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ABSTRACT

Nanoparticles can be used as building blocks of materials. Properties of such materials depend
on the organization of the constituent particles. Thus, control over particle organization enables
control over material properties. However, robust and scalable methods for arranging
nanoparticles are still lacking. This dissertation explores the use of an externally applied
magnetic field to organize magnetic nanoparticles into microstructures of desired shape. It
extends to proofs of concept towards applications in material design and tissue engineering.
First, external control over dipolar self-assembly of magnetic nanoparticles (MNPs) in a liquid
dispersion is investigated experimentally. Scaling laws are derived to explain experimental
observations, correlating process control variables to microstructure morphology. Implications of
morphology on magnetic properties of such structures are then explored computationally.
Specifically, a method is proposed wherein superparamangetic nanoparticles, having no residual
magnetization, can be organized into anisotropic structures with remanence. Another application
explores the use of magnetic forces in organizing human cells into three-dimensional (3D)
structures of desired shape and size. When magnetized cells are held in place for several days,
they are seen to form inter-cellular contacts and organize themselves into tight clusters. This
provides a method for 3D tissue culture without the use of artificial scaffolding materials.
Finally, a method to pattern heterogeneities in the stiffness of an elastomer is developed. This
makes use of selective inhibition of the catalyst of crosslinking reactions by magnetite
nanoparticles. The last chapter discusses future possibilities.
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1. Introduction
1.1 Form defines properties
The world around us presents a well-defined correlation between form and function. This is
largely because the properties of an entity are largely dependent on its form. Mechanical
properties of an entity are no exception, and this is evident in commonly encountered objects.
For instance, the opaque and soft StyrofoamTM packaging material has the same atomic structure
as the brittle and transparent polystyrene petridish, differing only by the air-filled voids present
in the former. The stiffness of a closed coil helical spring is given by [1]
k

Gd 4
.
64 R3n

(1.1)

Here, the shear modulus G and the wire diameter d are the only ‘intrinsic’ properties of the wire
forming the spring. However, the stiffness can be changed by changing the ‘form’ variables, i.e.
the coil radius R or the number of coils n.
The phrase ‘material properties’ was carefully avoided in the preceding paragraph as the
properties discussed were of a system, not necessarily a material. However, looking down at the
atomic constitution demonstrates that material properties are highly dependent on form. Form in
this context refers to arrangement of atoms. Diamond, graphite and carbon black are all made up
of identical carbon atoms, differing only in their crystal structure, or the lack thereof. A
difference in relative positioning of the carbon atoms can bring about wide differences in
mechanical, optical, electric and chemical properties of these materials. This is observed even at
the scale of a single molecule. For instance ethanol and dimethyl ether have the same molecular
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constitution C2H6O, differing only in relative positioning of the constituent atoms. However,
differences in physical properties, e.g., melting and boiling points, are significant [2]. Mother
Nature has taken advantage of this dependence, designing materials optimized for her creations
through millennia of painstaking experimentation, i.e., evolution. Recent atomistic investigations
testify to this, demonstrating how structures of various proteins are optimized for their
performance [3].

1.2 Design of materials – nanomaterials as building blocks
Our methods are rather limited compared to natural evolution of materials. There is, however, an
immediate need for technology which enables development of materials optimized for a specific
use. In this emerging field called material design, nanotechnology plays a crucial role. Nanoscale materials, e.g., nanoparticles, comprise only a few thousand atoms each. They are often
known to present very interesting material properties on their own [4]. But most fascinating is
the emergence of bulk properties of materials that depend solely on the manner of arrangement
of nanoparticles contained within. Nanoparticles can thus play the ‘atoms and molecules’ in
designing materials tailored to an application [4, 5]. The only limiting factor lies in the methods
for enforcing a predesigned arrangement of these building blocks. Several efficient methods for
organizing nanoparticles into superlattices have been developed over the last two decades [6, 7].
However, they are often very specific to particle materials, require complicated processing steps
and have extremely low throughput.

1.3 Organizing nanoparticles by self-assembly
Various methods have been developed for structuring nanomaterials with high precision. For
instance, lithographic methods using an electron beam enable a top down way of shaping
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materials with nanoscale resolution [8]. High precision bottom up methods can be sought in
optical tweezers which accurately arrange nanoparticles one at a time [9]. Such methods have
extremely high costs due to the requirement of sophisticated instrumentation, suffer from low
throughput and are often limited in terms of material choice. Consequently, they do little to go
beyond scientific experiments. Self-assembly is a promising alternative. Besides the inherent
high throughput, it eliminates the need of all but the very basic instrumentation.
A self-assembly process typically uses a manipulation strategy to enforce patterned
aggregation of a group of similar ‘building blocks’, e.g., nanoparticles. It exploits the interactions
that a particle has with other similar particles in its vicinity, e.g., through chemical bonding,
coulombic or magnetostatic interactions [6, 7]. In addition, one or more externally applied
drivers may be used to enforce long range order in inter-particle interactions, e.g., an electric or
magnetic field [10, 11], thermophoresis [12], or capillary forces [13]. While simple in
implementation, fine control over the position and orientation of individual particles require a
rigorous analytical framework that accurately models the process. However, inter-particle
interactions at the nanoscale are still being explored and a comprehensive understanding is often
absent. This forms the single most important impediment for using self-assembly of
nanoparticles as a tool for material design.
Most popular methods for nanoparticle self-assembly use patterned molecular ligands on
the particle surface. Such ligands interact with each other and assemble the particles into
superlattices [14-18]. Other methods such as evaporation [19] and templating [20, 21] have also
been explored, each with its own set of benefits and limitations. An exhaustive review of selfassembly methods in nanoparticles will be digressive for the scope of this document. Instead, we
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focus on a specific type of self-assembly that is investigated herein, i.e., magnetic field driven
dipolar self-assembly of magnetic nanoparticles (MNPs).

1.4 Dipolar self-assembly of magnetic nanoparticles
An MNP typically comprises a single magnetic domain of a ferro- or ferrimagnetic material.
Strong exchange interactions ensure that the magnetic moment of all individual atoms within an
MNP are approximately coherent [22]. An MNP thus behaves as a point dipole. Colloidal
dispersions of MNPs, often known as ferrofluids, form a popular model to investigate dipolar
self-assembly. The key inter-particle interaction driving self-assembly of magnetic colloids is the
magnetostatic dipolar interactions. This competes with other inter-particle influences in selfassembly, e.g., van der Waals and Coulombic forces. The key feature in dipolar interactions is
that it can be manipulated with an externally applied magnetic field. This provides external
control over the self-assembly process. This will be discussed in detail in Chapter 2 along with a
comprehensive review of recent literature.

1.5 Magnetophoretic transport
The magnetic nature of MNPs ensures a second opportunity in organization; each MNP moves
towards a stronger magnetic field. Thus, a desired concentration distribution of MNPs can be
enforced in a liquid dispersion by a suitable spatially varying magnetic field that is determined a
priori. This has enabled several relevant applications. For instance, magnetic drug targeting uses
MNPs conjugated with drug molecules. Concentration distribution of said drugs can thus be
controlled using a magnetic field. This enables localized therapy at the site of an infection or a
tumor [23, 24]. This principle is also used throughout the work reported herein, applied to
magnetic assembly of artificial tissues and patterning material properties in composite materials.
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1.6 A brief outline
The simplicity in implementation and the versatility in patterning possibilities that emerge when
dipolar self-assembly and magnetophoretic transport of MNPs are coupled has motivated all
investigations documented herein. This is laid out in the following chapters. Each chapter
describes an independent investigation contributing to the central theme of organizing MNPs
using an externally applied magnetic field. This section presents a brief outline of the remainder
of the document.
1.6.1 Chapter 2
Chapter 2 investigates external control of shape, size and location of microstructure
formed by self-assembly of MNPs in a liquid dispersion. A magnetic field is used to influence
the dynamics of MNPs in the liquid precursor of polydimethylsiloxane (PDMS). MNPs are
observed to agglomerate by interplay of van der Waals and dipolar interactions to form
anisotropic clusters. The clusters are concentrated near a substrate by magnetophoretic transport.
Inter-cluster dipolar interactions are substantial, consequently the clusters self-organize to form
filamentous microstructure parallel to the field. The PDMS is cross-linked in the presence of the
field to preserve the microstructure. This enables a means to pattern magnetic microstructure in a
composite. The externally applied magnetic field and its gradient serve as the two main control
variables in such microstructure patterning. Their influence on microstructure geometry is
investigated using X-Ray microCT, TEM and light microscopy. The correlations are explained
through scaling laws that model the influence of the said control variables on dynamics of
MNPs.
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1.6.2 Chapter 3
In a closely packed ensemble of MNPs, the proximity of neighboring particles entails substantial
inter-particle magnetostatic influence on the dynamics of the individual moments. This has a
significant bearing on magnetic properties of self-assembled ensembles. This is numerically
investigated in Chapter 3. A specific configuration is addressed wherein appropriate orientation
of the particle easy axes causes transition of magnetic behavior from superparamagnetic to
ferromagnetic. Individual MNPs are often superparamagnetic, i.e., they have zero effective
residual magnetization. This is because of the frequent thermally driven reversals of its moment
caused by a low barrier for magnetization reversal [25]. However, in the aforementioned
configuration, magnetostatic interactions enhance the barrier. The frequency of reversals is thus
reduced, and a group of self-assembled superparamagnetic particles develop a residual
magnetization. A significant observation is that contrary to theoretical predictions [26],
magnetization reversals do not necessarily occur along the energetically cheapest path. The study
extends to develop a parametric design strategy of developing residual magnetization in selfassembled structures of superparamagnetic particles.
1.6.3 Chapter 4
3D cell culture methods in use rely on direct contact of cells with an artificial scaffold. Such
surfaces cause undesirable mechanical or chemical interference. This is overcome by magnetic
assembly of cells into a 3D structure, reported in Chapter 4. MNPs are synthesized by
coprecipitation reaction and coated with a serum protein. Once coated, the MNPs are readily
internalized by cells. Magnetized cells suspended in the culture medium are subsequently
exposed to an externally applied magnetic field using NdFeB magnets. The cells assemble into
3D clusters due to magnetic forces. Shape and size of such clusters can be controlled as desired.
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Further, the cells form intercellular contacts aided by extra-cellular fibers. Over the next few
days, the cells organize themselves into tighter clusters; for epithelial cells, the cluster takes the
form of a multi-layer sheet, while for fibroblasts, it is a tightly packed spheroid. The connecting
fibers are observed to exercise tension on the cells. This suggests that the fibers are responsible
for organizing the cells. For the HFL-1 cell line, cells on the periphery of the 3D clusters are seen
to assume a different morphology than the cells that lie within them. This shows that cells
assume different physical forms based on their functional role, as determined by sensing their
microenvironment.
1.6.4 Chapter 5
An externally applied magnetic field enables control of the concentration distribution of MNPs
in a liquid dispersant. If this liquid is a polymer precursor, it can be cured to preserve the said
distribution. We use this principle to pattern the elastic modulus of polydimethylsiloxane
(PDMS). Crosslinking reactions in PDMS are accelerated by a platinum catalyst. MNPs act as an
inhibitor to the platinum. Thus, when MNPs are mixed with the liquid precursor of PDMS, the
elastic modulus is degraded. A higher concentration of MNPs yields a less stiff PDMS. The
magnetophoretic control over MNP concentration distribution and the catalyst inhibiting effect
of are combined in Chapter 5 to prescribe a desired pattern for the elastic modulus in a PDMSMNP composite system.
1.6.5 Chapter 6
External control over organization of nanoparticles promises applications in several disciplines.
However, the means to enforce organization are still quite limited. Chapter 6 discusses possible
avenues towards new means for control by exploring the full spectrum of electromagnetic
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interactions among nanoparticles. In addition, specific applications of such tools are discussed,
concentrating on the areas of material design and tissue engineering.
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2. Controlled self-assembly using external magnetic
field 1
External control of dipolar selfassembly in a liquid dispersion of
magnetic nanoparticles is explored.
Magnetic nanoparticles are seen to
agglomerate by interplay of van
der Waals forces and dipolar
interactions to form anisotropic
clusters. These clusters are
concentrated on a substrate by magnetophoresis, wherein they selforganize by dipolar interactions to form microscopic filaments along
the field direction. Using diluted PDMS precursor as the liquid
dispersant enables preservation of microstructure shape by crosslinking the polymer in the presence of the magnetic field. The field
and its gradient are the two main control variables of interest when
considering magnetic control of microstructure shape. Their influence
is investigated through correlations with the height of a characteristic
self-assembled filament, fraction of the substrate area covered by the
microstructure and its shape anisotropy. These relations enable a priori
design of microstructure in a composite material.

2.1 Motivation and background
We investigate external magnetic control of the shape of microstructures formed by selfassembly of magnetic nanoparticles (MNPs). The bottom up method provides simple and
effective control over the geometry of microstructure in nanocomposites. Magnetic nanoparticles
1

Adapted from S. Ghosh and I. K. Puri, "Soft polymer magnetic nanocomposites: microstructure patterning by
magnetophoretic transport and self-assembly," Soft Matter, vol. 9, pp. 2024-2029, 2013. Sections of this chapter
have been reproduced by permission of The Royal Society of Chemistry.
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(MNPs) are self-assembled in the liquid precursor of polydimethylsiloxane (PDMS) in the
presence of a magnetic field Bext applied using NdFeB permanent magnets. First, the MNPs are
dispersed in diluted liquid prepolymer. Combination of van der Waal’s and dipolar interactions
leads to their agglomeration, forming anisotropic clusters. The dispersion is then exposed to

Bext wherein the field gradient dBext / dx induces magnetophoretic transport of the clusters
towards a substrate in the dispersion, specifically a wall of the cuvette containing it. Close to the
substrate, dipolar interactions self assemble the clusters into filaments. The polymer is cured in
the presence of the field to preserve the microstructure shape. The geometry of the
microstructure filaments is dependent on Bext and dBext / dx , demonstrated in Figure 2-1. Such a
patterning method can be used to impart desirable mechanical [27, 28], magnetic [29], electrical,
thermal and optical [30] properties to composites, forming a novel tool for material design [4,
21].
MNPs find applications in spintronic devices [31], data recording media [32], particle
sorting in microfluidics [33, 34], targeted drug delivery [35, 36], nanocomposites [37], and
actuation systems in microdevices [38-40]. These applications need control over the relative
positions of particles in packed structures, or could significantly benefit from it. Magnetostatic
interactions among MNPs enable the formation of reversible self-assembled structures in a liquid
dispersion [10, 11, 41-44]. This eliminates the need for sophisticated chemical processing routes
in patterning, potentially enhancing throughput and facilitating cost benefits. However, the
structures formed in a liquid dispersion in the presence of a magnetic field are lost due to thermal
agitation once the field is removed. This has motivated investigations of alternate self-assembly
routes for MNPs [7] involving, for instance, solvent evaporation [45], templates [46], and
molecular linkers [15, 47].

