied. 

There was no observable difference if chains were linked one minute after mixing or thirty 

minutes after mixing. The DNA concentration was chosen to be 5nM, as this concentration 

ensured that the persistence length was uniform along the length of the chain. Below this 

concentration, the chains were heterogeneous, with some joints between the beads 

exhibiting increased flexibility. 

 After the linking process, the sample was transferred from the hot plate to the 

microscope stage. The chains were imaged using an Olympus IX71 inverted microscope 

(Olympus, Tokyo) with an attached ORCA-HR digital camera (Hamamatsu Corp., Hamamatsu 

City, Japan) using a 100X oil immersion objective with a numerical aperture of 1.40 

(Olympus, Tokyo). For each video, a single chain was located that was sufficiently isolated 

from its neighbors to avoid hydrodynamic coupling effects. Images were captured every 0.5 

seconds with an exposure time of 5 milliseconds for a duration of 75-80 minutes, generating 



94 
 

 

a total of approximately 9,000-10,000 frames. Each experiment was performed at least 

twice and during each experiment, roughly 3-6 chains were recorded.  

 We also performed experiments to verify that the chains were forming as a result of 

the DNA bridging between particles and not simply becoming entangled with DNA on the 

surface of the other particles. To do this we synthesized DNA fragments of sizes 2000bp and 

4000bp in a similar fashion as described above, but with only one biotinylated primer. The 

other primer was left without a functional group. This way, the DNA can still bind to one 

particle surface and form a DNA cloud, but it will be impossible to form bridges. These 

experiments were in every way identical to those described above, with the exception of 

using DNA with one biotin. In both the 2000bp and 4000bp cases, we saw no linking when 

only one biotinylated primer was present. Once the field was removed, the chains 

disassembled. Thus, the DNA bridging is what drives chains formation, not polymer 

entanglement. 

 

4.3.3 Image processing and Fourier mode analysis 
 

 For the case of Brownian filaments, the process of determining the persistence 

length of the chain is simple. Rather than an intricate experimental set-up involving optical 

tweezers, it is possible to use the curvature changes along the filament backbone due to 

thermal fluctuations to indicate its flexibility. This procedure has previously been outlined in 

detail in the literature and is applicable not just to colloidal chains but also to biological 

filaments such as microtubules and actin and also to carbon nanotubes.49, 53-55 The core 

requirement for use of this method with colloidal chains is a reliable way to track the 
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particle locations as a function of time using experimentally captured images. The centroid 

position of each particle can be determined by fitting the pixel intensity to a Gaussian 

distribution after performing both a boxcar averaging and a Gaussian convolution on the 

images to remove noise.56 Figure 4.5 shows an example of the image processing on one 

frame of chain fluctuations and a cartoon of the variables calculated from the image data. 

 

 

Figure 4.5 The images on the left show a raw image from an experimental video (scale bar 

5μm) and below it the result after image processing shown in a heat map where the 

brighter pixels are red. On the right is a schematic showing the notation used for the 

particle centroid positions and angles. 

 

Knowing the centroid positions (xi,yi) for each particle, the bending angles can be 

determined at each point along the chain, θ(s), in each video frame. This curvature can then 

be decomposed into a series of cosine modes, as shown in Eq. 4.6: 
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∑ 𝑎𝑛𝑐𝑜𝑠 (

𝑛𝜋𝑠

𝐿𝐶
)

∞

𝑛=0

 

(4.6) 

where LC is the length of the chain, n is the mode number, an is the amplitude of mode n, 

and s is the arclength along the chain. This idea of modes is analogous to that of string 

harmonics. The choice of cosine modes in this Fourier series rather than sine or mixed sine 

and cosine modes in this case is not a necessity. Either of the three is acceptable The 

Fourier modes are not the true normal modes of the system, but have been shown to be 

sufficiently accurate not just for static but also dynamic measurements.54 

Information on the flexibility of the chain is contained in the variance of the mode 

amplitudes. For rigid chains, the amplitude variance is small as little bending occurs while 

flexible chains have larger variance in the mode amplitudes. This factor can be found from 

the bending energy of the chain and the equipartition theorem. The bending energy is 

represented by the following equation: 

𝑈𝐵𝑒𝑛𝑑 =
𝐿𝑝𝑘𝐵𝑇

2
∫(

𝑑휃

𝑑𝑠
−

𝑑휃0

𝑑𝑠
)
2

𝑑𝑠

𝐿

0

 

(4.7) 

By differentiating Eq. 4. with respect to s and substituting into Eq. 4.7, an approximation can 

be obtained, as represented by the following equation: 
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2
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𝐿
)
2

(𝑎𝑛 − 𝑎𝑛
0)2

∞

𝑛=1

 

(4.8) 

 

In this equation, an
0 is the amplitude of the nth mode in the absence of thermal forces (zero 

for an intrinsically straight rod). The equipartition theorem suggests that at equilibrium, 

each of the terms in the energy equation contributes kBT/2 to the total energy, relating the 

variance of the cosine mode amplitudes to the persistence length via the following relation: 

 

𝑣𝑎𝑟(𝑎𝑛) = 〈(𝑎𝑛 − 𝑎𝑛
0)2〉 =

1

𝐿𝑝
(

𝐿

𝑛𝜋
)
2

 

(4.9) 

 

The variance of each mode has no dependence on the behavior of other modes; therefore, 

the behavior of each mode can provide an independent estimation of the persistence 

length of the chain. The average persistence length is calculated over multiple modes. 

 This method has many advantages, including being both simple and non-invasive; 

however, as with any system that relies on digital imaging, noise must be accounted for. 

Uncertainty in determining the particle positions can lead to increased variance estimates 

and artificially low persistence lengths. This effect is more pronounced for high mode 
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numbers, with smaller relevant length scales, where the signal to noise ratio is low. The 

noise floor can be found using the following expression:53-54 

 

𝑣𝑎𝑟(𝑎𝑛)
𝑛𝑜𝑖𝑠𝑒 =

4

𝐿
〈휀𝑥𝑦

2 〉 [1 + (𝑁 − 1)𝑠𝑖𝑛2 (
𝑛𝜋

2𝑁
)] 

(4.10) 

where 〈휀𝑥𝑦
2 〉 is the standard error of the centroid position. 

 To verify that the colloidal chains exhibit the behavior predicted above, the variance 

and noise floor for each chain can be plotted as a function of the mode number. On a log-

log plot, the variance would be expected to be linear with respect to the mode number, 

exhibiting a slope of minus two (based on Eq. 4.9). This is true for the longer modes, but the 

effect of noise on the shorter modes results in deviations from the expected slopes. To 

calculate the persistence length of a chain only those values not affected by image noise 

were used. Typically, anywhere from 4 to 12 modes were used to calculate the average 

persistence length. Among the chain types studied, rigid chains were more strongly affected 

by noise, as the variances in amplitudes were small even for long modes. Representative 

variance vs. mode plots for chains in the rigid, semi-flexible, and flexible regimes can be 

found in Figure 4.6. 
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Figure 4.6 Representative plots of the variance of the mode amplitude as a function of the 

mode number for four chains across the persistence length spectrum. a) A rigid chain 

linked with 564-bp DNA at 140G, Lp=84mm. b) A semi-flexible chain linked with 1250-bp 

DNA at 100G, Lp=2mm. c) A semi-flexible chain linked with 2000-bp DNA at 19G, 

Lp=230µm. d) A flexible chain linked with 4000-bp DNA at 46G, Lp=89µm. The solid black 

lines represent the noise floor. 

 
 



100 
 

 

To calculate the surface-to-surface distance between beads used to determine the 

two polymer scaling ratios discussed earlier, we subtract the particle diameter from the 

inter-centroid distance. Previously, Li et al.57 demonstrated that by averaging the 

interparticle spacing of all the bead pairs along a chain, sub-nanometer resolution can be 

achieved and we use this technique for our analysis. For each DNA linker size and field 

strength, 6-10 chains of greater than 30 beads each were analyzed. The spacing was 

averaged over all the bead pairs of a chain, and then the results were averaged for all 

chains. Additionally, by averaging over all bead pairs, we minimize potential end effects 

caused by the mutual induced dipoles of the particles, which as shown by Zhang and 

Widom58 can increase the magnetic attractive force by up to 20%. However, it has also been 

shown that the many-body effect becomes negligible once you are sufficiently far away 

from the edge of a cluster or chain.59 Thus, we analyze only chains of greater than 30 beads. 

