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ABSTRACT
Colloidal and nanocolloidal particles are used as the building blocks for more
complex materials and devices. These range from traditional materials like thin films,
coatings and ceramics, to applicable devices such as circuits, sensors, photonic crystals
and colloidal crystals. The two major challenges that exist when processing a suspension
of colloids are controlling the stability of the particles in the system and promoting
accurate particle self-assembly. Traditionally, stabilization is accomplished through the
passivation of particles with dispersant molecules, which allows for the synthesis of
simple structures such as films and uniformly ordered colloidal crystals.

However,

passivation often prevents downstream bottom-up assembly processes.
Current assembly methods go beyond simple colloidal crystal packed structures to
produce close-packed and isotropic structures.

These simple and new assembly

structures are limited by photolithography, functionalizing chemistries, and the fact that
they are made up of the same material. The work described in this thesis created simple,
localized and nanoscale charge distributions on the surfaces of individual colloidal
particles using the technique of particle lithography. The size and effectiveness of the
nanoscale charge region was enhanced with changes in the particle suspension conditions
and characterized through imaging with field emission scanning electron microscopy and
confocal microscopy. In addition, a method called the salting out – quenching – fusing
technique was developed to produce a high yield formation of in-suspension colloidal
homo and hetero doublets. Lithographically defined templates were employed to selfassemble more complex and anisotropic colloidal aggregates without the use of

iv
dispersants. A model was also developed that relates the aggregation times of these
colloidal particles to their size and concentration in the assembly suspension, which
provides realistic predictions about the experimental times required for colloidal particle
assembly.
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Chapter 1
Motivation and Research Goals

1.1 Motivation
Colloidal particles are small objects that have at least one characteristic dimension
in the range of 1 nm to 1 µm. A colloid (or colloidal dispersion) consists of a dispersed
and a continuous phase, where the dispersed phase is made up of small particles
(colloidal particles) that are evenly dispersed throughout the continuous medium phase.
They have a long history of importance by being extensively used as major components
of industrial products such as foods, drinks, inks, paints, coatings, cosmetics, and
photographic films.1-3 Due to their ease of production as monodisperse samples of
precise sizes, colloidal particles have been a dominant subject of research in materials
science, chemistry, biology, condensed matter physics, and fluid dynamics.4 An exciting
area of current research looks at how these colloidal particles are being used in novel
ways as building blocks for the self-assembly and engineering of new material structures,
including high-precision filters,5 controlled-porosity substrates,5 photonic devices,5,
biosensors,7,

8

microlenses,9 electronic ink,10 drug delivery agents,11,

12

6

nanostamps for

soft lithography use,13 and seed particles for core-shell and hollow spheres14.
Self-assembly is truly a production process that well describes nanotechnology
and is completely different from all other production processes.12

The term “self-

assembly” refers to using materials to create a structure at the micron, nano, or molecular
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scale that will spontaneously assemble itself.

Two main advantages of using self-

assembly techniques in nano-/micro- fabrication are that it has the potential to produce an
abundance of products and the feature size of the resulting structure is only limited by the
size of the starting molecule.12 These advantages help answer the popular questions in
nanofabrication of how small can we go and can these structures be mass produced.
Despite these advantages, there are still some major issues with self-assembly that must
be solved. Self-assembled structures tend to have a high defect rate, and thus make it
difficult for mass production with a lower return. Also, there is a missing link in being
able to join self-assembled nanostructures with macroscopic devices and conventional
components.12 If functional nanostructures are to be assembled across several length
scales with the use of building blocks, it is necessary to develop new tools for large-scale
assembly of nanostructures and manipulation of the individual components.15 In order to
deal with these issues associated with self-assembly, researchers are developing
approaches that involve templated (nanofabricated templates used to assist in the
assembly process) and/or directed self-assembly (i.e. using organic chemical or
biomolecules to direct the assembly).
Monodispersed colloidal particles can be self-assembled and used as
nanostructured templates for new functional materials.16 In fact, powerful advances have
been made towards the bottom-up assembly of complex structures that could be used in
working devices.