10

Figure 2-1 (a) Magnetic nanoparticles dispersed in a fluid move towards locations that experience a stronger
magnetic field. The particles initially agglomerate into clusters. Strong dipole-dipole interactions amongst
clusters enable self-assembly into filaments. (b) The nanoparticles are initially uniformly dispersed in liquid
PDMS prepolymer. (c) The polymer is cured while the system experiences an exte rnally imposed magnetic field.
The polymer matrix preserves the shapes of the self-assembled structures when the field is removed. (d) The
structure morphology can be controlled by varying | Bext | and | dBext / dx | , as shown for three experimental
conditions obtained by three curing positions relative to a system of two NdFeB permanent magnets. The values
obtained, labeled A, B and C, are listed in Table 1. (e -g) Three-dimensional images obtained by X -Ray MicroCT
reconstructions show variations in the microstructure geometry. Reproduced from Ref. [48] by permission of The
Royal Society of Chemistry.

MNPs dispersed in polymer melts have recently enabled the development of composites
that contain self-assembled magnetic microstructure [27-29]. However, the focus of the few
reported investigations has been on the influence of the microstructure on mechanical [27, 28]
and magnetic [29] properties. These studies are limited to applications of a homogeneous
magnetic field, producing linear self-assembled chains that are dispersed throughout the polymer
matrix. The presence of a gradient in the field enforces magnetophoretic transport. This allows
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controlled localization and structural patterning, as observed in ferrofluids [44]. A more
complete understanding of the dependence of microstructure geometry on the magnetic field is
needed to exploit the influence of heterogeneities on material properties of a nanocomposite.
Here we study how the microstructure geometry can be controlled in a soft polymer by
using an external magnetic field, thus demonstrating the influence of both Bext and dBext / dx ,
which together impose magnetic control during self-assembly. This form of magnetophoretic
transport is capable of producing high particle concentrations near a substrate. We provide the
first direct nanoscale visualization of such dipolar self-assembly outside of thin films. The TEM
images provide confidence in our analysis that MNPs agglomerate in polymeric dispersions
through a combination of isotropic van der Waal’s forces and anisotropic dipolar interactions.

2.2 Materials and methods
2.2.1 Generation of composite microstructure
This involved the magnetophoretic transport and self-assembly of MNPs in the liquid precursor
to PDMS. The magnetite nanoparticles (EMG 1400, Ferrotec Inc.) were first dispersed in
tetrahydrofuran (THF) by ultrasonic treatment in a water bath (Branson 2510) for 15 minutes.
Subsequently, PDMS (SylgardTM 184, Dow Corning) was added to the dispersion (1:1 w/w
PDMS to THF), stirred vigorously and sonicated for another 15 minutes. The PDMS cross-linker
was then added to the dispersion (10 % w/w cross-linker to PDMS). The resulting dispersion was
immediately exposed to the externally applied magnetic field Bext for 30 minutes at room
temperature. Bulk of MNPs were observed to settle on the cuvette wall closest to the nearest
magnet within this time. The dispersion was then heated at 45 ºC for 12 hours while still exposed
to Bext . The THF was lost by evaporation as observed by a reduction in the volume of the
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dispersion, and solid PDMS was obtained. Experiments were conducted for three different
particle concentrations ψ (w/w, MNP to PDMS).
2.2.2 Sample preparation for X-Ray computed tomography
The cured PDMS was cut into ~1 mm cubes. One of the sides of the cube was the substrate S at
which the self-assembled structures were formed. This is the polymer surface adjacent to the
wall of the cuvette facing the nearest magnet. The specimens were individually mounted on a
sample holder with S facing up and imaged using XRADIA MicroXCT-400 with a 20×
objective. 360 projection images were obtained spanning a total rotation of 179º about a vertical
axis close to the center of the sample. The volume data was reconstructed from these images
using proprietary software from XRADIA.
2.2.3 Sample preparation for TEM
The PDMS blocks containing the self-assembled structures were trimmed to create a pointed
edge at the surface S. Each sample was then sliced using a microtome (RMC Products CR-X
Cryosectioning system) at -170 ºC. Individual slices were ~100 nm in thickness and
perpendicular to S. This allowed imaging of the root of the self-assembled microstructure. The
slices were subsequently transferred on to TEM grids and imaged using Philips EM420.
2.2.4 Magnetic field setup
The setup for magnetic field comprised of a pair of 1” cube NdFeB magnets (K & J Magnetics,
Inc., grade N-52), shown in the schematic in Figure 2-1 (d), placed 12.7 mm apart. Magnetic
nanoparticles dispersed in diluted prepolymer were cured in plastic cuvettes at three positions
relative to these magnets, labeled A, B and C. Numerical values for Bext are obtained from the
Finite Element Method Magnetics (FEMM) software at the substrate posed by the cuvette walls.
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Table 2-1 Magnetic field | Bext | and its gradient
| dBext / dx | for the three different configurations shown
in Figure 1 (d). The values are obtained using the
Finite Element Method Magnetics software and
verified by a Hall Probe.

Field ( | Bext | ) Gradient ( | dBext / dx | )
(T cm-1)
(T)
0.6974
0.1217
A
0.4090
0.2435
B
0.5093
0.2742
C

Values at specific points were confirmed by
using a Hall probe magnetometer. Values of

dBext / dx

were

obtained

by

a

central

difference scheme. A map of these values is
shown in Figure 2-2. The positions used to
determine the magnetic control variables are
separated from the surface of the magnet by
the thickness of cuvette walls and listed in
ext

Figure 2-2 (a) Map of magnetic field strength | B |
with values of the (b) x-components of B ext , and (c)
its gradient dB ext /dx determined from FEMM
software. Reproduced from Ref. [48] by permission of
The Royal Society of Chemistry.

Table 2-1.

2.3 Scaling analysis

2.3.1 Relating magnetophoretic velocity to particle size
Each dipole encountered herein is an MNP cluster of submicron length. Inertia thus plays a
negligible role in its dynamics. Magnetophoretic force is balanced only by fluid drag. Drag on a
spherical particle is given by Stokes’ formulation,
F  6 aU ,

(2.1)
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where a denotes the particle radius and  the dynamic viscosity of the liquid dispersant. For
nonspherical particles, the drag F ~  aU where a is an estimate of the particle size. This equals
the magnetophoretic force, i.e.,
| (m·)B |~  aU .

(2.2)

The magnetic moment | m |~ a3 M s where Ms is the saturation magnetization of the constituent
material. Thus, it follows from Eq. 2.2 that the magnetophoretic speed of a particle scales as
U ~ a2 .

(2.3)

2.3.2 Relating structure anisotropy to magnetic field
A filament with a large height h and a small base area is considered highly anisotropic herein.
The anisotropy metric  , a representative measure of the ‘cone angle’ of a filament, is
introduced later to quantify this feature. This subsection relates the dependence of such a metric
on the magnetic control variables. A lower value of  indicates higher shape anisotropy. Its
lowest value is achieved for a single chain of particles and represents the highest conceivable
shape anisotropy.
The source of microstructure anisotropy is the long range orientation of the dipole-dipole
bonds in the direction of the magnetic field. A larger | Bext | thus induces greater alignment of
such bonds and thus a smaller  . However, this observation is not universal. In reality, the
bonds are directed along the local direction of the magnetic field. The above statement is valid
only when | Bext | ~ | Bdip | , the field experienced by one dipole due to neighboring dipoles. In such
a situation, the competition between the two produces a discernible difference in the direction of
the local magnetic field and thus structure anisotropy. A saturation value of | Bext | as a control
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for 

is observed when | Bext || Bdip | . Also, for a

nonhomogeneous field, the magnetophoretic force due to the
magnetic field gradient influences the anisotropy. In order to
analyze the dependence of microstructure anisotropy on the
magnetic control variables | Bext | and | dBext / dx | , we
consider a simple system comprised of the two dipoles shown
in Figure 2-3.

Figure 2-3 A simplified two
particle system demonstrates how
anisotropy
increases
with
increasing
gradient of the
magnetic field. Reproduced from
Ref. [48] by permission of The
Royal Society of Chemistry.

The said saturation value of | Bext | can be estimated by comparing it with | Bdip | . For the
configuration in Figure 2-3 (b), the magnetic field at the center of dipole 1 due to the presence of
its neighbor, dipole 2, is given by B1dip  0 M s / 24 e x . For magnetite, M s  446 103 Am-1 leads
to | B1dip |~ 0.023 T, which is an order of magnitude smaller than the applied value of | Bext | in our
experiments. As Bext is directed along (–x), the net magnetic field experienced by dipole 1 is
also similarly directed towards the externally imposed field. This shows that for magnetite
nanoparticles and the values of | Bext | used in our setup, all dipoles in the system encounter a
local magnetic field that is directed along (–x). The alignment effect of | Bext | is thus well past
saturation, and  is not expected to depend on | Bext | . This is confirmed in Section 2.4
Corresponding to our experimental setup described in Figures 2-1 and 2-2, we may
assume magnetic field on the x-axis to be Bext  B( x)ex . The total potential energy of the
system

U tot   mi ·Bext (ri ) 
i

o  m1·m2 3(m1·r)(m2·r) 


,
4  r 3
r5


(2.4)
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where r denotes the position vector of one dipole relative to the other, ri the position vector
about the ith particle about a common origin. Thus, the potential energies for cases (a) and (b) in
Figure 2-3 are, respectively,
a  m B(a)  B(3a) 
Utot



0 m2
, and
4 4a3

0 m 2
.
U  2mB(a) 
4 8a3
b
tot

(2.5)

(2.6)

Here, a denotes the radius of the dipolar particle. The difference between these two values
dictates whether anisotropic chains are formed along the magnetic field, or all nanoparticles are
pulled towards the substrate. This difference,

U tot  m  B(a)  B(3a)  

0 3m2
.
4 8a3

(2.7)

A two-particle system attains a configuration where both particles lie on the substrate, i.e., case
(b), when U tot  0 . Approximating B(a)  B(3a) ~| dB / dx | (2a) , the criteria for this transition
is,
16a | dB / dx |
 1.
0 M s

(2.8)

Thus, a larger magnitude of the magnetic field gradient renders a smaller anisotropy in the
resultant structure, i.e., a larger  . In more complicated systems that comprise several dipoles,
such simplified equations cannot be construed. However, the dimensionless number obtained
from Equation 2.8,
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a | dB / dx |
0 M s

(2.9)

provides guidance about the anisotropy of the system. Smaller values of  lead to higher
anisotropy in the microstructure, i.e., a lower value of  .

2.4 Results and discussions
The geometry of self-assembled microstructure can be controlled by varying Bext and
dBext / dx using a set of permanent magnets. Here, we use two NdFeB magnets for the purpose,

illustrated in Figure 2-1 (d). MNP dispersions in diluted PDMS prepolymer are cured at three
spatial positions relative to the magnet pair, leading to the three different values of Bext and
dBext / dx listed in Table 2-1. Quantitative aspects of the microstructure geometry are correlated

with these magnetic control variables.
A very dilute dispersion aids a controlled magnetophoretic self-assembly process by
significantly diminishing the irreversible and uncontrolled agglomeration of a large number of
particles [11, 49]. However, at low concentrations, magnetostatic interactions are insignificant
due to the large separation between adjacent particles. The observed self-assembly is thus
minimal [29, 50]. Beginning from a sparse dispersion, we use gradual and controlled
magnetophoretic transport of MNPs towards a wall of the cuvette containing the dispersion. This
transport is enabled by the force induced on each dipole due to the gradient in the magnetic field,
producing the filament-like microstructure shown in Figure 2-1 (e-g).
Control over geometry of the microstructure is investigated by measuring the (1) the
height h of the self-assembled filaments, and, (2) the fraction of the substrate area covered by the
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microstructure, denoted by  . Optical micrographs of the microstructure are analyzed for such
measurements.
2.4.1 Dynamics of a magnetic nanoparticle
The self-assembled microstructure geometry depends on both Bext and dBext / dx . Establishing
magnetic control over the self-assembled structure requires that the dynamics of interacting
dipoles in a magnetic field be examined. The influence of a magnetic field on the dispersed
MNPs is described by the Zeeman energy of a point dipole in a field, U  m·B . Each dipole
experiences a force F  (m·)B that pulls the particle towards regions where the magnetic field
is stronger, and a torque τ  m  B , which aligns the dipole with the field direction. The
magnetic field experienced by a dipole m is given by B  Bext  Bdip . Hence, magnetostatic selfassembly occurs through interplay between (1) interparticle dipole-dipole interactions (DDI), and
(2) the dipole-field interactions (DFI).

Bext is the only external control variable, and its collective influence on participating
dipoles is summarized thus. (1) A dipole attaches to another so that their individual moments
point along the line joining their centers. (2) The dipole-dipole ‘bonds’ are oriented along the
local direction of B, the most simplified manifestation of which is the formation of linear chains
in the direction of Bext . (3) Each dipole experiences a force in the direction of strengthening
magnetic field, resulting in magnetophoretic transport in that direction. Here, a dipole is not an
individual MNP but is rather formed as an MNP cluster [41] which is discussed later.
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Figure 2-4 (a) Optical micrograph images of self-assembled structures in profile, for the three different conditions labeled A, B
and C (See Table 2-1), for the three different particle concentrations used in the experiments. The insets are high magnification
images of the corresponding tips. The scale bar in insets measure 25 µm. (b) The height h decreases monotonically with
|dBext/dx|. Height of error bar is 2 and is absent where occluded by plot marker. Sections reproduced from Ref. [48] by
permission of The Royal Society of Chemistry.