 

4.3.4 Chain relaxation dynamics 

 It is also possible to use the relaxation dynamics of the individual modes of each 

chain to calculate its persistence length. These calculations can serve as a check and 

confirmation of the method presented above. The Fourier modes offer only an 

approximation of the true normal modes of the chain; however, they have been shown to 

be sufficient enough approximations for calculating the relaxation dynamics.54 The 

relaxation of each mode can be expressed as: 
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2
〈[𝑎𝑛(𝑡 + Δ𝑡) − 𝑎𝑛(𝑡)]

2〉𝑡 = (1 − 𝑒−Δ𝑡 𝜏𝑛⁄ )
𝐿2

𝑛2𝜋2𝐿𝑝
 

(4.11) 

where an is the amplitude of mode n, τn is the relaxation time of the nth mode, L is the chain 

length, and Lp is the persistence length. The relaxation times are expected to scale with 

wavevector as given by the following expression: 

𝜏𝑛 ≈ 
𝛾

𝑘𝑇𝐿𝑝
𝑞−4 

(4.12) 

where q=π(n+1/2)/L is the wavevector, and γ is the drag coefficient.54 

 

4.4  Results and Discussion 

 Using a system consisting of micron-sized colloids linked with DNA, this study 

investigates strings of particles that vary in rigidity over several orders of magnitude. Our 

study characterizes the chain properties as a function of the particle/DNA linker size ratio by 

varying the length of the DNA and the strength of the magnetic field to alter the ratio 

between the surface-to-surface distance and the linker size. Representative images of the 

chains at various points along the flexibility spectrum are shown in Figure 4.7. The lengths 

of the analyzed chains typically ranged from 30-100 particles (30-100µm). The persistence 

lengths for all experimental conditions are plotted in Figure 4.8. The surface-to-surface 

distances between the particles during the linking process under various magnetic fields are 
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shown in Figure 4.9. In the remainder of this section, the effects of the properties of the 

nanoscale DNA linkers on the overall properties of the microscale particle chains are 

reviewed and discussed in three parts: short linkers (564bp), intermediate linkers (1250-

4000bp), and long linkers (8000bp). 

 

 

 

Figure 4.7 Chains in the a) rigid-rod regime (564bp, 140G), b) semi-flexible regime 

(2000bp, 140G), c) flexible regime (4000bp, 19G), and d) a semi-flexible chain that results 

from the depletion of the long 8000bp DNA linkers at higher field strengths (8000bp, 

140G). 
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Figure 4.8 Average persistence lengths as a function of field strength applied during 

assembly for linkers of size 564bp (gold circles), 1250bp (red stars), 2000bp (blue 

diamonds), 4000bp (black squares), and 8000bp (purple triangles). Error bars represent 

the standard deviation of persistence length over all chains measured for each point. 
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Figure 4.9 Surface-to-surface distances between the particles as a function of field 

strength for linkers with the following sizes: 564bp (gold circles); 1250bp (red stars); 

2000bp (blue diamonds); 4000bp (black squares); and 8000bp (purple triangles). Error 

bars represent the standard deviation of interparticle spacing over all chains measured for 

each point. 
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4.4.1 Short DNA Linkers 
 

 Stable chains could not be formed at field strengths below 100G for a linker length 

of 564bp. At low field strengths, the distance between the particle surfaces ranged from 

307±7nm to 218±5nm, 15-60% larger than the contour length of the DNA linker 

(approximately 192nm), suggesting that bridging would be unlikely. The chains that did 

form in these experiments were very short (between 5-20 beads), with many constructs 

breaking apart over the course of the experiment. Above 100G the magnetic field is able to 

bring the particles close enough such that bridges may form, although the surface-to-

surface distances were still very close to the short DNA’s contour length (from 190±10nm to 

176±9nm), as shown in Figure 4.9. These observations indicate that the 564bp DNA acts as a 

rigid bridge between the particles, which leads to the large persistence lengths shown in 

Figure 4.8 for the 564-bp chains. 

 

4.4.2 Intermediate DNA Linkers 
 

 The chains produced using DNA linkers of 1250bp – 4000bp follow a clearer trend. 

With increasing DNA length, the colloidal chains increase in flexibility. With increasing field 

strength, the chains increase in stiffness, with the persistence length saturating at 140G. 

The persistence lengths of these chains ranged from 5±2mm to 40±10µm, falling in the 

rigid-rod, semi-flexible, and flexible regimes. These characteristics can be explained with the 

bead-spring analogy. DNA is often modeled as a finite-extensible nonlinear elastic (FENE) 

spring, with a size-dependent spring constant. Longer DNA lengths resulted in decreased 
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spring constants, reducing the elastic energy penalties that must be paid by chains to bend 

at short length scales. Higher field strengths lowered the spacing between particles during 

linking, creating an increased surface area available to form bridges between particles. 

More linkages can be considered to increase the number of springs in parallel between the 

beads, increasing the effective spring constant and creating stiffer chains. 

In Figure 4.9, the surface-to-surface distances between particles begin to plateau at 

high field strengths which is especially prominent for DNA of size 2000bp and longer. The 

results of Bhatia and Russel,51 as presented in Section 4.2.4, suggest that as the gap spacing 

becomes smaller than the size of the linker molecules, the system will fall into the attractive 

portion of the interaction potential. At this point, the linkers then become entropically 

excluded from the gap between the particles, and increasing the magnetic field strength will 

have little effect on the interparticle spacing. In Figure 4.10, we plot the normalized spacing 

𝑑/𝑁1/2ℓ for chains linked with 2000bp, 4000bp, and 8000bp DNA. This scaling shows that 

the 2000bp chains will deplete around 140G, the 4000bp around 100G and the 8000bp 

chains around 46G. The chains linked with shorter DNA do not enter the depleted region for 

any field strengths used in this study.  
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Figure 4.10 Surface-to-surface distance normalized to linker size vs. field strength for 

chains linked with 2000bp (blue diamonds), 4000bp (black squares), and 8000bp (purple 

triangles). The shaded region represents 𝒅/𝑵𝟏/𝟐𝓵 <  𝟏, the region in which the linkers 

will be depleted. 

 

As shown in Table 4.1 the particle-to-linker size ratios, 𝑎/𝑁1/2ℓ, are less than one 

for DNA lengths below 8000bp, meaning that the depth of the interaction potential is less 

than kBT.51 Consequently, with the removal of the added attraction provided by the 

magnetic field, the chains relax and revert from the excluded linker state denoted in Figure 

4.3b back to the bead-spring state of Figure 4.3a. Even though at higher field strengths the 
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particle spacing has a diminished dependence on the DNA length, the persistence lengths of 

the resulting colloidal particle chains still exhibits significant dependence on the linker size. 

This would not be expected if the linker molecules were still in the depleted state. 

Consequently, for intermediate-length linkers the spring constant of the nanoscale linker 

molecule directly affects the flexibility of the microscale chain, which can be further varied 

by using the magnetic field strength to control the number of bridges between particles. 

 

4.4.3 Long DNA Linkers 
 

 The last region to be considered corresponds to chains produced with 8000bp DNA 

linkers. At low field strengths, increasing the DNA length from 4000bp to 8000bp increases 

the flexibility of the chains, but only slightly. This result is not unexpected, as the chains are 

beginning to approach the theoretical minimum persistence length of 1µm—the size of one 

bead. Bending cannot take place on length scales any smaller than this theoretical minimum 

value, as the bead or ‘monomer’ represents the smallest indivisible unit of the colloidal 

particle chain. 