Films,17,

18

colloidal crystals,4,

19-21

ceramics,22 and complicated

geometric shapes23-26 have been synthesized from spherically symmetric particles.
Attempts have also been made to synthesize colloidal crystals out of non-spherical
particles.27 Several techniques have been used to synthesize colloidal assemblies through
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the use of non-aqueous solutions,24, 28 lithography technology,25, 26 and colloidal crystal
arrays29, 30.
Although the recent development of lithography technology enables one to
fabricate patterns with a wide variety of feature dimensions less than 65 nm and on nonplanar surfaces, it still remains a challenge to create these patterns on the surfaces of
objects with curvatures less than 50 µm in size.31

Despite the successes with these

various techniques, there is still a need for a simple self-assembly process using colloidal
particles that is relatively inexpensive and results in high-throughput. The possibility for
creating precursor particles using the techniques described in this thesis increases the
importance of solving the “inverse problem” of bottom-up assembly both experimentally
and theoretically, where precursor particles must be designed to give the desired final
assembled product. Specifically, the use of biomolecules such as DNA and proteins
opens up new possibilities for the formation of building blocks that could assemble into
complex structures and detection devices32. The research in this thesis will overcome
many of these discussed challenges by providing the ability to synthesize multiple
localized and nanoscale functionalizations on particles with improved flexibility in the
final placement of the functionalized regions by using both the template and directed
approaches.

4

1.2 Research Goals
This research aimed to provide a better understanding and control in the selfassembly of colloidal particles at the micron and nanometer scales. The overall concept
for this research was to apply site-specific functionalizations to colloidal particles to aid
in the assembly of desired colloidal aggregate structures and to control the size and
effectiveness of the functionalizations at the nanometer scale.

This concept was

investigated through experimental and modeling analysis. The specific goals of this
research are as follows:
1) Develop, enhance and characterize the particle lithography technique,
which uses electrostatic interactions to form colloidal heterodoublets (two
colloidal particle aggregates) and nanoscale functionalizations on the
surface of colloidal particles.
2) Efficiently control the high yield formation of colloidal homo and hetero
doublets in solution using a developed method called the salting out –
quenching – fusing (SQF) technique.
3) Apply the particle lithography technique to a surface more complicated
than a flat glass plate in order to create complex colloidal particle
aggregate structures.
4) Develop a Brownian motion model that relates the aggregation times of
particles to their size, lithographed patch size, and their concentration in
the assembly suspension.
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A wide variety of research tools, both experimental and modeling, were utilized
for this research project. The research draws important concepts and techniques from
many areas of study that include polymer particle synthesis, colloidal interactions,
colloidal assembly, colloidal assembly with biomolecules, and Brownian dynamics. The
diversity of my approach to realize the proposed research goals is reflective of the
extreme complexity involved in colloidal particle assembly.

1.3 Overview of Thesis
This thesis follows the chronological development of the research involved in
control and understanding of the self-assembly of colloidal particles through site-specific
interactions. Chapters 4, 5, 6, 7, and 8 are taken directly from published, submitted, or
soon to be submitted technical research manuscripts. The thesis structure is designed to
accommodate the details and specific research topics of the publications.

A brief

literature review is given in Chapter 2, which is in addition to the subject specific
literature reviews present at the beginning of each major thesis chapter as Introduction
sections. In addition, the Materials and Methods section in Chapter 3 expands upon and
adds detail to the subject specific material and methods described in each major thesis
chapter. All relevant copyright information is contained at the end of each chapter. The
remaining sections of this chapter contain summaries of each thesis chapter, which are
the abstracts from the technical publication used for the chapter.
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1.3.1 Chapter 4: Nanoscale Functionalization and Site-Specific Assembly of Colloids
by Particle Lithography
Numerous studies have demonstrated the bottom-up assembly of complex
structures such as colloidal crystals, close-packed aggregates, and even rings and
tetramers. In this chapter, it is demonstrated how to produce a simple localized and
nanoscale charge distribution on the surfaces of individual colloidal particles using the
particle lithography technique. In this technique, parts of the particles are masked off,
while coating molecules (polyelectrolytes) cover the remaining portions of the particles.
The effectiveness of this process is demonstrated by the accurate and reproducible
production of colloidal heterodoublets composed of oppositely charged colloidal
particles.