2.4.2 Height of microstructure (h)
Considering the dynamics discussed above, a control strategy for h follows intuitively. Consider
an MNP cluster approaching a self-assembled structure, as shown in Figure 2-1 (a). The net force
on it is directed along the gradient of the local magnetic field. Since B  Bext  Bdip , this net force
is the result of two competing components, i.e., the force due to B dip ( FDDI ) and that due to

Bext ( FDFI ). When FDFI  FDDI , an MNP cluster moves towards the substrate instead of joining
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the terminus of a preexisting self-assembled structure. As FDFI ~| dBext / dx | , h decreases
monotonically with | dBext / dx | , as shown in Figure 2-4 (b). Similar observations can be made by
examining the experimental configurations for previous experiments on ferrofluids [44],
although for a homogeneous field the length of a self-assembled chain increases with | Bext | [27].
Further, in Figure 2-4 (b), h increases monotonically with  because of the increase in the
number of dipolar clusters available for microstructure generation.
2.4.3 Substrate coverage fraction (  )
Observed variations in the coverage fraction  are not intuitive as that for h. A larger
| dBext / dx | should lead to smaller  as more particles are drawn to the substrate by the larger

FDFI . This is however not observed. Figure 2-5 (b) instead shows variations that correlate
monotonically with | Bext | but not with | dBext / dx |. The dynamics of microstructure formation
can explain this. By Stokes’ formulation, the magnetophoretic velocity of each dipole towards
the substrate U ~ a2 from Equation 2.3 and is very sensitive to cluster size. Consequently, the
largest clusters reach the substrate much sooner than smaller ones. These clusters are restrained
on the substrate by the magnetic field and behave as a two-dimensional gas of repulsive dipoles
[43]. Due to the large structure sizes, the associated inter-cluster dipolar interactions are strong.
Such interactions are mainly repulsive as the magnetic moments of the clusters are parallel to
each other and to Bext . These seed clusters form the nucleation sites for the smaller clusters that
arrive later. The repulsion, hence the separation distance, increases with increasing | Bext | due to
a greater alignment of the net magnetization of each dipole with Bext . Consequently, the seeding
clusters are more sparsely distributed at larger | Bext | values, leading to lower  , which is
evident from Figures 2-5.
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Figure 2-5 (a) Optical micrographs of the substrate in the dispersion showing the base of the filamentous
microstructure for the various experimental conditions. The size of scale bar is 25 µm. (b) The coverage fraction
 determined from such images demonstrate its monotonic dependence on |B ext |. Height of error bars is 2. Error
bars are absent where occluded by plot markers. Sections reproduced from Ref. [48] by permission of The Royal
Society of Chemistry.

2.4.4 Structure anisotropy (  )
The structure anisotropy is not governed solely
by the ability of the magnetic field to orient dipoles and
thereby enhance intercluster repulsion as would be
expected for homogeneous magnetic fields [27], but also
by the magnetophoretic force experienced by each MNP
due to the field gradient. A smaller gradient of the
magnetic field promotes filament formation, while a very
large gradient will cause all clusters to form a uniform
coating on the substrate. To establish this, we consider a

Figure 2-6 The anisotropy metric 
increases monotonically with the gradient of
the external magnetic field. Reproduced
from Ref. [48] by permission of The Royal
Society of Chemistry.
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metric for anisotropy based on a length associated with the coverage fraction,    . The
anisotropy metric

 /h,

(2.10)

is a measure of the tip angle of the filaments where smaller  corresponds to higher anisotropy.
A simple analysis of the dynamics of two dipoles provides an estimate of the dependence of 
on the control variables Bext and dBext / dx as discussed in Section 2.3.2. Comparing the relative
magnitudes of these variables, the dimensionless parameter  defined in Equation 2.9 serves to
describe the anisotropy in these structures. With all other factors constant among the various
experimental cases herein,  should increase monotonically with | dBext / dx | , i.e., increasing Π,
as observed in Figure 2-6.
2.4.5 Anisotropy in clusters of nanoparticles
The agglomeration of interacting dipolar particles has been the subject of several
theoretical and computational studies [51, 52]. Recently, direct observations of MNP
agglomerates in vitrified liquid films have demonstrated that increasing the particle radius, thus
the magnetic moment m, causes the dominant forces for agglomeration to transition from van
Der Waals interactions to dipolar interactions so that the formed clusters transition from being
isotropic to anisotropic [10, 49]. Tuning the particle size in a system is difficult to achieve,
specially for industrial processes that will make use of commercially available MNPs. The value
of |m| for most commonly used magnetite MNPs is too small to produce significant dipolar
interactions [49]. However, isotropic agglomeration by van der Waals interactions leads to
clusters that possess a higher resultant m, allowing these to undergo dipolar-interaction
dominated self-assembly [27, 41]. The dipolar parameter  [41], defined as the ratio of dipolar
interaction potential energy to the energy of thermal fluctuations, is very small for the magnetite
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Figure 2-7 TEM micrographs close to the base of the microstructures in profile view show that the structures
consist of MNP clusters organized along the magnetic ﬁeld. (a) Individual clusters behave as dipoles enabling
long range organization. However, the polymerization process interferes with such interactions to form
irregular chains. (b) The clusters are not isotropic as expected from van der Waals interactions alone,
indicating that there is an interplay between dipolar and van der Waals interactions in their formation. (c) The
clusters are roughly 100 nm thick, but their lengths are much larger. The uneven brightness in the background
is a consequence of the microtoming process used in sample preparation. Reproduced from Ref. [48] by
permission of The Royal Society of Chemistry.

nanoparticles of particle radius a ~ 5 nm (EMG 1400, Ferrotec, Inc.) that are used herein.
Consequently, the dipolar interactions between isolated particle-pairs are insignificant. As the
particles become more concentrated close to the substrate, van der Waals dominated interparticle interactions lead to the formation of clusters [41].
Figure 2-7 (a) shows that each structure is comprised of several smaller clusters of
different shapes, sizes and orientations. Figure 2-7 (b) shows that these clusters are anisotropic,
differing significantly from the isotropic clusters formed by van der Waals forces observed
otherwise [41, 49]. This indicates interplay of both dipolar and van der Waals interactions in the
formation of such clusters. The dominance of the dipolar interactions in inter-cluster ‘bonding’ is
clear in Figure 2-7 (a) by observing the long-range global order that is enforced in the overall
direction of Bext . This is also apparent from the formation of the filamentous microstructure,
which is highly anisotropic. The complexity of the structures is a possible consequence of the
subsequent evaporation of the diluent (tetrahydrofuran) from the prepolymer and the onset of
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cross-linking reactions. The wide variations in the shapes of the structures are attributed to strong
thermal fluctuations, which are exaggerated by the relatively high temperature (~45ºC) used to
cure the polymer.

2.5 Conclusions
We demonstrate a method to produce a filamentous magnetic microstructure on a substrate in a
soft-polymer matrix through the self-assembly of magnetic nanoparticles. Geometry of the
microstructure depends on the externally applied magnetic field Bext applied during the crosslinking process. Magnetic control is enabled through two variables, i.e., B ext and dBext / dx . The
dependence of structural metrics of the microstructure, such as height h, coverage area  and
structure anisotropy  , on these magnetic control variables are explained by examining the
mechanics of magnetophoretic transport and the self-assembly of magnetic dipoles dispersed in a
liquid. We demonstrate that these dipoles are clusters that are formed through the interplay
between the van der Waals and dipolar interactions at the length scale of individual particles.
Interactions between adjacent clusters are primarily dipolar, enabling magnetic control.
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3. Properties of nanoparticle ensembles: Anisotropy
enhancement by dipolar interactions 2

Inter-particle magnetostatic coupling of dipole moments has a
significant influence on the magnetic properties of densely packed
nanoparticle ensembles. Consequently, shape and size of an
ensemble has a bearing on its bulk magnetic properties. We
investigate such an effect in a linear chain of magnetic
nanoparticles. In this configuration, when easy axes of the particles
are aligned with the chain direction, magnetostatic coupling
enhances the potential barrier for magnetization reversal. This is
considered an increase in effective magnetocrystalline anisotropy.
The frequency of thermally driven magnetization reversals is thus
significantly reduced and the ensemble may transition from
superparamangetic to ferromagnetic behavior. To investigate this
effect, we simulate an idealized chain in a two-particle system. We
observe that when thermal effects are significant, magnetization
reversals do not necessarily occur along the energetically cheapest
paths. The effective potential barrier is thus much higher than
saddle points in the energy map considered by theoretical models.
We also observe the possibility of using a universal attempt
frequency in a modified Néel-Arrhenius relation. We extend to
outline key features for the parametric design of magnetization
stabilization by making use of the dipolar interactions.

3.1 Background and motivation
Magnetic nanoparticles (MNPs) are used for many emerging applications, ranging from
information storage to medicine. Most of them organize the MNPs into patterned structures to
tailor bulk material properties. Consequently, a wide array of self-assembly (SA) methods have
2

Adapted from S. Ghosh and I. K. Puri, "Anisotropy Enhancement in Linear Chains of Magnetic Nanoparticles by Dipolar
Interactions," In preparation, 2013
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been investigated, exploiting different types of inter-particle interactions [7]. Inter-particle
dipolar interactions are inherent to MNPs. Their use in self-assembly eliminates the need for the
sophisticated routes of other techniques, e.g., solvent evaporation [45], templates [46], and
molecular linkers [15, 47]. Instead, dipolar interactions enable control over the microstructure
geometry by employing an externally applied magnetic field. The inter-particle ‘bond’ between
two neighboring dipoles aligns with the direction of the field and serves as the primary driver in
such organization [48]. A simple example is a linear filament along the field direction, as shown
in Figure 3-1 (a, b). Dipolar interactions play a significant role in the magnetic behavior of such
anisotropic closely packed ensembles and can be used as a tool to engineer their magnetic
properties. We address one such possibility, i.e., the enhancement of effective magnetocrystalline
anisotropy by stabilizing the magnetic moments in a linear chain of superparamagnetic MNPs.
Good control over the SA of MNPs requires a stable dispersion in which magnetostatic
interactions among neighboring particles are negligible. Dilute dispersions of superparamagnetic
particles are used for this purpose since their low magnetocrystalline anisotropy enables frequent
thermally driven magnetization reversals rendering a net zero magnetization [53-55]. The low
anisotropy of the particles also allows for substantial flexibility in the motion of their magnetic
moment. When two particles come in proximity, dipolar interactions between their magnetic
moments become a significant driver of the collective magnetization dynamics.
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Figure 3-1 The potential barrier for magnetization reversal in an anisotropic ensemble of MNPs is higher than that in an isolated
particle due to magnetostatic coupling. Images of the self-assembled ensembles of magnetite nanoparticles in PDMS matrix
obtained with (a) an optical microscope, and (b) X-Ray computed tomography show pillar-like structures consisting of chains
that are aligned with the direction of the imposed field. The ~750 µm tall pillars taper off from a ~5 µm thick base and are highly
anisotropic. (c) A system of two MNPs is the simplest system with which to study the effect of dipolar interactions in anisotropic
structures. Here, the easy axes n1 and n2 lie along the straight line joining the centers. The magnetic moments m1 and m2 can
rotate with respect to the particles due to the low magnetocrystalline anisotropy. (d) The total potential energy E = Edip + Ea of
this system reaches a minimum value when θ = 0, ±π , i.e., the moments are parallel to each other as well as to the line joining the
centers of the two particles. Note that the energy map is a planar projection of a four dimensional space containing all possible
stable equilibria.

The dynamics of the magnetic moments in a system of single domain MNPs are governed
by the potential barrier that separates the stable equilibria of the moments, Eb. For isolated single
domain MNPs that lie in a zero magnetic field, this barrier is imposed solely by the
magnetocrystalline anisotropy. When multiple particles are involved, inter-particle dipolar
interactions influence the energy map, as described in Figure 3-1 (d). The dynamics of the
magnetic moments, hence Eb define the magnetic properties of an ensemble of MNPs. Therefore,
the magnetic properties of a microstructure produced through the SA of superparamagnetic
particles can be engineered by controlling dipolar interactions. The simplest manifestation of this
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is observed in a two-particle system, which has formed the basis of idealized investigations [26,
32, 56-59]. By appropriately selecting the material properties and the angle between the easy
axes of participating MNPs (popularly called the bond angle  [26, 57]), the potential barrier for
magnetization reversals can be either enhanced [60, 61] or reduced [32]. While increasing Eb
provides a route that transitions behavior from superparamagnetic to ferromagnetic and
consequently enhances its blocking temperature, its reduction is useful for designing low
coercivity recording media.
Herein we investigate the stabilizing influence of dipolar interactions against thermally
activated magnetization reversals, i.e., the situation where dipolar interactions enhance Eb.
Initially, we consider a two-particle system where the magnetic easy axes (n1 and n2) are aligned
with the line joining their centers (r12), as shown in Figure 3-1 (c). This configuration enhances
Eb [26]. The equilibria in such a system occur when both magnetic moments m1 and m2 are
parallel to (1) each other and (2) to the line joining their centers [56], as seen in the energy map
in Figure 3-1 (d).
Micromagnetics simulations using the stochastic Landau-Lifshitz-Gilbert (LLG) equation
[62, 63] can be used to determine the magnetic properties of a system of MNPs by simulating the
dynamics of the magnetic moment of each participating MNP [64-66]. This equation has been
used to study the influence of dipolar coupling on thermally driven magnetization reversals in
two-particle systems [58, 59]. We adopt this method to observe the magnetization dynamics
when the externally applied magnetic field is zero. The simulations enable the calculation of Eb
through the Néel-Arrhenius relation [67], which we compare to theoretical estimates for a twoparticle system with   0 [26]. Our observations show that magnetization reversals do not
necessarily occur along the most energetically economical path. This is consistent with earlier
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reports that the maximum energy during a reversal exceeds the theoretical barriers for a fieldinduced reversal when thermal fluctuations are absent [58, 68]. An effective potential barrier can
thus never be determined from the saddle points in the energy map, as suggested in Ref. [26].
However, analytical formulations of this saddle point provide an effective anisotropy constant
Keff that is comparable to the one obtained from analyzing the simulation data for the twoparticle system. Our empirical observations indicate that the Néel-Arrhenius relations can be
employed through a universal attempt frequency f0, providing a motivation for future theoretical
study. Subsequently, we introduce a parametric design strategy to engineer magnetization
stabilization using dipolar interactions to assist material and process variable selection for a wide
array of emerging applications using SA of MNPs.