At field strengths exceeding 46G, the 8000-bp linked chains become more rigid than 

the chains linked with the 4000bp DNA and are seen to re-enter the semi-flexible regime. 

The rate of change of the persistence length was also substantially higher than the rate of 

change for the chains linked with intermediate-length DNA. The stiffening of the chains can 

be explained by again turning to Figure 4.10. As discussed previously, the 8000bp DNA 

linkers will be excluded from the gap at field strengths above 46G. However, unlike for the 

2000bp and 4000bp chains, with 8000bp the ratio 𝑎/𝑁1/2ℓ  is equal to one and the well 
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depth is now approximately equal to kBT. As such, the entropy gained by the increased 

configurational freedom of the linker molecules outside the gap is sufficient to maintain the 

chains in the excluded linker state shown in Figure 4.3b, even after removal of the magnetic 

field. Under these conditions, the linkers cannot relax back into the gap, which further 

restricts the movement of the particles within the chains and contributes to the higher 

persistence lengths shown in Figure 4.8 for the 8000bp chains.  

This depletion phenomenon was also reported by Schmatko et al.37 for the 

aggregation of 3D colloidal clusters linked using the full sequence of λ-DNA (48,500bp). The 

clusters in this system did not grow past a finite size, and the particle spacing was much 

smaller than the size of the linker molecule suggesting that the DNA in this system is 

depleted and forms a cloud around the particles. We also performed preliminary 

experiments using the full λ-DNA, 48,500-bp, sequence and the characteristics of these 

chains (spacing and flexibility) were not significantly different from those of the 8000bp 

DNA chains. For the full λ-DNA molecule, the potential well depth should be approximately 

2kBT51 and the spacing at which the transition to attraction takes place should be 

approximately 1.2µm. For almost any magnetic field strength, the linker is excluded from 

the interparticle gap and stiff chains are formed. Therefore, at linker sizes that exceed the 

critical value where 𝑎/𝑁1/2ℓ = 1, the depletion forces appear to dominate all other 

interactions, reducing our ability to affect the properties of the colloidal chains by tuning 

the linker molecules.  
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4.4.4 Relaxation dynamics 

 As mentioned previously, the persistence length can also be calculated using the 

relaxation of the chain modes. Figure 4.11 presents a representative example of the MSD of 

the mode amplitudes as a function of lag time for a chain. The static experiments described 

above predicted a persistence length of 1.6±0.1mm for this chain. We fit the MSD of each 

mode amplitude to the single-exponential relaxation time expression in Eq. 4.11 with two 

fitting parameters: Lp and τn. From this, the average persistence length was found to be 

1.71±0.09mm, within the bounds of experimental error from the static result. 

Figure 4.11  MSD of mode amplitudes as a function of lag time for a chain of persistence 

length 1.6±0.1mm. Red lines represent the fit to Eq. 4.11. n=2,3,4,5 from top to bottom. 
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  Additionally, Figure 4.12 shows that the data from each mode collapse onto a single 

curve when the scaled variables: MSD(an)/MSD(an)plateau and t/τn are used. Figure 4.13 

shows the relaxation time as a function of wavevector, which follows the expected q-4 

dependence from Eq. 4.12. Taken together, these results validate our static persistence 

length results and indicate that these chains represent a good model system for colloidal 

polymer filaments. 

 

Figure 4.12 The curves for the different mode amplitudes in Figure 4.11 collapse when the 

scaled variables MSD(an)/MSD(an)plateau and t/τn are used. n=2,3,4,5. 
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Figure 4.13  Relaxation time vs. wavevector for the chain in Figures 4.11 and 4.12, 

showing the expected q-4 dependence. 

 

 

4.5  Conclusions 

 DNA fragments of varying sizes were used to link paramagnetic particles into 

colloidal analogues of the bead-spring polymer model. By controlling the length of the DNA 

linkers (the spring constant) and the linking area available on the particles (the number of 

springs), chains were created that exhibited rigid, semi-flexible, and flexible characteristics 

with persistence lengths ranging over three orders of magnitude, from 84mm to 19µm. 

Both the length of the DNA used to link the colloids and the field strength used in the 

assembly process played vital roles in determining the final properties of the chain, 

including both stability and flexibility characteristics.  
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For the shortest DNA (564bp) used in this study, rigid chains were formed with chain 

stability only observed for applied magnetic field strengths exceeding 46G. The surface-to-

surface distances for these chains were similar to the contour length of the DNA, indicating 

that the DNA was behaving as a rod-like linker. For the intermediate DNA lengths from 

1250bp to 4000bp, the chains were stable at all field strengths, exhibiting characteristics 

that encompassed all three flexibility regimes, with persistence lengths ranging from 5mm 

to 40µm. The effects of field strength on the flexibility of the chains were similar for these 

intermediate DNA lengths, reaching a plateau for fields exceeding 140G. This range of linker 

sizes seems to be ideal for creating chains with predictable behavior. At 8000bp, the chains 

produced using fields exceeding 46G exhibited increased rigidity compared to the chains 

linked using 4000bp DNA due to the DNA being excluded from the gap between particles.   

 

4.6 Future work and outlook 

4.6.1 Bead dynamics 
 

 Thus far, we have focused on the equilibrium properties of chains; however, it would 

also be interesting to investigate their dynamic behavior. Specifically, it would be instructive 

to determine if the motion of the chains fits either the Rouse23 or the Zimm24 models. These 

models were developed to describe the dynamics of polymer molecules in solution. The 

major difference between the two is the consideration of the hydrodynamic interactions.60 

The Rouse model is a bead-spring polymer model, which neglects excluded volume effects 

and hydrodynamic interactions and applies most accurately for polymer melts. It considers 



114 
 

 

the friction coefficient of the overall polymer to be the sum of the friction coefficients of the 

individual beads: 

휁𝑅 = 𝑁휁𝑏𝑒𝑎𝑑 

(4.13) 

where ζR is the polymer friction coefficient for the Rouse model, N is the number of 

beads/monomers in the molecule, and ζbead is the friction coefficient of one bead.  

The form of the friction coefficient ultimately affects the expression for the 

relaxation time of the polymer. As discussed earlier, each mode of a chain will have a 

characteristic relaxation time. The relaxation time, τ0, for one monomer (roughly the time 

for a monomer to diffuse a distance on the order of its size) is the same in both the Rouse 

and Zimm models: 

 

𝜏0 ≈ 
휁𝑏𝑒𝑎𝑑𝑏

2

𝑘𝑇
=

휂𝑠𝑏
3

𝑘𝑇
 

(4.14) 

where b is the Kuhn length and ηs is the viscosity of the solution. For the Rouse model, the 

longest relaxation time (that of the first mode) is called the Rouse time: 

𝜏𝑅 ≈ 
𝑅2

𝐷𝑅
=

휂𝑠𝑏
3

𝑘𝑇
𝑁2 

(4.15) 
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where R is the polymer size and DR is the diffusion coefficient of the polymer (DR=kT/ζR). 

 The Zimm model includes the effects of hydrodynamic interactions: the long-range 

interactions between a particle and solvent molecules (or other particles) due to the motion 

of the particle through solution. This model considers the polymer molecule as a solid 

object that moves through the solution, dragging solvent molecules along. Thus, the Zimm 

friction coefficient can be written as: 

휁𝑍 = 휂𝑠𝑅 

(4.16) 

In this case, the longest relaxation time (the Zimm time) is given by: 

𝜏𝑍 ≈ 
𝑅2

𝐷𝑍
=

휂𝑠𝑏
3

𝑘𝑇
𝑁3/2 

(4.17) 

We see that this differs from the Rouse time only in their dependence on the size of the 

polymer. 