These “colloidal molecules” have the potential for significantly higher

information content than previous attempts in the literature. The particle lithography
technique is advantageous because it is not limited by the resolution of photolithography
or by functionalizing chemistries, and the technique opens the door for complex sitespecific functionalization of particles.

1.3.2 Chapter 5: Fabrication of Colloidal Doublets by a Salting Out – Quenching –
Fusing Technique
It is well-known that high ionic strength promotes colloidal particle aggregation.
Here we show that, by controlling this aggregation process, we can produce high yields
of homodoublet and heterodoublet polymer colloids. The aggregation process is started
by increasing the ionic strength to roughly 250 mM KCl. After approximately the rapid
flocculation time, we quench the “reaction” by mixing in a large quantity of deionized
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water, which dilutes the ionic strength and prevents further aggregation. At this point,
the suspension consists primarily of singlet and doublet particles. Through heating above
the glass transition temperature of the polymers, the doublets are fused together and
remain intact even after sonication. It is also shown that heterodoublets can include a
silica particle together with a polymer colloid.

The salting out-quenching-fusing

technique is a rapid, easy-to-perform, repeatable process for fabricating colloidal doublets
from polymers and other materials.

1.3.3 Chapter 6: Site-Specific Functionalization on Individual Colloids: Size
Control, Stability and Multilayers
Individual colloidal particles are locally functionalized with nanoscale control.
Here we use the particle lithography technique to mask one region of a silica or
polystyrene latex particle (size 3.0 µm down to 170 nm), while the remaining 95% or
more of the particle is coated with various sized nanocolloids. The images and data show
precise and predictable control over the size of the region, with fine-tuned patch size
control obtainable by changing the ionic strength of the solution. The coating on the
particles remains stable even when subjected to sonication for 5 min. Both single regions
and multilayer annuluses are readily formed. Particle lithography provides a general,
reliable,

stable,

controllable,

and

scalable

method

for

placing

site-specific

functionalizations on individual particles, opening the way to more complex particle
patterning and the bottom-up assembly of more complex structures.
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1.3.4 Chapter 7: Colloidal Water and 5-mer Aggregates Fabricated by Particle
Lithography
Colloidal particles are individually functionalized with multiple patch regions
using the nanoscale control of the particle lithography technique.

Here, colloidal

particles are loaded into and electrostatically adhered to the walls of v-groove and v-pit
wells of nanofabricated templates. The walls of the template wells mask two (v-groove)
or four (v-pit) regions of melamine formaldehyde or polystyrene latex particles, while the
remaining surface area of the particle is coated with nanocolloids or polyelectrolyte.
Microscopy images show the controlled formation of multiple patch regions of the same
size. Excess coating molecules in the template wells and instability of the particle
coating during sonication results in damage (non-specific adhesion of coating molecules)
to many of the lithographed patch regions. When secondary particles of opposite charge
to the lithographed patch region are added to the precursor particle solution, the result is
the formation of a low yield of water and 5-mer colloidal molecule assemblies. Reducing
the presence of the excess coating molecules and improving stability during sonication
will help produce higher yields of colloidal molecules that can be used as building blocks
for more complex bottom-up structure assemblies.