3.2 Theory
Thermally driven magnetization reversal is described by the Néel-Arrhenius relation for
reversal frequency [67],

 E 
f  f 0 exp   b  ,
 kBT 

(3.1)

where Eb denotes the potential barrier for magnetization reversal and f0 ~ 109 – 1011 Hz is the
attempt frequency. The nomenclature used herein is summarized in Table 3-1. Equation (3.1) is
generally valid for large barriers i.e., Eb/kBT ≥ 5-10 [69], and f0 varies with factors such as the
external field, dipolar interaction strength in a two-particle system, as well as the damping
constant [58, 65]. An alternate form f  f0exp( KV 0.979 / kBT ) has also been proposed from
micromagnetics simulations of isolated MNPs, which is valid over a wider Eb / kBT range [65].
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Table 3-1 Nomenclature

Symbol

Quantity

Dimensions

Units

a

Particle radius

[L]

m

B

Magnetic Field

[M][T]-2[I]-1

T

e

Non-dimensional magnetic moment defined as e = m/|m|

-

f

Magnetization reversal frequency

[T]-1

f0
E
Ean
Eb

Attempt frequency

[T]

Potential energy of a system of magnetic nanoparticles
Anisotropy energy

dimensionles
s
Hz

-1

Hz
2

-2

J

2

-2

J

2

-2

2

-2

[M][L] [T]
[M][L] [T]

Energy barrier for magnetization reversal

[M][L] [T]

J

kB

Boltzmann constant

[M][L] [T] []

kint

Dipolar interaction strength defined by Equation (5)

-

K

Magnetocrystalline

anisotropy constant defined by

Equation (7)

-1

J K-1
dimensionles
s

[M][L]-1[T]-2

J m-3

Keff

Effective anisotropy constant

[M][L]-1[T]-2

J m-3

m

Magnetic moment

[L]2[I]

A m-2

Ms

Saturation Magnetization

[L]-1[I]

A m-1

n

Direction of easy axis

-

r

Inter-particle distance

[L]

m

T

Temperature

[ ]

K

V

Particle volume

[L]3

m3



Gyromagnetic constant

[M]-1[T]1[I]1

T-1 s-1



Damping Constant

-

0
m

dimensionles
s

dimensionles
s
-2

Permeability of free space

[M][L][T] [I]

Measurement time

[T]

-2

N A-2
s
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The investigation of magnetization reversals requires an accurate estimate of the potential
barrier, hence examining the energy map of the system is necessary. The magnetic moment m of
an MNP has an inherent predilection to align itself with the magnetocrystalline easy-axes, which
are the preferred crystallographic directions fixed to the MNP. For simplicity, we consider the
case of uniaxial anisotropy, i.e., each MNP possesses a single easy axis, n. Misalignment
between mi and ni of the ith particle in a system comes at the cost of the anisotropy energy, i.e.,
Eai  

KV
(mi • ni )2 ,
2
| mi |

(3.2)

where K denotes the magnetocrystalline anisotropy constant, and V the particle volume. This
energy is solely responsible for driving the dynamics of m for an isolated particle that lies in a
zero field. However, when neighboring MNPs are present, the ith MNP in a multi-particle system
encounters the magnetic field

Bidip 

0
4

 3rij (rij • m j )

 
j i



rij5



mj 
,
rij3 

(3.3)

where rij denotes the position vector of the ith particle relative to the jth particle, and mj the jth
particle’s magnetic moment. This is the cause of dipolar interactions. Noting that the Zeeman
energy of a dipole moment E  m·B , the total energy of a system of several particles is
E  
i


KV
(mi • ni )2  0
2
| mi |
4

 mi • m j
(mi • rij )(m j • rij ) 

3

 .

 rij 3
rij 5
i j 


(3.4)

For the more specific case of a two-particle system, the total energy in the units of KV is

E
  eˆ i ·nˆ i  kint  eˆ1·eˆ 2  3  eˆ1·eˆ r  eˆ 2·eˆ r   ,
KV
i

(3.5)
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where eˆ i  mi / | mi | , er  rij / | rij | , and for closely packed structures with r ~ 2a, the dipolar
interaction strength takes the form that is independent of particle size, i.e., kint  0 M s2 / 24K .
This energy map was illustrated in Figure 3-1 (d) where kint  0.453 is calculated for magnetite.
The value of this interaction strength plays a crucial role in determining Eb . An analytical
treatment of this map provides the potential barriers required for magnetization reversals [26].
Saddle points in the energy map, which form the lowest barrier separating the two equilibria,
change with critical kint values and the applied field. These saddle points have been hypothesized
to be the passage between the equilibria of the magnetic moments [26]. This is however plausible
only when the potential barrier is large, i.e. Eb / kBT  1 . Instead, we investigate a contrary
situation where thermal fluctuations are commensurate with the energy barrier. (Note that kint is
defined differently in Ref. [26] and in Equation (3.5) . Comparing Equation (3.5) to Equation (2)
[26]
[26]
in Ref. [26], kint  2kint
, where kint
refers to the coupling strength used in Ref. [26].)

For strong dipolar couplings with kint  2 / 3 , or for weak couplings with a strong external
field, the abovementioned saddle point forming the lowest energy barrier is [26],
 k
Eb  2 KV 1  int
2


2


h

 ,
 1 
  kint / 2  1 

(3.6)

where h denotes the dimensionless magnetic field. We consider a zero external field, i.e. h = 0.
This formulation is compared with numerical calculations in Section 3.4.1.
Our second goal is to outline a strategy for the parametric design of the SA of MNPs. For
this, we quantify the stabilizing influence of dipolar interactions in a linear chain of MNPs.
Using the rigorous analytical framework for a two-particle system [26], we define an effective
anisotropy constant Keff, which can be used in the single-particle form of the Néel-Arrhenius
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relation f  f0exp   Keff V / kBT  in a similar manner to the concept of effective volume [70].
Comparing this expression to Equation 3.6 with h = 0, the effective anisotropy constant of a twoparticle system
 k 
Keff  2 K 1  int 
2 


(3.7)

This expression is also compared with the simulation results of Section 3.4.1.
For longer chains (N > 2), an analytical expression for Eb like Equation (3.6) is difficult
to obtain from the saddle points in the energy hypersurface. Mean field approximations have
been proposed which show qualitative agreement with experimental data [61, 71]. Such
approximations are plausible only when the dynamics of the magnetic moment of any particle
are faster than the collective dynamics of its neighbors. Since, dipolar coupling decays as 1/ r 3 ,
any particle in a linear chain only experiences the strong coupling with its nearest neighbor.
Hence, the dipolar coupling contribution due to the remaining particles has a significantly
smaller influence. As a simple justification, we consider the energy cost required to rotate the
angle

2

(in Figure 3-1(c)) from 0 to

 /2

while holding

1  0 , given by

KV  (0 / 4 )(2m2 / r 3 ) , and generalize this expression for chains (N > 1) to obtain an order of

magnitude estimate for Eb, i.e.,

0 2m2 N 1 1
Eb  KV 
 .
4 r 3 p 1 p3

(3.8)

The obtained values for N = 2 and N = 3 are comparable and are in agreement with the
observation that the coercivity of a two-particle system is essentially the same as for longer
chains when   0 [72].
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3.3 Computational method
Due to the presence of a single domain in an MNP and the consequent coherence among the
moments of the individual atoms comprising it, the magnetization of a particle can be considered
as a single magnetic moment [73]. This macrospin approximation allows use of the LLG
equation [62, 63] to predict the dynamics of the magnetic moment of an MNP [74-77]. Its
stochastic form is a Langevin equation [77], i.e.,
dmi

  mi  (Bieff  b fl )  mi  (mi  (Bieff  b fl ))
dt
mi

(3.9)

where  denotes the gyromagnetic constant of an electron spin, and  is a phenomenological
damping constant [74, 77]. Bieff  Bidip  Bia  Biext denotes the total effective field on the ith
particle where Bia  (2KV / m2 )(m • n)n models the effect of magnetocrystalline anisotropy and
Biext is the externally applied field, which is assumed zero for our purpose. We use a time step
t  1012 s [65] for which thermal agitation can be modeled as a purely random process [73, 78].

This implies that thermal fluctuations in m can be investigated as the effect of a magnetic field
b fl [64, 65, 74, 77] that satisfies the properties of a Gaussian stochastic process given by [74, 77]

 b fl , (t )  0;  b fl , (t )b fl ,  ( s)  2

 kBT
  (t  s) .
1 2  m

(3.10)

A stochastic form of the Heun scheme is used to integrate Eq. (3.9), an approach that is
consistent in the sense of Stratonovich stochastic calculus [77]. This assumption and the time
step value are justified by a general response time for a single domain particle that is of the order
of 10-10 s [73]. Details of the numerical scheme used can be found in Ref. [77].
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3.4 Results and discussions
3.4.1 Anisotropy enhancement in a two-particle system
In light of the significance of the effective potential barrier encountered by thermally driven
attempts at magnetization reversals, we first determine Eb from numerical simulations (denoted
hereinafter as Ebnum ). Since the Néel-Arrhenius relation is the simplest method to characterize
such reversals, we use it to numerically calculate Ebnum by focusing on the change in the reversal
frequency f with temperature T, as shown in Figure 3-2 (a). Fitting an exponential relation, as in
Equation (3.1), allows us to determine both f0 and Ebnum . In order to study the influence of dipolar
interactions on magnetization stabilization, we simulate the dynamics of m for a single particle
and a two-particle system of magnetite with a = 3.5 nm such that Eb / kBT ~ 1 .
Figure 3-2 (a) shows that an exponential rule is followed for the decay in reversal
frequency f, as suggested by Equation (1) so that the slopes of the fitted curves provide the
effective Ebnum . The data are presented in Table 2 and compared with theoretical predictions, i.e.,
Eb = KV for isolated particles (N = 1) and Eb  2KV (1  kint / 2) for two-particle systems (N = 2)
as determined from Equation (3.6) with h = 0. For N = 1, Eb is expected to be underestimated
since m seldom relaxes to its equilibrium state that is aligned with the easy axis n. The energy
expense for a reversal is therefore rarely equal to the theoretical barrier of KV in this noisy
regime. However, when particle size increases, the potential barrier is closer to the theoretical
prediction, which will be seen when we use a similar analysis with Figure 3-5 to determine K.
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Figure 3-2 Determination of the potential barrier E b from numerical simulations. (a) Variation of reversal
frequency f with temperature for magnetite particles with a = 3.5 nm. The logarithmic nature of the plot indicates
that the Néel-Arrhenius relation is followed. The effective potential barrier E b is obtained from the slope and
compared with theory in Table 3.3. (b) The maximum change in energy Emax for an interval of 1 µs is seen to
remain same for N = 1, but increases with N = 2. Also, while Emax matches E b for N = 1, the saddle point
hypothesis in Equation (3.6) underestimates actual energy expense in reversals. The heights of the error bars
equal 2 (determined from ten simulations) but these are absent where occluded by the plot markers.

Table 3-2 Comparison of the numerically determined

num

Eb

for

magnetite particles with a = 3.5 nm with theoretical models.
N=1
N=2
Eb

num

/ KV determined from Figure 3-

0.839

7.524

1.000

2.453

2(a) using Equation (3.1)

Eb/KV determined from theoretical
model*

*Assuming no external field is present, for N = 1, Eb = KV and for N = 2,

Eb  2 KV (1  kint / 2) is determined from equation (6) with h = 0.

37

For N = 2, however, the disparity is much larger. This can be explained by considering
that the value of Eb predicted by Equation (3.6) only determines saddle points in an anisotropic
energy map. In the very noisy simulated systems, thermal fluctuations can cause the system of
magnetic moments to reverse along many paths, which are not necessarily energetically the most
economical.
To more accurately calculate the energy barriers traversed during reversals, the potential
energy change during a reversal must be examined. However, in a very noisy system, it is
impossible to demarcate the beginning and end of a reversal event. Instead, we look at the
maximum potential energy difference over a simulation time of 1 µs as a measure of the
maximum potential barrier crossed by the system, denoted by Emax . This is a measure of the
highest expenditure afforded by thermal reversals during that period of magnetization dynamics.
Figure 3-2 (b) demonstrates that for the cases simulated for Figure 3-2 (a), for N = 1,

Emax  KV . However, as predicted, for N = 2, Emax  2KV (1  kint / 2) . This qualitatively
validates our hypothesis.
Quantitatively, the potential barrier Ebnum is much larger than the maximum energy Emax
expended during a reversal. This implies that the maximum potential barrier preventing a thermal
reversal is actually never overcome. This can be expected in a stochastic system in which the
potential barrier separating the equilibria is path-dependent. The two values will match only
when thermal fluctuations are very large or when the simulation time is very long. For the 110
simulations performed to obtain the plot for N = 2, such a situation was never encountered.
Consequently, an effective potential barrier must be determined, which should be temperature
dependent and account for the distribution of reversal paths for a system with an anisotropic
energy map.
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Figure 3-3 The dynamics of the x-component of the magnetic mo ment for two magnetite nanoparticles with
aligned easy axes and the corresponding potential energy E of the system determined from Equation (3.5).
(a) Over a period of 1 µs, magnetization reversal is always collective, i.e. the two moments reverse together . The
data presented here are for a = 3.5 nm at T = 300K, but the observation is universal. The corresponding energy
plot shows peaks above the theoretical potential barrier E b determined from Equation (6). While few of these
peaks correspond to magnetization reversals, many do not. (b) Closer observation of a single reversal event from
the same data shows that the potential energy attained by the system during reversal is much larger than E b ,
proving that magnetization reversal does not necessarily occur along the saddle points in the energy surface that
present the lowest potential barrier E b for it to occur. (c) Another interval from the same data shows that although
the potential energy attained is above E b , a reversal is not encountered. The reversal i s prevented because the
system here achieves this energy at a location far away from the saddle points. E/KV values are shifted in origin
to have the equilibrium configuration be represented by E = 0.