 To translate this into a measurable quantity, we can consider the mean-squared 

displacement (MSD) of a bead undergoing Brownian motion as a part of a chain in two 

distinct regions: first for times between the monomer relaxation time and the longest 

relaxation time; and second, times larger than the longest relaxation time. The expected 

dependence of the monomer MSD on the lag times in these three regions for both the 

Rouse and Zimm models are summarized in Table 4.2. 
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Table 4.2 Dependence of MSD on lag time in the Rouse and Zimm models 

 

In both cases, the bead motion is subdiffusive below τR/τZ due to the effect of 

the other beads along the chain. Above the longest relaxation time the displacement 

becomes diffusive, as the bead no longer feels the motion of the other monomers. It is 

important to emphasize the distinction that this is the MSD of one bead/monomer 

along the chain. The MSD of the chain itself is expected to always exhibit simple 

diffusive behavior. Thus, by simply measuring the diffusion behavior of beads along the 

chain we can determine whether our chains fit the Rouse or Zimm models, or neither. 

This would represent another step towards demonstrating whether colloids are 

suitable analogs for describing molecular systems, and if not where the limitations lie. 

Additionally, an interesting complication for this system has recently been published by 

Yanagishima et al.61 They found that a colloid coated with long DNA molecules will 

exhibit anomalous subdiffusive behavior due to the increased degrees of freedom 

imparted by the DNA. Intriguingly, they posit that this effect may be used to study the 

dynamic behavior of the DNA molecules themselves. It will be interesting to discover 

what effect, if any, this will have on our DNA-linked chains. 

 

Rouse Zimm

τ0 < t < τR MSDbead ~ t
1/2

MSDbead ~ t
3/2

t > τR MSDbead ~ t MSDbead ~ t
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4.6.2 Buckling of semiflexible chains 
 

 Another interesting future study would be to examine how chains of different 

flexibilities react when a magnetic field perpendicular to the chain orientation is introduced, 

initiating a buckling instability in the filament. The dsDNA linkers, because of the strength of 

the large number base pair interactions, confer on the colloidal chains high stability and 

resistance to both shear and torque. To cause the chain to buckle, an external field is 

applied to align the chain along one direction and then is quickly switched to the orthogonal 

direction in the plane of the sample. At this point, the dipoles of the individual particles are 

aligned in an unfavorable parallel orientation. Chains that are short enough can simply 

rotate to reorient with the field, but for longer chains it is not possible to overcome the drag 

force acting against this motion. In the end, despite the elastic energy penalty, it is more 

favorable for the chain to buckle into a quasi-stable periodic structure to maximize the 

number of dipoles that can be arranged head-to-tail. A schematic of this process is shown in 

Figure 4.14. 
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Figure 4.14  Chain buckling. The addition of an orthogonal field destabilizes the chain into 

forming a periodic wave-like structure. 

   

 After contraction, the field can be removed altogether and the chain will relax. The 

contraction and relaxation phases have different driving factors. In the contraction phase 

the magnetic interaction is countered by the elastic energy and the drag force which resist 

bending. The relaxation process, however, is dominated by the bending energy which tries 

to straighten the chain and is resisted by drag. These three forces are all independently 

tunable. The magnetic interaction can be increased or decreased simply by tuning the field 

strength. The elastic energy is directly tied to the persistence length of the chain, which we 

have already demonstrated control over by tuning the linker size and number. Finally, the 

drag force can be modulated by changing the viscosity of the solution.  
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 Figure 4.15 shows a time lapse of the relaxation phase for a rigid chain (LP=10mm) 

and Figure 4.16 shows a series of images of a flexible chain (LP=80μm) as it undergoes both 

contraction and relaxation. The rigid chain has relatively few periods in its contracted 

structure and straightens out very quickly. This is attributed to the higher elastic energy and 

resistance to bending for this chain. On the other hand, the more flexible chain contracts 

into a shape with a much higher number of turns and the bends themselves are much 

tighter. The relaxation process for this chain is also much slower, again because of the fact 

that this chain has a lower resistance to bending. 

 

Figure 4.15  Time series showing the relaxation of a rigid chain after it has been 

contracted via an external magnetic field. The diameter of the filament is 1μm. 
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Figure 4.16  Time series showing the contraction of a flexible chain via external field and 

its subsequent relaxation. Filament diameter is 1μm. 

 

A number of groups have previously investigated how filaments buckle. Evans et 

al.62 provided a detailed model of filaments confined to the surface of a liquid buckling 

under elastocapillary forces. They provide a picture of the energy landscape that leads to 

the complex loop and hairpin shapes observed experimentally. Cebers63-66 has done 

extensive work to model the bending of semiflexible filaments and has demonstrated the 

importance of the magnetoelastic number (the ratio of the magnetic and elastic energies) 
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on the nature of the quasi-stable shapes obtained. Goubault et al.67 used the bending 

curvature of magnetic filaments, as a function of the field strength applied, to infer the 

bending rigidity of the linker molecules themselves—a very useful technique for the field of 

biomechanics. Magnetic filaments are also a promising avenue for creating artificial 

microswimmers68-70 as the bending instability creates the necessary symmetry breaking to 

achieve swimming. Our system can offer value to this field with the ability to finely tune the 

flexibility of the chains over three orders of magnitudes. Notably, the fact that we can 

create chains in the flexible regime will allow us to test when and how the theories 

developed for rigid and semiflexible filaments begin to break down. 
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5. DNA-linked chains with temperature 
dependent properties 
 

5.1 Introduction 

 The previous chapter demonstrated that the properties of colloidal chains linked with 

dsDNA could be tuned by altering the length or the number of DNA strands linking each bead. 

While this technique allows for the creation of chains that approximate linear polymers in all 

three flexibility regimes, the technique is limited by the fact that these chains must be created 

in separate batches. For some applications, it would be useful to have a solution of colloidal 

polymers that could take on many different properties. Changing temperature is one possibility 

to stimulate this change by systematically melting a certain percentage of the DNA bonds to 

change the number of strands linking two particles. One advantage of DNA for colloidal 

assembly is its high degree of temperature specificity. Due to the fact that the guanine-cytosine 

bond is stronger than the adenosine-thymine bond, the melting temperature of DNA is very 
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sequence specific. It is also easy to tune the melting temperature of DNA by changing the pH or 

salt concentration in solution. 

 The long dsDNA used in the previous study has hundreds to thousands of base pair 

interactions holding the strand together, meaning that the melting temperature for these 

strands is very high and not suitable for this application. Thus, we return to the short single-

stranded DNA linkers used previously in our group.1-2 These linkers have binding sequences that 

are 30bp long, with a melting temperature of approximately 42°C.3 We show in the following 

chapter how gradually melting these DNA linkers leads to the ability to change the persistence 

length of the colloidal chains. Also, we discuss the implications of this method in relation to 

other approaches which have used the melting of DNA between particles as reporters for 

biological processes and target molecule detection. 

 

5.2 Theory 

5.2.1 DNA melting 
 

 The structure of DNA is well known: the double helix comprised of two strands of 

nucleotides, the charged sugar-phosphate backbone, and the bases paired with hydrogen 

bonds. The helix forms out of a need to shield the hydrophobic bases—which consist of either 

one or two aromatic rings—from water. Additionally, the helical structure is stabilized by the π-

stacking of the bases’ aromatic rings. Of the two base pairs, the guanine-cytosine interaction is 

stronger with 3 hydrogen bonds as opposed to adenine-thymine with 2 hydrogen bonds. Thus, 

DNA strands that are rich in G-C pairings will be more stable and have a higher melting 
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temperature than DNA strands that are A-T rich.  Because the two DNA strands are held 

together only by hydrogen bonds, and not covalent bonds, they are relatively easy to pull apart 

and reanneal,  which plays a role in many biological functions including replication. 

 The phosphate groups along the backbone are negatively charged. At higher salt 

concentrations these charges are effectively screened, allowing the double-helix to form. If salt 

is removed from solution the charged backbones repel each other, meaning that it is relatively 

easy to melt, or denature, the DNA strand. Additionally, divalent cations such as Mg2+ are better 

at stabilizing DNA than monovalent cations like Na+.  