1.3.5 Chapter 8: Time for Doublet Formation of Anisotropic Functionalized Spheres
Numerous simulation studies have shown the possible assembly conformations of
aggregates formed by random coagulation of particles, aggregates of anisotropic
particles, and diffusion-limited aggregation of particles in a variety of solution
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conditions. Little work, however, has gone into the investigation of the assembly of
spherical particles that are anisotropically functionalized with varying patch region sizes.
Here we use a simple Brownian rotation and translation model to estimate the
aggregation times of systems with particles that have anisotropic patch regions. Three
system conditions are explored: 1) the aggregation times of particles with patch regions
of varying size rotating relative to a second particle type that are fully functionalized, 2)
the aggregation times of particles with patch regions of varying size moving by Brownian
motion relative to a second particle type that are fully functionalized, and 3) the
aggregation times of particles with patch regions of varying size (same and different)
moving by Brownian motion relative to each other. Trends of the simulation data are
determined and compared with expected physical trends for the systems. In addition, a
sample calculation is given that shows how the simulation data provide a reasonable
estimate of experimental particle assembly times.

1.3.6 Summary of Appendices
The appendices add more detail to the content of the main thesis.

The

nomenclatures used in this work are contained in Appendix A. The details for colloidal
particle synthesis and vendors, separating desired colloidal particle assemblies, and
modeling codes are found in Appendices B, C, and D. The development of localized
functionalization of individual colloidal carriers for cell targeting and imaging is detailed
in Appendix E. Appendix E is a modified form of a published manuscript, and the
abstract from that manuscript is given in Section 1.3.7.
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1.3.7 Appendix E: Localized Functionalization of Individual Colloidal Carriers for
Cell Targeting and Imaging
Fabricating drug particles for therapeutic delivery and imaging presents important
challenges in the design of the particle surfaces. Drug nanoparticle surfaces are currently
functionalized with site-specific targeting ligands, biocompatible polymers, or
fluorophore-polymer

conjugates

for

specific

imaging.

However,

if

these

functionalizations were to be synthesized on the drug carrier in localized, nanoscale
regions on the particle surface, new schemes of drug delivery could be realized. Here we
describe the use of the particle lithography technique that enables the synthesis of
individual colloidal carrier assemblies that can be imaged and targeted to integrinexpressing cells. We show localized adhesion specificity for cells expressing the target
integrin followed by receptor-mediated endocytosis. With the addition of localized
delivery by adding drug nanoparticles to a specific region on the particle surface, our
colloidal carrier assemblies have the potential to target, deliver therapeutic agents to,
sense, and image diseased endothelium.
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Chapter 2
Literature Review

2.1 Introduction
Chapters 4 - 8 contain individual sections in the form of an Introduction section,
which work as a Literature Review. The content of each Introduction section addresses
the appropriate literature for the individual chapters. This general Literature Review
section expands upon and provides additional clarification for the contents of the
subsequent sections. In particular, the concepts of colloidal and nanoparticle synthesis of
various materials, the details of low information colloidal structure formation, the
relevant techniques used to synthesize anisotropic particles and self-assemble colloidal
particles into complex structures, information about specific biological interactions with
colloidal assembly, and modeling colloidal assembly are addressed in this section.
Table 2-1 details the variety of topics discussed within the individual chapter literature
reviews. These sections should be referenced for the different topics listed.
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Table 2-1: A table of literature review information contained in each thesis chapter.
Chapters 4-8 are modified from published, submitted, or to be submitted manuscripts,
and thus contain literature reviews directly relevant to each chapter as their introductions.
Section
4.1
5.1
6.1
7.1
8.1

Topics
Colloidal Assembly Techniques
Patterning Colloidal Particles
Non-Spherical Polymer Particle Synthesis
Bottom-Up Assembly of Colloidal Particles
Patterning Colloidal Particles
Low Information Assembly
3-D and Anisotropic Particle Assembly
Diffusion-Limited Aggregation
Brownian Dynamics Simulations

2.2 Colloidal Particle and Nanoparticle Synthesis
Over the past 50 years, a variety of chemical methods have been developed and
improved to produce spherical colloidal particles out of different organic (polymers) and
inorganic compounds.1 Precise control over the properties of these spherical colloids has
been achieved through the adjustment of parameters such as the diameter, composition,
crystallinity, and surface functional groups.