To substantiate these arguments, we examine the dynamics of m. Figure 3-3 (a) presents
the dynamics of the moments of two magnetite nanoparticles where, despite the heavy noise,
reversals in m are invariably collective, i.e., the moments always flip together. The potential
energy of the system is calculated from Equation (3.5) for each step and shows peaks that exceed
Eb during each reversal event. However, several peaks exist where E > Eb although a reversal is
not observed. Figure 3-3 (b) offers a closer look at one such reversal event. The potential energy
clearly exceeds that at the saddle point Eb during the reversal, indicating that reversal does not
occur over the saddle point but along a path that is energetically more expensive. This is true for
most reversals as seen from the energy plot in Figure 3-3 (a). Figure 3-3 (c) demonstrates how
during an interval, whereas E exceeds Eb, a reversal is not observed. This is because the system
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attains such a potential at a state far away from the saddle points. The barrier near these positions
in the state space is much higher than the thermal fluctuations can afford and consequently a
reversal is prevented.
All three components of the magnetic moment are plotted over time in Figure 3-4. Ref.
[26] predicted that when kint  2 / 3 and an external magnetic field is absent, a thermal reversal
can occur by coherent rotation for which the formulation for Eb is different from that in Equation
(3.6). Despite the strong noise, the switching mode we observe is symmetric fanning,
characterized by e1 y e2 y  0, e1z e2 z  0 . This justifies our choice of the relation of Equation (6) to
characterize the energy barrier. The analysis in Ref. [26] is valid for relatively low thermal noise.
When the latter is significant, it plays the role of an external field requiring the use of Equation
(3.6) instead.
The effective anisotropy predicted in Equation (3-7) is next put to test. By observing the
variation in f with particle volume V, we can numerically calculate the effective anisotropy
constant K effnum in a similar manner to the process adopted to determine Ebnum . We observe an
exponential decay of f with V, as seen in Figure 3-5. K effnum is compared to K eff in Table 3.3,
showing a huge disparity between the two values for N = 2, the reasons for which are similar to
those for the differences between Eb and Ebnum . However, there is a saturation in the anisotropy
enhancement by dipolar interactions as N increases beyond three particles, which supports our
arguments to this effect in Section 3.2.
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Figure 3-4 The magnetization dynamics of two neighboring magnetite particles with a = 3.5 nm at T = 300 K
show that the mode of switching is close to symmetric fanning, i.e., e1 y e2 y  0, e1z e2 z  0 . High thermal noise is
visible.

The y-intercept in Figure 3-5 provides the value of f0, which is also presented in Table
3.3. These numerical values are in agreement with earlier observations made from similar
simulations [65]. However, since f0 depends on the choice of  [65] that is yet unknown for
most materials, the numerical values discussed for the prefactor should be simply construed as
trends.
The nature of the curves indicates that an exponential relation of the form

 K (V  V0 ) 
f  f 0exp   eff

kBT



(3.11)

is an effective replacement for Equation (3.1) for a system of interacting MNPs in a linear chain.
This empirically motivated expression allows us to use a simplified universal value of f0 for
interacting MNPs. The theoretical basis for this expression is outside the scope of this work.
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Figure 3-5 The magnetization reversal frequency diminishes exponentially with volume in an isolated MNP
as well as the terminal particle in a linear chain. The slope of the curve allows K effnum to be determined, while
the y-intercept provides the value of the attempt frequency f 0 (Table 3.3). The simulations represent magnetite
nanoparticles with a damping coefficient |  | 0.1 . Each data point is the mean value realized from 10
simulations of 1 µs duration.

num

Table 3-3 K eff calculated from Equation (7) for N = 2, the numerically determined effective anisotropy K eff

from

Figure (3-5), and the attempt frequency f 0 determined from Figure (5) for magnetite nanoparticles
Chain Length (N)

Keff from Eq. (7)
(kJ m-3)

K effnum from Fig. 5

1

23.0*

23.0

31.8

2

56.4

146.3

223.4

3

-

236.5

601.2

4

-

306.1

2742.2

5

-

324.0

3106.4

(kJ m-3)

f0 (GHz)

*

The effective anisotropy constant of a single particle is simply
magnetocrystalline anisotropy constant of the material K. The
corresponding numerical value shows good agreement.

42

3.4.2 Parametric design for dipolar stabilization of magnetization reversal
Equation (3.9), which governs the dynamics of a system of interacting magnetic moments, is
rather involved. Its stochastic nature, brought about by thermal noise, adds to the complexity.
However, an accessible design strategy for an SA process aimed at dipolar stabilization can still
be construed from the more simple approach of comparing the energy barriers for an isolated
particle and a two-particle system by using a universal value of f0 as suggested in Equation
(3.11). This strategy aids the choice of materials and particle sizes to enhance anisotropy in
linear chains of MNPs that have their easy axes aligned along the chain direction. We determine
the bounds on particle size within which, over a duration  m (often called the measurement
time), (1) an isolated particle has a fluctuating magnetic moment due to its low anisotropy so that
it has no net magnetization, and (2) dipolar interactions in a two-particle system or a longer
linear chain enhance the effective anisotropy and stabilize the magnetic moments so that
reversals are minimal, i.e., some remanence is observed. The discussion in Section 3.2 on the
influence of dipolar coupling on Eb leads to parametric equations for this purpose.
Since magnetite forms the core of most commercially available MNPs, we use it as an
example material to determine approximate lower bounds on the radii that ensure a stable dipole
moment over  m  100 ns at room temperature (T = 300 K) for an isolated MNP and a twoparticle system. Magnetite has a saturation magnetization M s  446 103 A/m and an anisotropy
constant K  23 103 J/m3 [79]. The potential barrier between the stable equilibria of the
magnetic moment of an isolated magnetite nanoparticle arises solely due to the
magnetocrystalline anisotropy, i.e. Eb  KV  9.63a3 104 J. For an isolated MNP to have a
stable magnetic moment for 100 ns requires that f ≤ 107 Hz. Assuming f0 ~ 30 GHz (a value that
is determined from our simulations and also reported in previous studies [65]), this requires
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Eb  8kBT , i.e. a  7 nm. Thus, for any a  a1 the particle undergoes magnetization reversals

over 100 ns. As seen in Figure 3-6, for a = 6 nm and N = 1, a few magnetization reversals are
indeed observed over this time, implying that the net magnetization during this period is very
small.
For a two-particle system when the easy axis of each particle is parallel to the chain
direction and no external magnetic field is present, the potential barrier obtained from Equation
(3.6) is enhanced to Eb  2KV (1  kint / 2)  Keff V . We assume the relation Eb  8kBT holds for
estimating the limiting radius for a stable magnetization over  m  100 ns. This is true only if f0 is
the same for both N = 1 and 2, which is not the case. However, considering that

a2  (ln( f0 m )  3 / 4  8kBT / Keff )1/3 , i.e. a2 ~ (ln( f0 ))1/3 and the attempt frequencies differ by

Figure 3-6 The dynamics of the x-component of the dimensionless magnetic moment for the terminal
magnetite MNP show the stabilizing effect of dipolar interactions on the magnetic moment. Various
particle sizes (3 nm ≤ a ≤ 6 nm) are considered in MNP chains of different lengths ( N = 1, 2, 3). For a
particular particle radius, the terminal MNP of a longer chai n has a smaller number of reversals.
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less than an order of magnitude as listed in Table 3.2, such an assumption is plausible. The lower
bound for the particle radius for a stable magnetization over  m  100 ns is therefore a2  5.20
nm. This means that a particle with a  a2 should have a stable magnetic moment in such a twoparticle system over 100 ns. We observe from Figure 3-6 that when N = 2 particles and a ≥ 4 nm,
the system has a fairly stable magnetization. The mismatch is due to the higher effective
anisotropy encountered in a two-particle system than the saddle point analysis used to derive
Equations (3.6, 7) [26], as discussed in Section 3.4.1.
From these two considerations, for a duration of  m  100 ns, all particle sizes within a1 <
a < a2 have no net magnetization in isolated conditions in a dilute dispersion. However, when
they are self-assembled to form a linear chain having aligned easy axes, a remanence is observed
over the same time period  m . Table 3-4 lists the two critical radii determined from similar
considerations for a wide range of MNP materials in use.
It should be noted that Equation (3.7) underestimates the values of Keff obtained from the
simulations, as shown in Table 3-3. Thus, although f decays exponentially with V, better
theoretical models must be developed to replace Equation (3.7) to determine the effective
anisotropy for situations when thermal fluctuations are commensurate with the potential barrier
for interacting MNPs. In their absence, our analysis overestimates the lower bound of particle
radius for which a linear chain acquires remanence over a specified duration, i.e., the predicted
range of particle sizes might be narrower than the actual window.
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Table 3-4 Material properties of common MNP core materials [80] and the calculated critical radii for stable
magnetization of isolated MNPs (a 1 ) and two-particle systems (a 2 ) over measurement time  m  100 ns.
Material

Saturation
Magnetization (Ms)
(kA/m)

Magnetite

446

Anisotropy
Constant
(K)
(kJ/m3)
23

a1

a2

Eb  KV ~ 8k BT

Eb  K eff V ~ 8k BT

(nm)
7

(nm)
5.2

fcc FePt

1140

206

3.4

2.5

Maghemite

414

4.7

11.9

7.5

FeCo

1790

1.5

17.4

3.6

CoFe2O4

425

180

3.5

2.8

BaFe2O4

380

300

3.0

2.3

To test this, we introduce the time average of the x-component of the dimensionless
magnetization vector  ex  over 100 ns of simulated data as a metric for the net magnetization
over  m  100 ns. Frequent magnetization reversals provide small values of  ex  close to zero
whereas for a stable magnetization  ex  ~1. The results in Figure 3-7 (a) validate the above
estimate, i.e., for the stable magnetization of isolated MNPs, a  7 nm. For N = 2, however, the
critical radius a2 that leads to a stable magnetic moment is ~4 nm, which is lower than the
estimated a2 = 5.20 nm. The actual window of particle sizes is thus indeed wider than one which
was estimated above.
It is desirable to have a metric that relates this particle size window to material properties.
While the actual particle size is dependent on the choice of  m , the ratio a1 / a2 depends on the
material properties alone, i.e. on Ms and K. Specifically, it is related to the dipolar interaction
strength kint  0 M s 2 / 24K because a1 / a2  Keff / K , or,
a1
1/3
  2  kint  .
a2

(3.12)
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Figure 3-7 The lower limit on particle size for stable magnetization depends on the chain length. (a) An
isolated MNP reaches stable magnetization at a larger radius than for an ideali zed two- or three-particle
chain, as shown for magnetite particles. (b) The ratio of these limiting radii for an isolated particle and a two particle system is a function of the dimensionless interaction strength kint  0 M s2 / 24K . The value of kint for
a material provides the bounds on MNP sizes that can be contained in a dispersion that can be self -assembled
to structures with remanence. The heights of the error bars equal 2 (determined from ten simulations) but
these are absent where occluded by the plot markers.

For a specific material, kint provides a global measure of the width of the range of radii within
which isolated MNPs behave as superparamagnetic nanoparticles but develop remanence upon
SA into a linear chain. Figure 3-7 (b) plots Equation (3.12) and also identifies where the
materials listed in Table 3-4 lie on it. Since the expression is independent of time, kint serves as a
material choice guide for designing an SA process where superparamagnetic nanoparticles self
assemble to form structures with residual magnetization. Larger values of kint allow a wider
particle radii window for such an SA process, i.e., a material with large Ms and low K is ideal,
e.g. FeCo.

 Magnetization reversal in longer chains (N > 2)
Since linear chains formed by self-assembled MNPs are seldom two particles long, we now
consider longer chains. In the absence of a rigorous estimate for Eb, we use Equation (3.8) for an
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approximation. The relation shows that the potential barrier due to dipolar interactions
approaches a finite value as N increases so that higher order terms beyond p = 2 can be neglected
for long chains. This is also clear from the Keff values determined from simulations that are listed
in Table 3-3. To visualize the effect of this potential on the stability of a terminal dipole, we
simulate the magnetization dynamics of MNP chains of various lengths for four particle sizes.
The results presented in Figure 3-8 (a) show that systems with longer magnetite MNP chains
have a more stable terminal dipole. This effect is more pronounced for systems in which
individual MNPs have a significantly low anisotropy, such as magnetite MNP with a = 2.5 nm.
Once a particular potential barrier that can no longer be overcome by thermal fluctuations is
reached, magnetization stabilizes. Thus, for systems with particle sizes a  3.5 nm, chains with
N = 2 or 3 particles show no significant differences in net magnetization over the  m  100 ns
chosen, whereas a similar comparison with a = 2.5 nm is appreciably different.

Figure 3-8 Variation of <e x > of a terminal dipole with chain length shows that (a) a longer magnetite MNP
chain produces a more stable magnetic moment. This stability increases until saturation, i.e. < e x > ~ 1. The
increase is more rapid for larger particle dimensions, which is explained by the higher system anisotropy that
scales as a 3 . (b) The variation of <e x > along the chain (for a = 3.5 nm) shows more stable relative magnetization
closer to the center of the chain.
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The stability of spins varies along the length of a chain. Intuitively, terminal dipoles
should have lower stability as they are coupled with only one neighboring dipole. Other MNPs in
a chain have two nearest neighbor so the effects of dipolar coupling are higher. The MNP at the
center of a chain should have the maximum stability. This is confirmed through the results
shown in Figure 3-8 (b). However, the differences in | ex | between the terminal and other
MNPs are not significant. This is an important consideration, since the terminal dipoles form the
pole-faces of hypothetical self-assembled structures that develop a residual magnetization.