The melting temperature of DNA is defined as the temperature at which 50% of the DNA 

strands in solution are melted.4 Most methods used to model DNA melting/hybridization 

assume that it is a two state process: 

𝐴 + 𝐵 ⇌ 𝐴𝐵  

(1) 

The Gibbs free energy change can be described by the classic relation: 

∆𝐺 = −𝑅𝑇𝑙𝑛(𝐾) 

(2) 

where R is the gas constant, T the temperature, and K the equilibrium constant: 

𝐾 =
[𝐴][𝐵]

[𝐴𝐵]
 

(3) 
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At the melting temperature, as defined above, one can set [A]=[B]=[AB] and let these all 

equal one-half of the duplex DNA concentration originally present in solution.4 This way, if the 

melting temperature is known, the Gibbs free energy of hybridization of the DNA sequence can 

be calculated. Conversely, the melting temperature can be estimated from the hybridization 

energies if the DNA sequence is known. Naively, one can calculate the hybridization energy by 

simply summing the hybridization energies of the individual bases present. This method is 

accurate enough for some applications, and can be adjusted for the salt concentration and pH 

in solution.5 A slightly more accurate method is the nearest neighbor method.6-7 This method 

uses the hybridization free energies calculated not for just a single base pair, but for 

neighboring pairs. Therefore, the G-C pairings in the two sequences: 

 

will have different hybridization energies because its neighbors have changed, which affects the 

π-stacking stabilization. 

 

5.2.2 Melting DNA between nanoparticles 
 

 One interesting application for the specificity of DNA melting has been investigated by 

Mirkin, Schatz, and others who have used DNA-linked gold nanoparticles as a reporter for 

target DNA molecules in solution.8-12 They have shown this method to be accurate enough to 
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even distinguish sequences with a single base mismatch.8 This technique utilizes the special 

characteristics of gold nanoparticles and DNA polymers that are tightly packed on particle 

surfaces. Gold nanoparticles are coated with DNA which is complementary to the target DNA. If 

the target DNA is present, the particles aggregate into clusters as the temperature of the 

solution is lowered past the melting point of the sequence, which triggers the colorimetric 

response that is used as the reporter for the assay. The nanoparticle solution presents as pink 

when the particles are spaced far apart, but when the particles aggregate into clusters, their 

surface plasmon resonance changes and the solution becomes purple. 

 This transition can easily be observed by eye and benefits from the sharp melting curve 

of the DNA-nanoparticle complexes. Sharpness is characterized by the full width half maximum 

(FWHM) of the curve’s derivative. The target DNA duplex used in this study had a FWHM of 

10°C when free in solution, while the same DNA between nanoparticles demonstrated melting 

curves with FWHM sometimes less than 1°C.8, 10 A high degree of selectivity is essential in this 

case, when single base imperfections change the melting temperature of the sequence by only 

a few degrees. 

The fact that the melting curve of DNA between particles is much sharper than free DNA 

is also interesting from a fundamental perspective and much experimental and simulation work 

has been done to understand this phenomenon.10-11 The likely mechanism has been termed 

“cooperative melting” and relies on the repulsive nature of the charged DNA backbone. 

Simulations show that as the target DNA forms bridges between the particles it brings 

additional counterions to the area which makes the local ion concentration between particles 
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higher than in the bulk solution.11 This acts to stabilize the negatively-charged backbone against 

the initial unbinding that would take place at the front of the melting curve; however, once 

strands begin to melt a “melting cascade” is activated as the linker DNA and the additional 

counterions diffuse away. Thus, once melting starts it further destabilizes the remaining linked 

strands and causes most of the DNA to melt in a very narrow temperature window. This 

cooperativity between strands is what makes DNA melting between particles much sharper 

than that of isolated DNA strands. 

 There are many ways that this melting process can be affected.10 Increasing the density 

of the DNA coated on the surface increases the melting temperature and decreases the FWHM 

slightly, due to the face that with strands are packed together more tightly, there is a larger 

opportunity for the cooperative melting to occur. On the other hand, the authors also found 

that the size of the particle is important to the melting characteristics. If particles are too small 

(13nm vs. 50nm diameter), the FWHM becomes broader, likely due to the increased curvature 

of the surface and inability of the DNA to pack closely. Increasing the salt concentration had a 

minimal effect on the breadth of the melting curve, but strongly increased the melting 

temperatures as higher ion concentrations in solution serve to stabilize the bound DNA and 

make it harder to induce melting.  

These sharp melting curves are important for the DNA recognition assay, but from a 

fundamental point of view this method is useful only for probing the last stages of the melting 

process. The initial binding or unbinding events are not detectable with the on/off colorimetric 

detection of the nanoparticle aggregates. Also, in our case we wish to alter the properties of 
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the chains gradually with temperature, so we desire a broader melting curve which we can 

achieve using DNA-coated micron-scale particles. Simulations have shown that the cooperative 

melting mechanism relies on a DNA surface spacing of less than 5nm.11 Previous work in our 

group has shown that the average spacing for the DNA in our system ranges from 5nm per 

strand for the 15bp DNA to approximately 17nm for 75bp DNA.13 The experiments outlined in 

this chapter were done exclusively using the 75bp DNA. 

 

5.2.3 Single-stranded DNA with short binding sequence linking system 
 

 Previously, we used dsDNA to link colloids into chains. This was chosen less for the 

specific properties of DNA, and more as a way to obtain polymer linkers of virtually any size 

with high monodispersity. Now, we turn to DNA as a way to use the specific linkages to perform 

specific functions. We use paramagnetic beads coated with single stranded DNA comprised of 

two regions. First is a poly-thymine spacer arm which serves to elevate the binding sequence 

away from the particle to ensure that surface-roughness does not affect linking.13 Second is the 

15bp binding sequence. When particles are brought together by the magnetic field, a 30bp 

linker DNA will bridge a binding sequence on one particle with a binding sequence on a 

neighboring particle. This process is illustrated in Figure 5.1: 
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Figure 5.1 Illustration of single-stranded DNA linking mechanism. The poly-thymine spacer 

elevates the binding sequence away from the surface of the particle. Linker DNA in solution 

bridges the binding sequences on two neighboring particles. 

 

 Changing the length of the poly-T spacer also serves to tune the flexibility of the chain. 

The flexibility of the colloidal chains varied from approximately 3mm to 50mm when the 

surface DNA had lengths of 75 and 15bp, respectively.1 Thus, the total length of the DNA 

bridges varied from 30bp to 150bp. The single-stranded poly-T segments are not involved in the 

melting process. The approximate melting temperature for the binding sequence was given by 

the manufacturer to be 42°C. 

 The persistence length alone cannot tell the whole story, as the increased thermal 

energy at high temperatures induces greater thermal fluctuations along the chain backbone. 

These larger fluctuations themselves will lead to lower persistence lengths. We compensate for 
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this by instead calculating the flexural rigidity of the chain, EI, which is a function of persistence 

length, LP, and temperature: 

 

𝐸𝐼 = 𝐿𝑃𝑘𝐵𝑇 

(4) 

In this equation, E is the Young’s modulus, and I is the second moment of inertia (I=πr4/4 for a 

rod with radius, r). The flexural rigidity is a measure of the resistance of an object to bending, 

which is not dependent on length.14 By gradually melting the DNA strands between beads, we 

hope to decrease the chains resistance to bending, and in turn to decrease their flexural 

rigidity. 

 

5.3 Materials and Methods 

5.3.1 Particle preparation 
 

 Dynabeads coated with streptavidin (MyOne, 1μm) were obtained from Life 

Technologies (Carlsbad, CA). These particles have a density of 1.8g/cm3 and a ferrite content of 

26%, as specified by the manufacturer. To prepare the beads before coating them with DNA, 

they were rinsed three times with DI water to remove the preservatives present in the stock 

solution. The DNA oligomers were obtained from Integrated DNA Technologies (Coralville, IA). 