Through these adjustments, spherical

colloidal particles are now easily synthesized with monodispersed size, uniform shape,
and predetermined composition and properties (surface and bulk). This facile synthesis is
driven by the minimization of interfacial energy, where a sphere represents the simplest
form that colloidal particles adopt during the nucleation or growth process.2
Batch synthesis of spherical silica particles with narrow size distributions (~5%)
has been achieved by the Stöber technique,3 where growth of uniformly sized particles is
achieved through the hydrolysis of alkyl silicates and the condensation of silicic acid in
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alcohol solutions. The particle sizes that can be obtained from the Stöber technique range
from less than 5 nm to 2 µm in diameter. Microfluidic chemical reactors have also been
utilized for the synthesis of colloidal silica particles with narrow size distributions (~8%)
through the use of laminar flow and segmented flow reactors.4
Methods have been developed for spherical polystyrene particle (and
nanoparticle)

production

polymerization,5,

6

through

the

use

of

micro-

(and

mini-)

emulsion

emulsifier-free system techniques,6-8 dispersion polymerization,9,

10

and oil-in-water emulsion solvent evaporation11. A wide variety of monomers are used in
the emulsion polymerization of polymer particles, and their wide range of glass transition
temperatures (Tg)12 allows for applications13 in artificial rubber, surface coatings, paint
ingredients, and adhesives. Common monomers13 include styrene, vinyl acetate, methyl
methacrylate,14,
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butyl acrylate, and vinyl chloride, with glass transition temperatures

that range from -43 °C for butyl acrylate to 105 °C for methyl methacrylate.
The components necessary for colloidal particle synthesis with the emulsion
polymerization process include uninhibited monomer, water, initiator (to initiate the
polymerization of the monomer), salt or buffer (for ions), and heat. When synthesizing
polymer nanoparticles, surfactants must also be used in the reaction vessel to provide
stability13 to the latex particles. The following is an empirical equation16 developed for
designing a polymer particle size:
⎡
⎛ [I ][M ]1.723 ⎞ 4929 ⎤
⎟+
Log (D ) = 0.238⎢ Log ⎜⎜
− 0.827
[P] ⎟⎠ T ⎥⎥⎦
⎢⎣
⎝

(2.1)

16
where D is the diameter (nm) of the desired particle size, P is the concentration of the
initiator (M), I is the ionic strength (M) of the reaction solution, M is the concentration of
monomer (M), and T is the temperature (K) of the reaction. In Equation 2.1, the desired
end particle size can be easily adjusted by altering the values of the variables I, P, M, and
T. An increase in T results in a decreased D because the initiator is quickly dissociated.
An increase in P also results in a decreased D because more “seed” particles are present
which forms more smaller particles. Increasing M and I results in an increased D because
more monomer present allows the seed particles to polymerize into larger particles and a
higher ionic strength induces the aggregation of the primary particles into larger particles.
Solution based approaches17 (and other techniques) allow the processing of
organic and inorganic compounds into spherical colloidal particles with controlled
diameters using materials such as gold,18-20 silver,21 titania,22 and much more23. Nobel
metal colloids (e.g. gold, silver, platinum, palladium, etc.) are typically synthesized by
the reduction of their metal salt. Common reducing agents include citrate,24 salicylic
acid,25 and sodium borohydride,24 which form complexes between the metal and the
reducing agent. Monodisperse silver nanoparticles and silver nanocraters were formed on
silicon wafers through spin-coating an AgNO3/PVA (polyvinyl alcohol) solution onto the
silicon wafer surface and then calcinating the Ag+/PVA composite film that resulted.26
The synthesized nanoparticles were uniformly spaced on the wafer surface and stable,
which was likely due to their interaction with the oxidized surface of the wafer. Metal
(nano) particles have been made into core-shell particles to alter the optical properties of
the particle dispersions. Colloidal gold particles were coated with silica by using a silane
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coupling agent as a primer for a thin layer of silica to coat the particle’s surface before
further growth of the silica shell was completed by using the Stöber method.27