3.5 Conclusions
We investigate the influence of dipolar interactions on the stabilization of the magnetic
moment at relatively high temperatures. Theoretical estimates for the potential barrier in the
magnetization reversal of a two-particle chain [26] assume that magnetization reversal occurs
along the energetically most inexpensive pathway, i.e., the saddle points in the energy surface.
Our numerical simulations indicate that this is not necessarily true when thermal fluctuations are
significant. Improved models must be developed to ascertain the effective potential barrier
encountered by thermal fluctuations to force magnetization reversal in systems where the energy
map is anisotropic and the encountered barrier becomes path-dependent. We empirically observe
that a modified Néel-Arrhenius relation can be construed enabling the use of a universal value of
the attempt frequency, the theoretical basis for which is left as a future exercise. Subsequently,
we provide a conservative design strategy for the stabilization of magnetic moments using
existing theoretical models. This will aid in the choice of materials and other process variables
for the design of an SA process where the dipolar stabilization of the magnetic moments is
maximized. In such a process, individual particles in a dilute dispersion will have frequent
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magnetization reversals and thus a net zero magnetization corresponding to a measurement time.
However, once self-assembled into linear chains with the easy axes aligned with the chain
direction, dipolar interactions augment the potential barrier for magnetization reversal. This
reduces the chance and, in effect, the frequency of magnetization reversal, leading to a
microstructure that demonstrates remanence over the same measurement time.
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4. Magnetic assembly of 3D cell culture 3

An externally applied magnetic field is used to assemble
magnetized human cells into three-dimensional (3D) clusters. This
forms the means for 3D cell culture without using artificial
scaffolds. When the cells are held in close proximity with the
magnetic field for a day, they form intercellular contacts aided by
extra-cellular fibers. Subsequently, the cells organize themselves
into tight clusters. For epithelial cells, the cluster takes the form of
a multi-layer sheet. For fibroblasts, it is a tightly packed spheroid.
The connecting fibers are observed to exercise tension on the cells.
This suggests that the fibers are responsible for organizing the
cells. For the HFL-1 cell line, cells on the periphery of the 3D
clusters are seen to assume a different morphology than the cells
that lie within them. This shows that cells assume different
physical forms based on their functional role, as determined by
sensing their microenvironment.

4.1 Motivation and background
Three-dimensional (3D) cell cultures better mimic in vivo conditions than monolayers [81] since
activities of a cell, e.g., protein expression and morphology, are strongly influenced by its
interactions with the microenvironment, i.e., neighboring cells [82] and the extra-cellular matrix
(ECM) [83]. Popular 3D culture methods employ artificial scaffolding materials [84], e.g.,
polymer nano-fibers or extracellular proteins of animal [85] or microbial [86] origin, in order to
3

Adapted from S. Ghosh et al., “Magnetic assembly of 3D cell cultures eliminates the need for artificial scaffolds”.
In preparation, 2013.
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simulate the ECM. Thus the microenvironment differs from in vivo conditions, causing
differences in cell behavior [87]. We present a 3D culture method that eliminates the need for
artificial scaffolds. Cells are magnetized by internalizing magnetic nanoparticles (MNPs), which
are then assembled into 3D structures by magnetic forces. We show here that when cells are held
in place with magnetic force for a day, they form intercellular contacts facilitated by extracellular
fibers. Through these contacts, the cells organize themselves into tight clusters: epithelial cells
form multi-layer sheets while fibroblasts form spheroids. Further, cells tend to acquire different
morphologies based on their position in the cluster.
Most 3D cell cultures in use employ artificial scaffolding materials to provide mechanical
support to cells [88]. The most popular methods use gelatinous networks of extracellular
proteins, e.g., Matrigel [85, 89]. However, these materials are never native to the cells involved,
making the microenvironment different from in vivo conditions. Thus, a tissue cultured in this
manner is not a faithful mimicry of in vivo state [85, 87]. One solution is to assemble cells into a
structure using an external impetus that has no physical contact with the cells, e.g., magnetic
forces. However, a strategy to ‘assemble’ an artificial tissue is feasible only if, after the
assembly, cells form contacts with their neighbors and organize into a physical and functional
form. We show the first evidence towards this in cells assembled by magnetic forces. Both
epithelial and fibroblast cells form intercellular contacts and organize themselves into tighter
clusters. Shape of such clusters is consistent with the physical form of the corresponding tissues
in a natural environment.
Gelatinous scaffolds do not provide control over the shape and size of a culture, nor the
ability to pattern heterogeneities in the population constitution. However, inter-cellular
communications are often dependent on shape, size and population makeup of a tissue. For
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instance, tumor growth is regulated by communications via interleukins [90]. Spatiotemporal
variations in interleukin concentration are hypothesized to be responsible for the characteristics
of tumorigenesis, e.g., ‘seed-to-soil’ organ-specific metastasis and long dormancy periods [91].
The shape, size and population makeup of a tumor dictates interleukin concentration, thus they
have a significant bearing on tumor growth. Testing such a transformational hypothesis requires
an experimental model in which (1) the cellular microenvironment replicates a live tissue, and
(2) the shape, size and population heterogeneities of a 3D cluster of cells can be controlled as
desired [92]. We present an economic method that can accomplish both. The method is easily
implemented in any laboratory practicing cell culture.
‘Action-at-a-distance’ manipulation of magnetized cells has been explored for decades
[93-95]. Potential uses span targeted drug delivery [36], cell-sorting [33] and tissue engineering
[96, 97] besides novel tools enabling fundamental discoveries in biology [98]. These are
achieved by coating MNPs with cytocompatible materials. Thus ‘camouflaged’, the MNPs are
readily internalized by cells [99], and can be targeted to specific cell types [100]. Once the MNPs
are internalized, the cells are magnetized and can be manipulated using an externally applied
magnetic field [96, 101-104]. Recently, a method for magnetic assembly of cells into a tissue of
desired shape was reported. It uses scaffolding materials of microbial origin conjugated with
MNPs [86]. Cells first adhere to the scaffolds, and then the scaffolds are assembled into desired
shapes using magnetic forces. However, the method must still incorporate foreign scaffolding
materials. We show here that if magnetic forces are used to hold a group of cells in close
proximity for a day, they form inter-cellular contacts and organize themselves into tighter
clusters alleviating the need for artificial scaffolding materials.
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4.2 Materials and Methods
4.2.1 Synthesis of magnetic nanoparticles
Magnetite nanoparticles were synthesized by a modified Massart coprecipitation method [105]
and coated with BSA essentially as described in Ref. [99]. 1.72 g FeCl2·4H2O and 4.67 g
FeCl3·6H2O were dissolved in 60 ml degassed and deionized (DI) water (ASTM Type II,

LabChem Inc.). The solution was then added to 20 ml ammonium hydroxide with vigorous
stirring. A black-brown precipitate of magnetite nanoparticles was formed. The mixture was then
centrifuged (5000g, 15 minutes) and the pellet redispersed in deionized water to remove
unreacted reagents and to decrease the pH. The process was repeated 5 times. The MNPs were
then pelleted again and redispersed in 20 ml of 5% (w/v) aqueous solution of BSA (Fisher
BioReagents, Fraction V, heat shock treated). The dispersion was then sonicated for 1 hour using
a probe sonicator (Fisher Sonic Dismembrator, Model 300). The resulting dispersion was a
homogeneous reddish brown liquid when inspected at 400× magnification through an inverted
microscope. The solution was made to stand overnight, and then ultracentrifuged (OptimaTM L90K, Beckman-Coulter) at 100,000g for 1 hour. The pellet was redispersed in 40 ml deionized
water by sonication. This process removed the excess BSA. The dispersion remained stable for
several months when stored at 4ºC.
4.2.2 Characterization of magnetic nanoparticles
The size of the MNPs was measured using dynamic light scattering (Malvern Zetasizer Nano
ZS90), nanoparticle tracking analysis (NanoSight) and transmission electron microscopy (Philips
EM420). The magnetic core of the MNPs was ~10 nm, while the modal value of the
hydrodynamic diameter of particles were ~50 nm in DI water and ~80 nm when the stock
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Figure 4-1 Size of the BSA coated MNPs (a&b) TEM images show that the magnetic core of the MNPs has a
diameter of ~10 nm. (c) Dynamic light scattering analysis shows that the modal va lue of the hydrodynamic
diameter of BSA coated MNPs are ~50 nm in its original water solution, and ~80 nm when the solution is diluted
in PBS. (d) The nanoparticle tracking analysis (NTA) results confirm the DLS results.

solution was diluted in PBS. This was possibly because of some agglomeration, as well as the
BSA coating on the MNPs. Results are presented in Figure 4-1.
4.2.3 Cell culture
Vero cells were obtained from American Type Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Life technologies). Prostate cancer epithelial (PC3) cells (ATCC) were cultured in Roswell Park Memorial Institute (RPMI) medium (Life
technologies). Human lung fibroblast (HFL-1) cells (ATCC) were cultured in in Ham’s F-12K
(Kaighn’s) medium (Life technologies). All media were supplemented with heat inactivated 10%
(v/v) fetal bovine serum (FBS, Atlanta Biologicals) and 1% (v/v) penicillin/streptomycin
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Figure 4-2 Cytotoxicity of the BSA coated MNPs are evaluated by measuring the % viability of PC -3 cells at
various concentrations of MNPs in PBS. Measurements are done by tyrpan blue staining of dead cells, followed
by counting using the Nexcelom Cellometer ® . Height of error bars = 2σ, N = 4.

(Sigma). Additionally, the RPMI media was supplemented with 1% (v/v) Geneticin (G418, Life
technologies) to select stably transfected PC3-mOrange cells. The PC3-mOrange cells were
originally developed in Dr. Elankumaran’s laboratory (unpublished) and used in this work with
no further modifications. The cells were trypsinized and reseeded every 3-4 days. They were
cultured at 37 ºC in a humidified environment with 5% CO2. Vero and PC-3 cells were within
their 20th and 40th passages, and HFL-1 cells were within their 5th and 10th passages.
4.2.4 Magnetization of cells
The solution of BSA coated MNPs in deionized water was diluted in Dulbecco’s phosphate
buffered saline (DPBS) at a ratio of 1:3 (v/v). This dilution had an MNP concentration of 12.5
mg ml-1 and did not result in significant cytotoxicity, as seen in Figure 4-2. Cells were seeded in
a 12 well tissue culture plate (Nunc) at 70-80% confluence and allowed to attach overnight. Each
well was then washed and treated with the diluted MNP dispersion in PBS and incubated at 37
ºC in a humidified environment with 5% CO2 for 1 hour. The cells were subsequently washed 5
times, trypsinized using standard technique and used for experiments.
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4.2.5 Sample preparation and imaging with Scanning Electron Microscopy (SEM)
The SEM images of the cells at various time points after seeding were obtained from samples
fixed at the corresponding time points. Karnovsky’s fixative was prepared by dissolving 4 g
paraformaldehyde powder in 50 ml distilled water at 70˚C. The solution cleared when a drop of
potassium hydroxide was added. The solution was then cooled, 10 ml of 50% glutaraldehyde was
added, and the volume was brought up to 100 ml using 0.2 M sodium cacodylate. Finally, 50 mg
calcium chloride was added slowly. The 3D cell clusters, seeded on glass coverslips, were first
washed three times with PBS, then treated with Karnovsky’s fixative and left at 4˚C overnight.
The samples were subsequently washed with 0.1 M sodium cacodylate buffer for 15 minutes,
post-fixed with 1% OsO4 in 0.1 M sodium cacodylate for 1 hr, washed twice with sodium
cacodylate buffer and dehydrated in graded ethanol series. Then, the samples were dried (Ladd
critical point dryer), coated with gold (SPI ModuleTM sputter coater) and imaged using the Carl
Zeiss EVO® 40 series scanning electron microscope.
4.2.6 Confocal microscopy
The PC-3 cells were stably transfected to express mOrange (unpublished) and cultured in media
supplemented with Geneticin as described above in Section 4.2.3. Z-stack images of live 3D cell
clusters were obtained 1 day after seeding using a Zeiss-LSM510 META laser scanning
microscope on an inverted Axio Observer Z1 base.
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Figure 4-3 Magnetic assembly of 3D cell culture. (a) Multi-stage seeding process wherein a thick 3D culture is
built layer-wise by an interplay of magnetic forces and cellular adhesion, enabled by adding a layer of cells at ~1
hour intervals. (b) Configuration of the apparatus showing the coverslip over an N dFeB disc magnet. (c) A 6 layer
seeding of Vero cells is visible to the naked eye. (d) Immediately after a 6 layer seeding, cells form a 3D cluster
directly above the magnet. (e) After 5 days of culture, Vero cells are observed to migrate away from the cen tral
high population cluster.

4.3 Results and Discussions
We introduce bovine serum albumin (BSA) coated magnetite nanoparticles into adherent
mammalian cells [99]. The magnetized cells were then assembled into a 3D cluster on a substrate
using permanent magnets. The process is illustrated in Figure 4-3. (Similar 3D culture was also
performed in suspension, shown in Figure 4-4.) Since each cell develops a very low
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Figure 4-4 Culture of 3D spheroids in suspension. (a) Magnetized cells, suspended in culture media inside a
petridish, were assembled into 3D structures at the air -medium interface using magnets fitted to the petridish
cover. The dish was incubated in this position for 5 days, resulting in 3D spheroids. (b) Image of spheroids (red
oval) formed in suspension using magnetic forces. Inset: Cylindrical NdFeB magnets anchored to the petridish
cover.

magnetization, inter-cellular magnetostatic interactions are extremely weak. From the principles
of magnetostatics, when a group of cells is pulled towards a substrate using a permanent magnet,
they spread out as a very thin layer [48]. In order to develop thicker layers, we use
magnetophoretic transport in conjunction with cellular adhesion. The 3D clusters of cells are
built in layers through a multi-step seeding process, illustrated in Figure 4-3 (a). A small droplet
(~100 µL) of medium containing suspended magnetized cells is first placed on a glass coverslip
immediately above the permanent magnets. The cells settle on the substrate within ~5 minutes
due to the magnetophoresis, forming a cluster whose shape is dictated by the magnetic field.
Within an hour, these cells adhere to the glass substrate or the adjoining cells. A second drop of
magnetized cell suspension is then placed on top of the first. The process can be repeated several
times, depending on the desired thickness of the cell layer. A 6-stage seeding conducted in this
manner, shown in Figure 4-3 (c), results in an opaque cell layer that is visible to the naked eye.
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Figure 4-5 Control of shape using magnetic field. (a) A cylindrical disc magnet, which is axially magnetized,
produced a circular sheet of cells. (b) A ‘flux gap’, formed by a layer of non -magnetic material sandwiched in
between two rectangular magnets, produced a more anisotropic assembly. The PC -3 cell clusters presented here
were fixed 5 days after seeding for SEM imaging. Insets: NdFeB magnet configuration used in each assembly.
Note: Cracks in the cell assembly were a consequence of the sample preparation process; they were not seen in
the live cell assembly

The shape and size of the assembly of cells can be controlled using the externally applied
magnetic field. Cells settle on the coverslip at locations experiencing the highest magnetic field.
Figure 4-5 shows two representative configurations of the permanent magnets. In the first, an
axially magnetized cylindrical disc magnet is used. Such a magnet produces a ring-like geometry
of field maxima on the coverslip immediately above the periphery of the magnet [86]. The cells
thus initially organize themselves in a ring around the periphery. Subsequently, PC-3 cells
organize into a disc-shaped multilayer sheet over the magnet, seen in Figure 4-5 (a). A second
configuration uses a highly localized magnetic field gradient created by a ‘flux gap’ between two
permanent magnets. This is produced by sandwiching a thin layer of non-magnetic polymer in
between the two magnets. Cells adhere to the coverslip immediately above this gap, establishing
an elongated cluster, seen in Figure 4-5 (b). Thus, depending on the desired shape of the cell
assembly, the magnetic field can be determined a priori. The number of seeding stages can be
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subsequently varied to obtain the desired thickness. Such a combination enables good control
over the shape and size of the artificial ‘tissue’.
Cell morphology is known to differ vastly between monolayers and 3D cultures. This is
clearly visible in the SEM images that we obtained. Figure 4-6 shows that the monolayers of two
different cell lines take the familiar stretched and flattened morphology. When the same cells are
assembled into 3D clusters, they are visibly less stretched. Confocal images also confirm this
observation, as seen in Figure 4-7.