The surface DNA was modified at the 3’ end with a single Biotin molecule and had the sequence 

5’-TAA CAA TAA TCC CTC (T)N-3’-Biotin, where N=60. The linker DNA was unmodified and had 
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the sequence 5’-GAG GGA TTA TTG TTA GAG GGA TTA TTG TTA – 3’. To coat the beads with 

DNA a solution was made with 0.01wt% beads and 50μM of the surface DNA and allowed to 

incubate for 1hr at room temperature while the vial was tumbled on a rotomixer to ensure the 

particles did not settle. Afterwards, the particles are again rinsed thoroughly with DI and 

sonicated to remove unbound DNA from the solution. Finally, the particles are redispersed at a 

concentration of 0.02wt% in a phosphate buffer of pH 7.4 and overall salt concentration of 

20mM. As shown previously, for 75bp DNA, the grafting density of the DNA is 

3.5x103strands/μm2.13 

 

5.3.2 Chain preparation 
 

 Once the beads are functionalized with the surface DNA, they can be used to form 

chains. Linking is done in a 22mm x 22mm x 50μm glass flow cell, constructed using two glass 

coverslips held together with double-sided tape. Immediately before use the coverslips are put 

in an oxygen plasma for 3 minutes, followed by 30 minutes in a KOH bath. The base bath serves 

to coat the glass with a negative charge to prevent the particles from sticking to the glass 

surface. Next, the experimental solution was prepared by mixing in equal parts the solutions of 

beads in phosphate buffer and a solution of linker DNA at a concentration of 30μM in DI. This 

yields a final concentration of 0.01wt% beads, 15μM DNA, and 10mM salt. The solution is then 

injected into the flow chamber and the chamber sealed with epoxy to prevent evaporation. 

Once sealed, the sample is stable for up to a week without evaporating, but was typically used 

immediately after preparation. 
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 To form chains, the flow chamber is subjected to an external magnetic field formed by 

two ferrite bar magnets of size 2in. x 1in. x 0.5in. (McMaster Carr, Atlanta, GA) at a field 

strength of 140G for 1hr. This time was shown to be sufficiently long such that the properties of 

the chain were no longer dependent on the linking time.2 After one hour, the field was 

removed and the sample chamber moved to the stage of the microscope (Olympus IX71, 

Olympus, Tokyo) with a 100X oil-immersion objective (NA =1.4, Olympus) for imaging. 

 

5.3.3 Melting experiments 
 

 Two types of experiments were performed: temperature-dependent flexibility 

measurements, and experiments to determine the melting curves of the DNA-linked chains. The 

temperature was controlled using a thermal stage (Linkam PE94, Linkam Scientific Instruments, 

Surrey, UK). The temperature of the sample was calibrated to the temperature readings of the 

stage by using an adhesive temperature probe (Omega Engineering, Inc, Stamford, CT) affixed 

to a glass coverslip. The immersion oil, as might be expected, acted as a large heat sink, 

meaning that the temperature of the sample was generally much lower than the stage reading 

(calibration curve shown in Figure 5.2). For the flexibility experiments, single chains of between 

20-80 beads were imaged at 5fps for 20 minutes using an ORCA-HR digital camera (Hamamatsu 

Corp., Hamamatsu City, Japan). Once the video at one temperature was complete, the 

temperature was increased by 2°C at a rate of 5°C/min and then allowed to equilibrate at the 

new temperature for 15 minutes before the next movie was taken. The same chain was 
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recorded at each temperature. For the melting curve experiments, a batch of chains was 

imaged together at 1fps as the temperature of the stage was ramped at a rate of 1°C/min.  

 

 

Figure 5.2 Calibration curve for the temperature stage coupled with an oil immersion 

objective.  

 

5.3.4 Image processing 
 

 The flexibility of the chains was measured by the same Fourier mode analysis described 

in Chapter 4. For the melting curves, in each frame the position of each particle was determined 

in the same way as the previous experiment. Each particle’s position was checked against all 
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others for any neighboring particles with inter-centroid distances within 10% of two times the 

radius of the particles. If a neighboring particle was detected in this range, the particle in 

question was determined to be linked. Once all particles are analyzed, the fraction of linked 

particles for each frame is determined and plotted versus the temperature at that point. To 

determine FWHM for the melting curve the data was first smoothed using a quadratic least 

squares fitting function and the first derivative calculated using a forward difference method. 

FWHM can then be determined by fitting the first derivative with a Gaussian function. 

 

5.4 Results and discussion 

5.4.1 Melting curves 
 

 Figure 5.3 shows a time-lapse of a group of chains as the temperature of the stage is 

ramped. We can see how the chains begin to break apart at high temperatures. The percentage 

of linked particles vs. temperature is shown in Figure 5.4. This plot also shows the data after a 

smoothing filter has been applied. It is the smoothed data that is used to calculate the first 

derivative and then fit to a Gaussian to find the full-width half-maximum value, which was 

determined to be 7°C.  
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Figure 5.3 Time-lapse of chains melting as the solution temperature is increased. Particles are 

1μm in diameter. 
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Figure 5.4 Melting curve for chains linked with 75bp DNA at 14.5μM. The plot shows the 

percentage of particles linked to at least one other particle as a function of temperature. Blue 

dots are experimental measurements and the black dots are the result of a linear least 

squares smoothing filter. 

 

The melting curve has a few notable features. The curve stops at 48°C because of 

limitations of the temperature stage, which could not reach higher temperatures. However, 

even at this temperature, which is six degrees above the expected melting temperature of the 

DNA binding sequence, around 80% of the particles are still linked to at least one neighbor. 

Even though many of the DNA linkers between each particle pair may have melted, there are 
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still enough that remain linked to hold the chains together. There is much more variability in 

the melting curve at high temperatures, simply due to the fact that the elevated temperatures 

lead to larger thermal forces, causing particles to diffuse in and out of frame more rapidly. Since 

the field of view at 100X is somewhat limited, this method is sensitive to the fluctuations. For 

example, a large chain of linked particles continuously moving in and out of frame can have a 

large effect on the results. This is diluted by introducing the smoothing function before 

calculating the derivative. Additionally, the FWHM of the derivative, 7°C, is much higher than 

what was obtained for DNA between nanoparticles (as low as 0.5°C).10 As mentioned in the 

introduction, this is advantageous for us because it allows us to gradually tune the properties of 

the chain while keeping the risk of them breaking apart relatively low. 

 

5.4.1 Chain flexibility as a function of temperature 
 

 The expected persistence length for a chain linked with 75bp DNA at room temperature 

is between 2-4mm.1 Figure 5.5 show the same chain at 34°C, 38°C, and 42°C. The persistence 

lengths of the chain at these temperatures are, respectively: 4mm, 1mm, and 600μm. Table 5.1 

shows the flexural rigidity calculated from these persistence lengths. These results combined 

with the melting curve indicate that we are indeed altering the structure of the chain to change 

its flexibility and not simply relying on the increased thermal fluctuations at higher 

temperatures. Simply by increasing the temperature of the solution by 8 degrees, we are able 

to tune the flexibility of a chain by almost an order of magnitude. 
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Figure 5.5 A chain linked with 75bp surface DNA at temperatures of 34°C, 38°C, and 42°C. 

 

 

Table 5.1 Persistence length and flexural rigidity (EI) of chains as a function of temperature. 

 

Temperature (°C) Persistence Length (mm) EI (N*m2)

34 4 1.70*10-23 N*m2

38 1 4.29*10
-24

 N*m
2

42 0.6 2.61*10
-24

 N*m
2
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Promisingly, the chains remain homogenous along the backbone even at the highest 

temperatures, meaning that the strands must be melting from between different pairs of beads 

at similar rates. This is in contrast to earlier experiments where we had simply decreased the 

concentration of linker DNA in solution to try to effect a similar change in the persistence 

length of the chains. At concentrations of around 250nM, three orders of magnitude lower than 

those used here, the chains are more flexible, but there are obvious weak joints along the 

chain, where the bending is much freer than at other points along the backbone, as seen in 

Figure 5.8. At low DNA concentrations, the “well-mixed” assumption may no longer hold, 

meaning that it is no longer certain that all beads will experience the same DNA environment. 

On the other hand, this does not seem to be the case for chains that have had their DNA linkers 

melted at increased temperatures. 