2.3 Colloidal Particle Interactions and Stability
One of the greatest challenges in colloidal science is stability, which refers to the
control of particle aggregation.28 Bulk solution properties such as stability, ordering, and
rheology are governed by interparticle forces. During the past 50 years, the DerjaguinLandau-Verwey-Overbeek (DLVO) theory of colloidal forces has been used to predict
stability and colloidal forces by accounting for electrostatic and van der Waals forces.29-32
Equation 2.2 represents a typical DLVO potential for a pair of spherical particles:29, 33, 34
⎛ a a ⎞⎡
⎛ 1 + e −κδ
Φ DLVO = πε ⎜⎜ 1 2 ⎟⎟ ⎢2ψ 1ψ 2 ln⎜⎜
−κδ
⎝1− e
⎝ a1 + a 2 ⎠ ⎣
Aeff (δ ) ⎛ a1 a 2 ⎞
⎜
⎟
... −
12δ ⎜⎝ a1 + a 2 ⎟⎠

⎞
⎟⎟ + ψ 12 + ψ 22 ln 1 − e − 2κδ
⎠

(

) (

)⎤⎥...
⎦

(2.2)

where ΦDLVO is the mean energy potential between the two particles, ε is the fluid
permittivity, a1 and a2 are the radii of the particles, ψ1 and ψ2 are the surface potentials of
the particles, κ-1 is the Debye length (a measure of the electrical double layer thickness or
the region of separation of charge away from the surface of the particles), δ is the
thickness of the gap between the two particles, and Aeff(δ) is the effective Hamaker
constant for the system which is a function of the gap between the two particles. In
Equation 2.2, the terms on the left describe the electrostatic (repulsive) potential and the
term on the right describes the van der Waals (attractive) potential. The DLVO force can
be obtained by taking the negative gradient of the DLVO potential. A positive force
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value indicates that repulsion is occurring between the two particles, where as a negative
force value indicates that there is an attraction occurring between the two particles.
This DLVO model has traditionally assumed that individual particles have a
uniform average surface charge density, a perfectly smooth surface and uniform surface
properties.

If particles are nonuniformly charged, the predicted stability for the

suspension is greatly reduced.35 The van der Waals interaction is affected only by
surface roughness, where as the electrostatic interaction is altered by both surface
roughness and surface charge heterogeneity.36 Thus, the DLVO theory generally fails to
properly describe particle interactions and forces due to the presence of nonuniformly
charged particles35,

37

and other effects such as depletion,38 solvation,31,

39

and steric

repulsion31. Experimentally, conditions can be chosen, such as minimizing the use of
high ionic strength solutions, to reduce the influence of the nonuniformly charged
particles.37
Typically, the forces and interactions involved in self-assembly processes include
nonequilibrium hydrodynamic interactions,40 hydrophobic interactions, ionic bonding,41
hydrogen bonding, van der Waals-London interactions, and electrostatic interactions.42, 43
Theoretical work with the Poisson-Boltzmann theory has shown that attractive
interactions between two particles of identical charge can occur if there is geometrical
confinement from a charged surface, an imbalance in the concentration of ions in
solution, or if there are polarization effects at the confining surface.40, 42
Studies performed on spherical colloidal particles have improved our
understanding of colloidal particle interactions, stability, the many forces that exist, and
the hydrodynamics in various solutions. The different techniques used for measuring the
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interparticle and surface forces, aggregation and charge nonuniformity are the surface
force apparatus,31 atomic force microscopy,44 laser trapping,45 charge nonuniformity light
scattering (CNLS),46 particle force light scattering,47, 48 rotational electrophoresis28, 48-50
and differential electrophoresis38, 51-54. The stability of these colloidal particles and their
ability to form accurate assemblies during colloidal interactions can be improved through
annealing,28 functionalizing the colloid surface, using an electric or magnetic field,55 and
the addition of surface additives50, 56-58. Typical surface additives are anionic and cationic
polyelectrolytes (e.g. polystyrene sulfonate and polyethylenimine), and anionic and
nonionic surfactants (e.g. sodium dodecylbenzene sulfonate and Triton X-100).