Figure 4-6 Morphology and Intercellular connections. Cell monolayers (a,c) acquired the familiar flattened
form while cells organized into 3D clusters (b, d) were sphe roidal. Cell-cell contacts were also influenced
through the 3D assembly. (a) Monolayers of PC-3 cells showed extracellular fibers on their surface, but such
fibers did not visibly serve any mechanical function. (b) When the PC -3 cells were organized into 3D clusters
using magnetic forces, these fibers formed inter -cellular connections (see red arrows). (c) Monolayers of HFL -1
cells had no inter-cellular contact. (d) HFL-1 cells organized in 3D clusters exhibited ample evidence of inter cellular contacts aided by extra-cellular fibers (see red arrow).
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Figure 4-7 Confocal microscopic image of a 3D cluster of PC3 -mOranage cells assembled by magnetic forces
showing (a) cells on the lower end of the cluster that were in contact with th e glass substrate of the coverslip take
the familiar elongated form of the monolayers, while (b) cells which have physical contact only with other cells
acquired a spherical morphology. The light blue arrowhead and the line shows the position in the Z -stack for the
cross-section displayed.

The most relevant difference between monolayers and 3D clusters is the cell-cell
contacts, as seen in Figure 4-6. For the PC-3 cells, both monolayers and 3D clusters have fibers
on the membrane. In the monolayers, seen in Figure 4-6 (a), these fibers do not serve any visible
mechanical purpose. In the 3D clusters, similar fibers form contacts between cells, as seen in
Figure 4-6 (b). For HFL-1, monolayer cells have a smooth membrane, as seen in Figure 4-6 (c).
Figure 4-6 (d) shows that membranes of cells from 3D clusters have more asperities giving a
corrugated appearance and form a larger number of cell-cell contacts. These contacts are aided
by extracellular fibers giving credence to the observation that when cells are held in close
proximity, they develop inter-cellular links and may form ECM, arguably transforming into a
tissue [106, 107].
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Figure 4-8 Figure 4 PC-3 cells organize themselves into a tight multilayer sheet. (a) PC-3 cells were initially assembled into
a ring above a disc-shaped magnet. The cells organized themselves into a multilayer circular sheet over time. (b) Evidence of
tension on an intercellular fiber given by observed stretching in the cell attached to it (red arrow) suggests that the cells pull
themselves together using these fibers.

The intercellular fibers, besides ensuring rigidity of the ‘tissue’, possibly serve an
important mechanical function, as observed for the PC-3 cells in Figure 4-8. We observe that
when PC-3 cells are assembled into a ring, the cells organize themselves into a tighter disc. The
process occurs gradually with time, as seen from the SEM images obtained by fixation of the
cells at various time points after seeding. The magnetic force was applied for the entire length of
the culture. Figure 4-8 (b) shows evidence of tension in the inter-cellular fiber connecting two
cells. The cells attached to the fiber are stretched, indicating this tension. This may be the
organizing force that results in tighter packing of the PC-3 cells on Day 5. Thus, the fibers
making the inter-cellular contacts might be responsible for organizing the cells into a tighter
clusters, in this case a multilayered sheet.
The temporal evolution of the shape of the cell assembly is even more interesting for the
HFL-1 cell line, as seen in Figure 4-9. Starting from a ring-like cluster that is visually
indistinguishable from that shown for Day 0 in Figure 4-8 (a) for PC-3 cells, the HFL-1 cells
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Figure 4-9 HFL-1 cells pack themselves into a tight spheroid. (a) Side view of a dislodged cluster (inset: lower
magnification) shows (b) the underside that is torn away from the glass contains inter -cellular contacts and
extracellular materials, while (c) the outside surface , which interfaced with the culture media, is smooth and
comprised of stretched cells. (d) The stretched cells form inter -cellular contacts through filopodia-like
protrusions.

organize themselves into a tightly packed spheroid within a day, as seen in Figure 4-9 (a). This
spheroid is much smaller than the magnet, or the diameter of the initial ring that was formed. It
can easily be dislodged from the glass substrate by agitation. The spheroid underside, which has
been broken off from the glass substrate, show that the spheroid is formed of slightly stretched
cells with several cell-cell connections. The spheroid outer surface, on the other hand, contains
highly stretched cells with very smooth surfaces. These stretched cells are connected to each
other at the boundaries through cytoplasmic protrusions that look like filopodia, as seen in Figure
4-9 (d), forming a ‘skin’ over the entire spheroid surface exposed to the media during growth.
This shows how cells readily differentiate their morphology, possibly based on functional
requirements in their environment. However, it should be noted that we did not examine the
functional characteristics of any of these cell types.
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4.4 Conclusions
In conclusion, we present a 3D cell culture method without using any scaffolding materials.
Instead, we use magnetic forces to assemble cells into 3D clusters. When the cells are held in
place by a magnetic field, they form cell-cell contacts which are aided by extra-cellular fibers.
All cell lines organized themselves into tight clusters when cultured in 3D for several days. For
the epithelial cell line (PC-3), the cluster takes the form of a multi-layer sheet. For fibroblasts
(HFL-1), it is a tightly packed spheroid. The connecting fibers are observed to exercise tension
on the cells. This suggests that the fibers are responsible for organizing the cells into a tighter
cluster. For the HFL-1 cell line, cells on the periphery of the 3D clusters assume a different
morphology than the cells that lie within them. This shows that cells assume different physical
forms possibly based on their functional role, as determined by sensing their microenvironment.
These 3-D clusters can be easily assembled in any laboratory practicing cell culture and can be
made up of a single cell type or many different cell types as seen in tissue architecture. The
advantage this method offers over conventional methods is that it is scaffold-free and allows
directed organization into a desired form and possibly function.
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5. Patterning
stiffness
of
magnetophoretic control of
distribution 4

elastomers
by
catalyst inhibitor

We present a method to pattern the stiffness of an elastomer by
controlling the concentration distribution of magnetite
nanoparticles (MNPs). The nanoparticles inhibit the platinum
catalyst used to accelerate cross-linking reactions. The MNP
concentration distribution is controlled in the liquid precursor to
polydimethylsiloxane (PDMS) using a magnetic field. When the
polymer is cured in the presence of a magnetic field, portions of
PDMS that contain higher concentration of MNPs exhibit a lower
stiffness. This method can be used to pattern any arbitrary stiffness
geometry in PDMS by selecting the required magnetic field
geometry a priori. Up to 200% variation in Er is observed over a 2
mm length, and gradients of up to 12.6 MPa mm-1 are recorded.
Thus, the method is capable of producing high-resolution patterns
that are suitable for micro-electromechanical devices and 3D
printing systems.

5.1 Motivation and background
Patterning heterogeneities in material properties, i.e., functional grading, enhances the
mechanical performance of materials [108]. Nano- and micro-scale patterning abilities are
particularly significant, since these are known to enhance damage tolerance in tough
biomaterials, e.g., bones [109, 110]. However, existing methods to pattern heterogeneities are
archaic, since they only enable unidirectional grading [111]. Here, we present a method to
enforce heterogeneities in the stiffness of an elastomer in any arbitrary pattern. Such variations
4

Adapted from S. Ghosh et al., “Patterning Stiffness of Elastomers by Magnetophoretic Control of Catalyst Inhibitor
Distribution”, In preparation, 2013.
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are realized by locally inhibiting the platinum catalyst used for polymer cross-linking reactions
in polydimethylsiloxane (PDMS). To do so, the concentration distribution of magnetite
nanoparticles (MNPs) in the liquid precursor of PDMS is controlled using an externally applied
magnetic field. We demonstrate up to 200% variation in the elastic modulus of PDMS over a 2
mm length. Thus, a high-resolution, sharp gradient pattern in the elastic modulus becomes
possible. The technique carries the potential to pattern material properties in microelectromechanical devices and 3D printing systems.
Magnetic nanoparticles are well established in biomedical applications such as drug
targeting because they can be manipulated remotely using a magnetic field, and conjugated with
bio-molecules [53, 93, 94, 112-114]. Thus, the concentration distribution of MNP-conjugated
biomolecules can be controlled, enabling localized reactions at desired locations [23, 24]. To our
knowledge, we present the first use of such control on reagent concentration to pattern the
stiffness of a material.
PDMS crosslinks in the presence of a platinum catalyst. When MNPs are mixed with the
liquid precursor of PDMS, the catalyst is inhibited [37, 38]. This degrades the elastic modulus E
of the polymer. In contradiction to the well-known mixture rule, a higher concentration of MNPs
yields a lower E for the PDMS. Moreover, the concentration distribution of MNPs in PDMS can
be controlled using an externally applied magnetic field [48]. The magnetophoretic control over
MNP concentration distribution and the catalyst inhibiting effect of these MNPs are combined
herein to prescribe a desired pattern for the elastic modulus in a PDMS-MNP composite system.
The spatial distribution of the modulus is then mapped using instrumented nanoindentation. The
method is illustrated in Figure 5-1.
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The wide adoption of polymeric materials over the past few decades has led to several
methods to grade polymer properties. Grading in polymers is typically accomplished in
composites wherein a dispersed phase (A) is distributed in a polymeric matrix (B). Phase A is
typically introduced into phase B by solvent casting or dissolution in the melt of B. Gradients in
A-B proportions produce spatial variations in properties [115]. Grading is often only achieved in
discrete steps, e.g., using compression molding of multiple composite sheets with composition
variations [116], or by layer-wise curing of co-polymer blends in varied proportions [117],

Figure 5-1 Magnetophoretic control of MNP concentration distribution used to pattern stiffness of PDMS.
(a) PDMS is dissolved in a kerosene based ferrofluid containing MNPs (shown disproportionately large for
illustration). The solution is then cast into molds close to an NdFeB magnet. Within ~30 minutes of casting, all
MNPs in the solution move to the region immediately above the magnet. The kerosene is then evaporated under
vacuum for ~24 hours at room temperature, then kept 60˚C for another 24 hours for curing. This preserves the
MNP concentration distribution. Instrumented nanoindentation is then performed along the boundary between
pure PDMS and the PDMS having high MNP concentration. (b) Mold used in this experiment, having a PMMA
coverslip as its floor, with an NdFeB magnet covering half of the floor. (c) Solution of PDMS in kerosene is
poured into the mold. (d) After ~30 minutes, MNPs become con centrated in the region above the magnet. (e)
Magnified image of the boundary, showing a sharp gradient in the MNP concentration.
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thereby limiting the resolution. A continuous grading can be accomplished when A and B have
different densities. For instance, centrifugal or gravity forces can induce variations in the ratio of
the two phases [118-121]. For smaller length scales, continuous grading is enforceable by
diffusion, allowing little control [122, 123]. Other methods such as mixing melts of co-polymers
[124] and sophisticated extrusion processes [125] have also been reported. However, none of
these methods enable heterogeneities beyond a unidirectional composition gradient. By using
magnetic forces to control the MNP concentration in PDMS, we present a method to pattern any
arbitrary distribution of stiffness after determining a suitable magnetic field distribution a priori.
A proof of concept towards this is presented here.
MNP-polymer nanocomposites have been explored extensively over the last decade [126,
127]. These are usually synthesized by solvent-casting the polymers after dissolving them in a
colloidal dispersion of MNPs. An external magnetic field is then used to organize the MNPs into
a desired microstructure. The solvent is subsequently evaporated and the polymer cured under
exposure to the magnetic field, thus preserving the microstructure [48]. This enables a ‘material
printer’. Beginning with the same polymer-MNP solution, an external magnetic field is used to
vary the properties of the final material that is obtained [27-29, 128]. In addition, once cured,
mechanical properties of such a material can be tuned at will using an external field [28, 128].

5.2 Materials and methods
5.2.1 Synthesis of Magnetic Nanoparticles and Ferrofluid
A stock ferrofluid of known MNP concentration is prepared by dispersing the nanoparticles in
kerosene using oleic acid as surfactant. First, MNPs are synthesized by coprecipitation of Fe2+
and Fe3+ chlorides in an alkaline solution [105, 129]. 44.5 gm FeCl2.4H2O (ACS Grade, A16327,
Alfa Aesar) and 120.8 gm FeCl3.6H2O (ACS Grade, 12497, Alfa Aesar) are dissolved in 300 ml
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of

degassed

deionized

water

(LabChem, ASTM Type II). The
solution is added slowly to 372
ml

NH4OH

with

vigorous

stirring. A black precipitate of
MNPs is immediately formed.
The solution is heated to near
boiling

while

stirring

occasionally with a glass rod.
22.5 ml of oleic acid (A16663,

Figure 5-2 Dynamic light scattering shows that the hydrodynamic
diameter of MNPs lie between 10 and 30 nm. There is some
agglomeration (~100 nm).