 

Figure 5.6 Heterogeneous chains linked with low concentrations of DNA (250nM vs. 14.5μM).  
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5.5 Future work and conclusions 

 These preliminary results show that changing the temperature of a solution of chains 

linked with short DNA linkers is a viable means to slowly melt the linking DNA, causing a change 

in the flexibility of the chain. There is still much work to do to fully understand this system, 

however. Perhaps most intriguing is whether this process is reversible—if hysteresis exists in 

the persistence length curve as the temperature is ramped down again. Since the solution is 

oversaturated with DNA, it seems plausible that as the temperature is lowered, the excess DNA 

will be able to diffuse back into the gap between particles and re-anneal to form chains with 

similar characteristics to those initially formed.  

Indeed, a somewhat analogous study has already been done for a slightly different 

system.15-18 In this case, two sets of colloids are mixed with binding sequences that are 

complementary to each other, but can also form hairpin loops with themselves. The melting 

temperatures of the two binding events (A-A vs. A-B) are distinct. At high temperatures, the 

hairpin A-A configuration is more favorable, and there are few particle clusters, as the hairpin 

‘protects’ the colloids from aggregation. As the temperature is lowered, the A-B association 

becomes more favorable and clusters begin to form. The authors found this process to be 

completely reversible, and also independent of the quench rate. It would be interesting to try 

these experiments with our system.  

The main limitations going forward are related to the temperature stage. If we wish to 

access higher temperatures, we must eliminate the need for the oil immersion objective. Air 

immersion offers the best response between the temperature of the stage and the 
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temperature of the sample. However, air immersion objectives generally do not have the high 

resolution capabilities of their oil or water immersion counterparts, meaning that we would not 

be able to achieve such accurate measurements of the particle centroid positions. This would 

likely be unimportant for the melting curve experiments, but could be detrimental to the 

persistence length measurements. One possibility to counter this would be to move to the 

chain tracking algorithm used in earlier studies of biological filaments.19-20 In this case, the chain 

is tracked as a whole, the backbone skeletonized, and points along the skeleton are sampled to 

find the chain’s curvature. These obstacles aside, this system presents a unique opportunity to 

develop a solution of colloidal filaments whose properties can be tuned as a function of 

temperature. 
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6. Conclusions and outlook 
 

6.1  Conclusions  

 As the need for ever-smaller components in computers and other devices increases, it 

becomes evident that a “top-down” manufacturing approach will be intractable and that a 

“bottom-up” approach in which the components of the device assemble themselves will be a 

much more attractive option. An external magnetic field is one possible way to induce self-

assembly in particles with magnetic properties. This option is desirable in that the structures 

created can then be linked and made permanent; or if only temporary assembly is required the 

field can be turned off without chemical linkage and the particles will revert back to a randomly 

oriented state.  

 There are some issues faced by magnetically assembled systems that must be addressed 

before they can be put into widespread use and in this thesis we have outlined our attempts to 

resolve some of these problems. The main issue in magnetically driven assembly is that the 

directionality of the dipolar interactions leads to simple chain structures. In Chapter 3, we 

demonstrated our ability to remedy this issue by combining paramagnetic and diamagnetic 
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particles in ferrofluid. This allows us to build irregular fractal structures in directions both 

parallel and perpendicular to the external field. The interaction strength between each particle 

type can be affected simply by increasing or decreasing the concentration the ferrofluid. When 

the ferrofluid concentration is low and the interaction between the paramagnetic particles is 

strongest, highly linear structures are formed. However, at a higher ferrofluid concentration the 

interaction between the paramagnetic particles is tempered and growth in the direction 

perpendicular to the field increases, generating branched structures. If the ferrofluid 

concentration is increased still further, the interaction of the diamagnetic particles becomes 

dominant and the structures become linear once again.  

The differing structural characteristics were illustrated by their fractal dimensions, 

which were shown to increase until the ferrofluid susceptibility was about half of the 

paramagnetic particle susceptibility at which point the fractal dimension begins to decrease as 

the diamagnetic interaction takes over. This trend was shown to be similar for many different 

overall bead concentrations, and the peak of the curve could be shifted by altering the ratio of 

paramagnetic to diamagnetic beads. In the future, these structures could be used to probe the 

gelation behavior of systems assembled via dipolar attraction or provide a new class of 

magnetorheological fluids with properties tunable in more than one direction. 

 Another obstacle for magnetic assembly to overcome is in the creation of linked chains 

that can serve as polymer analogs in all three flexibility regimes. As discussed in Chapter 4, we 

are able to link paramagnetic colloids with double-stranded DNA of varying lengths at different 

field strengths to create rigid, semiflexible, and flexible chains. We demonstrated how 
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increasing the linking field strength led to chains that were more rigid as the higher magnetic 

attraction brings the particles closer together to make a greater surface area available for 

linking. Additionally, increasing the length of the DNA creates more flexible chains, but only up 

to a point. Once the size of the polymer linker becomes similar to that of the particle, the 

linkers will become depleted from the gap between particles and the chains become more rigid. 

These chains are stable to both shear and torque, opening many interesting avenues for future 

studies. These include studying buckling instabilities induced by external fields and the 

subsequent relaxation of the chains. Also, one can imagine using microfluidics to place the 

chains into microfluidic chambers to study their behavior in different flow fields.  

 To introduce the possibility of one solution of chains which can have tunable properties, 

we demonstrated in Chapter 5 how temperature can be used to alter chain flexibility. Here, we 

used short DNA linkers which would be much easier to melt. By slowly ramping the 

temperature of the sample, we can gradually melt a percentage of the DNA linkers. In effect, 

this tunes the number of springs in our “bead-spring” analog, leading to increased flexibility in 

the chains. In the future, we will need to determine if this process is reversible and also how it 

is affected by environmental conditions such as salt concentration and pH. Nevertheless, this 

offers the ability to tune the properties of the system without having to assemble a new batch 

of chains, and may offer insight into the process of DNA melting when the DNA is affixed to a 

particle surface.  
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6.2 Future work 

In addition to these projects and the future work outlined in their respective chapters, 

there are also some further directions in this field which may be of interest to future 

researchers. These are outlined in the final sections below. 

 

6.2.1. Ferromagnetic particles to induce chain folding 
 

 Nature is resourceful in that it can build very complex structures from a few simple 

building blocks. Proteins, for example, which are capable of performing countless numbers of 

complex tasks, are composed of just 21 amino acids. By investigating self-assembly processes, 

researchers seek to gain insight into these natural systems and develop the tools to mimic and 

improve them. The introduction of ferromagnetic particles into our colloidal chains allows for 

the creation of higher-order structures via long-range interactions between the ferromagnetic 

particles along the backbone of the chain. These long-range interactions cause the chains to 

fold and kink when the external field holding them in their linear orientation is removed.  

The behavior of ferromagnetic particles has been studied in detail both via experiment1-

3 as well as through simulation.4-8 As outlined in Chapter 2, ferromagnetic particles retain their 

dipoles even after the field is removed. This means that unlike paramagnetic particles, 

ferromagnetic particles do not redisperse when the external field is turned off. From their 

linear aggregates, they can then fold or bend into higher order structures such as rings. 

Additionally, if the particles are at first randomly oriented, they are able to aggregate to form 

clusters as well. This can occur as long as the ratio ξ/λ, describing the relative strength of the 
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interaction of a particle’s dipole with the external field to the interparticle dipole-dipole 

interactions is much greater than one. De Gennes and Pincus9 predicted that for a system of 

ferromagnetic colloids in the absence of a magnetic field the particles would arrange 

themselves into either rings or chains. They found that once the number of particles in an 

assembly became greater than three, the potential energy of a ring formation becomes lower 

than that of a chain. In general there are three categories of structures that ferromagnetic 

particles form in the absence of a magnetic field: chain-like clusters, ring-like clusters, and 

chain-plus-ring defect clusters where defect clusters are defined as clusters which possess a 

particle with more than two neighbors.10 The series of images in Figure 6.1 show chains of 

ferromagnetic particles folding as the external field is removed. 