2.4 Formation of Low Information Colloidal Structures
Numerous techniques have been employed for the creation of ordered and crystal
colloidal structures.

Various films,59-61 colloidal crystals,62-67 ceramics,68 and non-

spherical geometric shapes69-71 have been synthesized from spherically symmetrical and
non-spherical particles.

These structures created are typically “low information”,

meaning that little information is required to specify the placement of all the components
in a structure. For colloidal crystals, the typical amount of information is only two or
three parameters. For a more complex colloidal assembly, many more parameters need
to be specified.
Thin films of colloidal particles have been fabricated via spin coating, by
evaporation of water (or perfluorinated oil59) from a drop of a solution of colloidal
particles on a silicon substrate,72-74 and by depositing the colloidal particles on an inclined
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silicon substrate72,

75, 76

. In addition, self-assembled monolayer films of colloids have

been patterned using microcontact printing with an elastomeric wet stamp.77-79 Typically,
colloidal crystals have been grown with control over the crystal orientation through a
layer-by-layer process.80-83 In this process, polystyrene or silica particles are added and
dried on a vertical substrate layer after layer to create the colloidal crystals. Ionic
colloidal crystals have been readily fabricated of oppositely charged particles through
electrostatic interactions, where the size of the differently charged particles used can
effectively alter the binary crystal structure.84 Fluidic cells have been fabricated for use
in crystallizing spherical colloidal particles into three-dimensional periodic lattices that
span large areas.66, 85 The main component in the fluidic cell was a gasket (made of a
mylar film) that controlled the cell spacing and crystal structures formed of the colloidal
particles between the substrate surface and the top of the cell.85

2.5 Synthesis of Anisotropic Colloids
Currently, there are numerous laboratory-scale techniques used for the
reproducible fabrication of anisotropic (or non-spherical) colloidal and nanoparticle
samples.71, 86-95 Anisotropic colloids have been formed using specific chemical syntheses
for seeded emulsion polymerizations,96-98 co-monomers having different surface tensions
with the surrounding fluid while using emulsion polymerizations,99-101 emulsion
techniques,95, 102-104 nanofabricated templates,2, 105 stretching in polymer matrices in one
and/or two dimensions,89, 91, 104, 106 and shear induced aggregation.87 Fabricating these
many types of anisotropic particles in a reproducible manner (e.g., same size, shape,
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charge density distribution) has required procedures that involve significant time and
expertise, and thus have not yet been scaled up in production.
Microfabricated templates containing cylindrical wells were fabricated with
photresist film and loaded with polymer particles.104 Annealing the sample templates to
above the glass transition of the polystyrene particles resulted in the formation of
hemispherical and mushroom-shaped polymer particles. Polymer particles were also cast
into polyvinyl alcohol (PVA) films, annealed to above the glass transition of the polymer
particles, and physically stretched in one or two dimensions.89, 91, 106 After cooling the
films to room temperature, the PVA was dissolved in water and alcohol, leaving a
solution of colloidal spheroidal particles. In a slightly different approach, PVA films
were stretched (without annealing) to create voids around the polymer particles, which
were then filled by using heat (or solvent) to liquefy the particles.106 Photolithographed
alphabet-shaped particles have been synthesized by spin coating two photoresist layers
(sacrificial and negative resist layer) on a wafer.107

After exposure to a patterned

mask,108 the desired shapes from the mask were crosslinked into the negative resist and
development removed the rest of the uncrosslinked regions. The sacrificial layer was
dissolved and the colloidal alphabet particles were then released into solution.
Some unique looking forms of these non-spherical polymer colloids include
“mushroom cap-shaped”,109 “ice cream cones”,16 “salami”,101 “kissing cousins”,16 and
“raspberries”16,

101

.