Alfa Aesar) is added and the
solution stirred vigorously to mix. It is then maintained at near boiling for 2 hours until all the
ammonia has evaporated. The solution is then cooled to room temperature and 367.5 ml of
kerosene (K-1 grade, Sunnyside) is added to the solution. The solution is mixed vigorously until
the kerosene is emulsified and then allowed to settle overnight. The MNPs, coated with oleic
acid, are hydrophobic. They are exchanged from the water to the kerosene. Thus, when this
mixture is allowed to settle overnight, the kerosene along with the MNPs moves to the top while
transparent water is observed at the bottom. The kerosene-based ferrofluid is then decanted off.
Dynamic Light Scattering (Malvern ZetaSizer Nano ZS-90) is used to determine the
hydrodynamic diameter of the particles. The mean diameter is ~15 nm, as seen in Figure 5-2.
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5.2.2 Preparation of Nanocomposites
The PDMS pre-deposition solution should have a low viscosity to ensure a thorough dispersion
of MNPs in the PDMS. Thus, we begin with a solution containing 1:1 (w/w) of PDMS and
kerosene. In order to accomplish this, the stock ferrofluid is first diluted in kerosene to obtain the
desired mass ratio of MNPs to PDMS, . The two parts of PDMS (SylgardTM 184, Dow
Corning) are separately mixed in the prescribed ratio of 9:1 (w/w). The PDMS is then dissolved
in the diluted ferrofluid so that the final mixture has equal weight of kerosene and PDMS. The
solution is vigorously stirred until it appears to be homogeneous under an optical microscope.
The solution is then transferred into PMMA molds (described later) that have attached NdFeB
magnets, which provide the required magnetic field. The molds containing the PDMS-MNP
mixture are transferred to a vacuum oven. Each sample is first placed at an absolute pressure of
~5 kPa for 24 hours at room temperature to evaporate the kerosene. The samples are then
subjected to 60˚C for another 24 hrs so that the PDMS cures. Figure 5-1 (a) illustrates this in
detail.
5.2.3 Mold Fabrication
The sample molds are formed by cutting 15 mm square holes on a 3mm thick
polymethylmethacrylate (PMMA) sheet using an Epilog laser cutter. The mold bottoms are
produced using plastic cover slips (VWR, thickness 250 µm). For samples with patterned
heterogeneities, about half of a coverslip is covered with a rectangular NdFeB rare earth magnet
(Grade N52, 1/2”1/2” 1/8”, gold plated, K&J Magnetics B882G-N52). The molds are shown
in Figure 5-1 (b).
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Figure 5-3 Effect of MNP doping on reduced modulus ( E r ) determined from homogeneous composites (a)
Pure PDMS is much stiffer then PDMS with 10% (w/w) MNPs, as determined from the slope of the force displacement curve obtained by instrumented nanoind entation. (b) E r first increases slightly with , as is
commonly observed in polymer composites that contain a harder dispersed phase. For  > 5%, catalyst inhibition
becomes dominant and E r decreases monotonically with .

5.2.4 Nanoindentation
Instrumented nanoindentation tests are performed using a NanoTestTM instrument (Micro
Materials, UK). A 5 m diameter spherical diamond indenter is used [130]. The maximum
indentation depth is limited to 4 m, with a loading time of 30 s, unloading time of 10 s and a
dwell period of 80 s. The data are corrected for thermal drifts. The analysis of the loadindentation depth is performed using the Oliver–Pharr method [131].

5.3 Results and discussions
A higher weight percentage of MNPs () present during the curing process of PDMS leads to a
lower reduced modulus (Er) [37, 38]. This is verified by preparing composite samples that
contain a homogeneous distribution of MNPs in the absence of a magnetic field. The
corresponding indentation data are presented in Figure 5-3. We observe that Er first increases
slightly with  up to  = 5%. We attribute this to the elastic modulus of magnetite (Fe3O4),
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which is much higher than that of PDMS. This slight enhancement in Er is commonly observed
in polymer composites that contain a harder dispersed phase. However, at a higher MNP
concentration, catalyst inhibition becomes dominant and Er decreases monotonically. For  >
20%, the inhibition effect reaches a level where a functional solid is no longer formed. Similar
observations have been reported before [38].
Portions of the PDMS-MNP solution experiencing higher magnetic field strengths
acquire a larger MNP concentration. Thus, cross-linking of the elastomer at desired locations is
selectively inhibited. A high concentration of the MNPs collects above the magnet due to
magnetophoresis. The highest concentration is located close to the periphery of the magnet,
which experiences the strongest magnetic field. Thus, this region should have the lowest Er.
Moving away from this region should show a gradual increase in Er. We test this by performing
indentations over a 105 matrix of points on the region of the sample that has the largest MNP
concentration gradient, i.e., on the sample surface that was closest to the periphery of the magnet
during curing. These results are presented in Figure 5-4. To cover a large area, we use a coarse
grid with Dy = 500 µm and Dz = 250 µm. We denote the weight percentage of MNPs relative to
PDMS in the starting solution by *. Heterogeneities in  are patterned using three different
values of the starting concentration, i.e., * = 0.1%, 0.5% and 1.0%. The MNP distribution is
visibly most clear in the sample with * = 0.1%, presented in Figure 5-4 (a). A band of MNPs is
observed in the sample obtained from the region immediately above the magnet’s edge.
Approximate positions of the indentations are illustrated on this image. Figure 5-4 (b) shows that
variations in Er are unidirectional in this region, as expected from the pattern in the MNP
concentration. The material is most stiff, i.e., Er is highest in the region that contains pure PDMS
( = 0). It decreases gradually along y due to the increase in . The stiffness again rises beyond
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Figure 5-4 Magnetophoretic patterning of E r . (a) The magnetic field is strongest along the periphery of the
rectangular NdFeB magnet, thus MNP concentration is highest immediately above the periphery. The sample
shown here has a starting MNP concentration * = 0.1% which best illustrates this feature. The dots show
approximate locations of indentation points. (b) Map of E r obtained from indentation at these points show that E r
varies long y axis. Data presented is for a sample with * = 1.0%.

the band of high . The starting concentration * = 1.0% produces the most distinct
heterogeneities. A higher * results in a band of uncured PDMS above the magnet’s edge
because the local MNP concentration there exceeds the threshold  = 20%.
Next, in order to determine the resolution of the method, we determine the gradient in Er.
We perform indentations in a straight line normal to the band of high MNP concentration at
intervals of Dy = 50 m. As presented in Figure 5-5, the highest gradient in Er is observed for *
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Figure 5-5 High resolution scan of E r along a straight line for samples with (a) * = 1.0%, (b) * = 0.5%, (c)
* = 0.1% shows that high gradients of the reduced modulus can be formed. The steepest gradient in (a) is 12.6
MPa mm -1 (R 2 = 0.9623). The general U-shaped profile is seen in all samples. The red dashed line is a 5 -point
moving average. (d) The minimum reduced modulus (E r min ) decreases linearly with *.

= 1.0%. Er ranges from ~15 MPa to ~5 MPa within a span of 2 mm. The steepest gradient is 12.6
MPa mm-1, obtained by fitting a straight line over 10 points (R2 = 0.9623). The gradient
decreases for lower values of *. While the trend is clear, significant noise in the data prevents
an accurate enumeration of any metrics for gradient. In homogeneous samples, the noise is
eliminated by repeating the indentation multiple times at various locations. However, in a
heterogeneous sample, this is not possible. The general ‘U’ shape in the Er profile is observed for
all three values of *. The minimum reduced modulus Ermin is the lowest for the highest value of
*, and decreases linearly with increasing *, as seen in Figure 5-5 (d). The width of U also
increases with increasing *.
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5.4 Conclusions
In summary, we present a method to pattern the stiffness of an elastomer by controlling the
concentration distribution of an MNP catalyst inhibitor, where the catalyst is used to accelerate
cross-linking reactions. The MNP concentration distribution is controlled in the liquid precursor
to PDMS using a magnetic field. When the polymer is cured in the presence of a magnetic field,
portions of PDMS that contain higher concentration of MNPs exhibit a lower stiffness. This
method can be used to pattern any arbitrary stiffness geometry in PDMS by selecting the
required magnetic field geometry a priori. Up to 200% variation in Er is observed over a 2 mm
length, and gradients of up to 12.6 MPa mm-1 are recorded. Thus, the method is capable of
producing high-resolution patterns that are suitable for micro-electromechanical devices and 3D
printing systems.
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6. Future directions

External control over organization and self-assembly of
nanoparticles promises applications spanning multiple disciplines.
This dissertation discusses the use of a static magnetic field to
organize magnetic nanoparticles and magnetized human cells.
However, control of self-assembly among nanoparticles will
improve by orders of magnitude once the full spectrum of
electromagnetic control has been explored. This will enable the
design and fabrication of any conceivable structure by selfassembly of nanoparticle building blocks. The investigation will
require novel experimental methods complemented by theoretical
and computational models that couple electromagnetism with
Stokesian particle dynamics. The knowledge gained will advance
scientific understanding of inter-particle interactions at small
scales. It will have significant applications in material design,
tissue engineering and regenerative medicine.

6.1 Vision
Natural materials present a vivid example of how ‘form defines function’. Properties and behavior of any
material are defined by the organization of its constituent atoms; diamond, graphite and carbon black are
made of identical carbon atoms. Differing crystal structures (or the lack thereof) lead to starkly different
mechanical, electrical and optical properties. On-demand control of crystal structure will enable tunable
material properties – an object of science fiction. However, while Mother Nature had the luxury to ‘make’
her own atoms, our means to control ‘atomic organization’ are limited by her rules of chemical bonding.
Nanoparticles, however, solve this problem. Being only several atoms in size, they can be used as
building blocks of matter. Bulk properties of general composite materials depend on microstructure
morphology, and microstructure can be generated by self-assembly of nanoparticles. Thus, control over
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self-assembly will enable a ‘material printer’; starting from the same constituents, we can conceive of a
device that will ‘print’ a material of desired mechanical, electrical, thermal, magnetic and optical
properties. The microstructure morphology can often be changed on-demand after the material is formed
using external triggers, e.g., electromagnetic field. This will enable tunable materials. Leveraging
controlled organization of nanoparticles is the next step in mankind’s effort to control its environment.
Unfortunately, the means to organize nanoparticles are rather limited, mainly because inter-particle
interactions at small scales are not fully understood. Thus, the next step is to form a detailed
understanding of inter-particle interactions and the means to control them. A few specific research topics
are discussed hereinafter.

6.2 Controlled Self-assembly of Nanoparticles
Self-assembly is enabled by inter-particle interactions. For certain interactions, e.g., magnetostatic and
electrostatic, self-assembly can be controlled by an external impetus, e.g., an electromagnetic field.
However, electromagnetism and classical dynamics have been historically isolated. Combining these two
will reveal methods to control the organization of nanoparticles with unparalleled flexibility.
The first step in this direction is to form an exhaustive map of electromagnetic control over
nanoparticle self-assembly. This will involve synthesis and stabilization of the nanoparticles and detailed
characterization of their size, shape and properties. Subsequently, external control on their self-assembly
can be investigated by applying suitable electric and magnetic fields. This process will require an
extensive use of 2D and 3D visualization tools spanning several orders of magnitude in length scale, e.g.,
SEM, TEM, X-Ray CT. The study remains incomplete if the geometry of structures cannot be predicted a
priori. Thus, experimental observations need to be complemented by theoretical models that correlate
process control variables to structure morphology. Such models will need to accurately describe interparticle interactions at the nanoscale. The governing dynamics of millions of interacting particles presents
mathematical complexities that cannot be treated by an analytical framework. Thus, scaling laws need to
be developed. Parallelized computational models are a useful tool in this context. Specifically, established
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methods in Stokesian Particle Dynamics will serve as an excellent tool to model the dynamics of
interacting particles. The computational models are crucial in validating and fine-tuning the theoretical
models that describe inter-particle interactions.

6.3 Magnetic Forces in Biotechnology
An important application area for directed assembly is biology, specifically tissue engineering and novel
tools that will enable fundamental discoveries. This is because it allows a method for contactless
manipulation of cells using magnetic forces, enabling their organization into a ‘tissue’ of desired form
[86, 96, 97]. It also enables a method to deliver mechanical perturbations on live cells, enabling
experiments that are otherwise impossible [98].
For decades, scientists have relied on petri-dish bound monolayer cell cultures to determine cell
behavior. 3D cell cultures, which have emerged recently, better represent in vivo conditions than
monolayers. This is because cell behavior is strongly influenced by interactions with its
microenvironment, i.e., with neighboring cells and the extra-cellular matrix (ECM). Popular 3D culture
methods employ synthetic materials as scaffolds in order to simulate the ECM. Since these materials are
foreign to the cultured cells, cell behavior differs from that in vivo. Also, no control over shape of cell
culture is possible. This dissertation reports the first evidence that cells, when held together by magnetic
forces for several days, organize themselves towards a functional tissue. The method points to a
transformational tool for fundamental discoveries in biology. For instance, it will enable the influence of
tissue morphology on cell growth and differentiation. It will also enable studying intercellular
communications, a phenomenon that drives all cellular processes within a living body.
Biocompatible MNPs developed in the course of the work will also support several other
experiments on cell mechanics, e.g., the influence of mechanical cues on cellular response. Here, the
mechanical perturbation will be provided by microstructures formed by self-assembly of magnetic
nanoparticles. Subsequently, the microstructures can be manipulated remotely to ‘poke’ a cell in various
different ways. Considering the microstructures are formed by self-assembly, they can be generated both
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within and outside a cell. Further, from the understanding of the mechanics of a magnetic material in a
magnetic field, the ‘poking’ force produced by such microstructures can be accurately calculated from
knowledge of the magnetic field they experience.

6.4 Material Design
Magnetic nanoparticles are popular in biomedical applications such as drug targeting because the particles
can be (1) manipulated remotely using a magnetic field, and (2) conjugated with bio-molecules. Thus, a
concentration distribution of the molecules can be enforced externally, enabling localized reactions at
desired locations. The materials world will also benefit from external control on concentration distribution
of reagents to enforce localized reactions; the first evidence is presented in this dissertation.
The ability to pattern heterogeneities in material properties of any arbitrary geometry has
promising potential in material design. This is because the bulk properties of a material have a strong
dependence on the micro- or nanoscale heterogeneities. In the long run, a ‘material printer’ is envisaged.
This is a ‘science fiction’ device that can ‘print’ a material of desired properties starting from a ‘cartridge’
of available nanomaterials and a polymer solution. For this, the first step is to investigate the influence of
patterned heterogeneities in mechanical, magnetic and electrical properties on the corresponding bulk
properties of materials.
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