 

Figure 6.1 Ferromagnetic chains folding as the external field holding them in linear chains is 

removed. 
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The self-assembly of ferromagnetic chains offers a step forward in complexity over the 

paramagnetic system of simple chains; nonetheless, we again encounter the problem of 

isotropic interactions. With only one particle type present in the system, it is not possible to 

precisely control what structures are formed. The only unique structures are chains and rings—

defect clusters are formed randomly. As with the fractal aggregates described in Chapter 3, it 

would be interesting to introduce a second particle type (paramagnetic) to the chains as a way 

to produce controllable folded structures. When the external field is removed, only the 

ferromagnetic particles will retain their dipoles. Thus, by chemically linking the paramagnetic-

ferromagnetic chains we can create permanent structures that will have certain internal regions 

which can interact with each other via long-range dipole interactions. By combining both 

paramagnetic and ferromagnetic particles, we hope to create programmable magnetic 

structures that will react in predictable ways to the removal of the external field. 

One important variable in these chains is the magnetic field strength used to magnetize 

the ferromagnetic particles. For ferromagnetic particles spaced out along the backbone of the 

chain, there is a limit to the distance at which one particle can interact with the dipole of the 

other. This distance is known as the capture radius of the particle and is as11 

 

𝑟𝑐 = [4(3𝑐𝑜𝑠2휃 − 1)]1/3𝑎𝜆1/3 

(6.1) 

where a is the particle radius and θ is the angle between the direction of the particle dipoles 

and the vector connecting the particle centers. The maximum capture radius occurs when 
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cosθ=1 and rc,max=2aλ1/3. Thus for a field of 100,000 A/m (100G) the maximum capture radius is 

on the order of 70 particle diameters. On the other hand, if the ferromagnetic particles are 

magnetized at a field of only 10,000 A/m (10G) the capture radius is only about 15 particle 

diameters. The importance of the magnetic field strength to the assembly of these structures 

also represents a way to tune the structures that are formed. Chains with ferromagnetic 

particles that were magnetized at a higher field may form more complex folded structures as 

the particles can be influenced by ferromagnetic particles that are farther away along the 

backbone.  

In order for this ferromagnetic-paramagnetic directed assembly system to be useful, we 

must develop the ability to design particle sequences that fold into predictable structures. The 

ultimate goal in this project is to develop the ability to reverse engineer a particle sequence 

from the desired final structure. Implicit in this however, is the ability to precisely control the 

particle sequence along the chain. With the current experimental system where the chains are 

formed randomly this is obviously impossible. However, the field of microfluidics offers an 

opportunity to manufacture such regulated chains. Recently, Sung et. al12 developed a 

microfluidic device with multiple separately metered channels which they used to create chains 

of particles with specific sequences. They utilized heating to fuse together the polystyrene 

particles. This technique will create very rigid chains, however, and we will need to modify the 

device to work with our chemical linkage system. There has also been a recent theoretical study 

investigating the prospect of designing colloidal sequences which will fold into predictable 

structures.13-14 The success of this avenue of research would mark a great achievement in 

colloidal self-assembly.  
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6.2.2 Colloidal “phase separation” in AC magnetic fields. 
 

 Binary colloidal crystals often rely on oppositely charged particles15-16 or colloids with 

different DNA sequences.17 Phase separation in binary colloidal mixtures is often induced 

entropically via the size disparity of the two colloidal populations18-20 because it can be difficult 

to engineer a system of two types of colloids where like particles are attractive, but unlike 

particles are repulsive. However, by utilizing the system described in Chapter 3 of paramagnetic 

and diamagnetic particles dissolved in ferrofluid and an AC magnetic field, we can achieve such 

a system. As shown previously in our group, exposing paramagnetic particles to a rotating 

magnetic field induces a long-range isotropic attraction. If the field is rotated at a high enough 

frequency, the angular component of the magnetic attractive force is averaged out and only the 

radial component remains. This force is given by Eq. 6.2:  

 

𝑭 =
3𝜇0𝑚𝑖𝑚𝑗

4𝜋𝑟4
[(3𝑐𝑜𝑠2𝛼 − 1)�̂� + 𝑠𝑖𝑛(2𝛼)�̂�] 

(6.2) 

where μ0 is the permeability of free space, mi and mj are the dipole moments of the particles, r 

is the distance between the particle centers, and α is the angle between the r-vector and the 

external field. This system has been used to develop a phase diagram for a system of colloids 

with long-range attraction.21  

On the other hand, if an in-plane rotating magnetic field is introduced to the two-

particle system of Chapter 3, an entirely different response is expected. As shown in Figure 6.2, 



157 
 

 

for like particles (either two paramagnetic particles or two diamagnetic particles) the average 

force between two particles is attractive, while the average paramagnetic-diamagnetic 

interaction force is repulsive. This means that once the rotating field is switched on, the 

random dispersion of paramagnetic and diamagnetic particles will separate into crystallites of 

paramagnetic or diamagnetic particles. We believe that this transition can be tuned in much the 

same way as binary phase separations in molecular systems. By tuning the strength of the 

magnetic field we can change the effective temperature of the system, making crystallization 

more or less likely in general. Similarly, tuning the ratio of paramagnetic to diamagnetic 

particles will affect how likely it is that crystals of a certain component will form. We also have 

the added ability to tune the ferrofluid susceptibility, as in Chapter 3, which should alter the 

form of the phase diagram by changing the relative strengths of the interactions between the 

two particles. 
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Figure 6.2 Paramagnetic and diamagnetic particles in a rotating magnetic field. a) Two 

particles of the same type will have an average interparticle force that is attractive. b) Two 

unlike particles will have an average repulsive force since their dipole moments will always 

be in opposite directions. 

 

 The preliminary results in Figure 6.3 show what happens as the ferrofluid susceptibility 

of the system is increased. These experiments were done at a field rotation frequency of 20Hz, 

which has been shown to be fast enough to induce the isotropic attraction,21 and at 5V which 

corresponds to a field strength of approximately 7 Gauss. Both images were acquired after 

sample had been in the presence of the field for two hours. These results were obtained using 
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the ferrofluid with low saturation magnetization from Section 3.4.7, therefore we were not able 

to obtain high enough ferrofluid susceptibilities to generate appreciable dipoles in the 

diamagnetic particles. However, we can see the result of the decreasing paramagnetic dipole 

moment in the shrinking size of the crystals. To properly distinguish between the two types of 

particles, a fluorescent image of the sample will be required. Currently, our homemade 

magnetic coil/imaging set-up does not have this capability, but given the fact that the 

diamagnetic-diamagnetic interaction strength is expected to be less than kT, it is likely that the 

crystals consist of paramagnetic particles and the diamagnetic particles are the randomly 

dispersed particles. 

For further studies with this system, it will first be important to determine if the theory 

developed for how paramagnetic particles behave in rotating magnetic fields will describe the 

behavior of the diamagnetic particles. The behavior of the paramagnetic particles depends 

largely on the relaxation of its dipole moment (which depends on the relaxation of the 

embedded iron oxide grains). A magnetic field that is spinning too slowly is not able to 

eliminate the magnetic torque. If the frequency of the magnetic field is too fast and the dipole 

cannot relaxation quickly enough, the rotation of the dipole moment of the particles becomes 

asynchronous with that of the field and the interaction is again no longer isotropic. For 

diamagnetic particles, however, the relaxation of interest is that of the ferrofluid nanoparticles. 

Since these particles are small enough to have a single magnetic domain, they should have 

faster relaxation times and a broader range of acceptable frequencies. It will be interesting to 

observe what will happen in this system when the interactions between the diamagnetic 
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particles are comparable to the paramagnetic particles, as it would open an avenue for studying 

phase separation via long-range isotropic interactions. 

 

Figure 6.3 Paramagnetic and diamagnetic particles at a 1:1 ratio in a rotating magnetic field of 

20Hz and 5V. a) At a normalized ferrofluid susceptibility of 0.0025, large crystals of 

paramagnetic particles form. b) When the normalized susceptibility is increased to X=0.009 

the crystals of paramagnetic particles are much smaller given the smaller dipole moment of 

these particles. Particles are 2.8µm in diameter.  
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