Amphiphilic, nonspherical, polymeric microparticles (of similar

unique shapes) with separated hydrophobic and hydrophilic sections were fabricated
using continuous flow lithography (CFL) in a microfluidic channel.93, 110 Laminar cocurrently flowing streams of hydrophilic and hydrophobic polymers were polymerized
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across the channel in mask-defined regions creating biphasic wedge-shaped particles.94
Polymerizable and non-polymerizable immiscible organic phases have also be used in
laminar co-currently flowing streams for the production of monodisperse Janus droplets,
which were then polymerized into Janus particles.111
Inorganic particles have also been formed with non-spherical shapes.23, 86, 88, 112118

Silica dumbbells have been fabricated by the addition of ammonia to silica particles,

followed by shear to induce aggregation.87 Monodisperse samples of metal (hydrous)
oxide particles of a variety of shapes (e.g. decahedrons, disks, tetrapods, etc.) were
created with homogeneous precipitation.86

Cu2O nano- and micro- cubes of

monodisperse samples were formed in solution by reducing copper (II) salts into water
with sodium ascorbate in the presence of a surfactant.119 Multipod (monopod, bipod,
tripod, and tetrapod) gold nanocrystals were made by a room temperature chemical
reduction method.120, 121 Thin metal (gold, silver, palladium and platinum) films were
deposited onto template organized silica particles and nanowires. The colloidal particle
template was then dissolved and resulted in the formation of metal nanoshells.122,

123

Microcontacting printing and seeding growth template methods have both been utilized
for the fabrication of metal nanowires (or also called nanorods).77, 124-126 For the seeding
growth template method, silver was evaporated on the branched side of an aluminum
oxide membrane disk, a sacrificial layer of silver was electroplated onto the evaporated
silver and gold was electroplated onto the silver until the desired wire length was
achieved.125,

126

If bimetallic or trimetallic wires were desired, then additional

electroplatings of other metals were performed. Finally, the rods were obtained by
dissolving the silver in nitric acid and the alumina membrane disk in sodium hydroxide.
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2.6 Colloidal Particle (Self-) Assembly Techniques
Several self-assembly techniques have been used to synthesize complex colloidal
particle assemblies of higher informational content. The term “self assembly” refers to
the aggregation of particles (either spontaneously or over a period of time) into a desired
structure without the use of external forces.127 Often, templated or directed self-assembly
approaches are utilized, where microfabricated structures or chemicals (also
biomolecules) assist in the assembly process. Many of the key developments in selfassembly and nanotechnology started in the 1950s.127
Some of the earlier developments included the development of the theory of
universal computation by Alan Turing in the 1930s and the development of the theory of
automata replication by John von Neumann in 1950.127 During the 1950s Watson and
Crick discovered the structure of DNA (deoxyribonucleic acid), and Fraenkel-Conrat and
Williams achieved the self-assembly of the tobacco mosaic virus. There was then a gap
in self-assembly development until 1991, when Seeman and Chen created a selfassembled DNA cube. In 1996, the Hosokawa group used surface tension to show selfassembly on the microscale. Finally in the 2000s, the Whitesides group accomplished the
self-assembly of polyhedra into electrical networks and William Shih realized the selfassembly of a DNA octahedron by barrowing Seeman’s methods for the cube.127 Since
the start of this century, there has been a huge push in the research area of self-assembly.
Many of the exciting techniques that have been developed are described in the following
paragraphs.

24
Close-packed aggregates of many sizes and shapes have been formed using a
toluene/water emulsion technique.60,
“colloidal molecules”60.

102

These clusters of particles were termed

All of the particles were densely packed and consisted of

particles with the same size and material. Binary colloidal clusters have been fabricated
from phase inverted water-in-oil emulsions using combinations of two differently sized
colloidal particles.128

The particles self-organized in a confined geometry with

configurations based on the ratios of the particle sizes. Configurations of larger colloidal
particles were not altered by the presence of small particles, where as the organization of
two types of small particles was highly dependent on their interparticle interactions.
Wedge-shaped, amphiphilic particles with segregated hydrophilic and hydrophobic
sections self-assembled in water and at water-oil interfaces.110 In a water environment,
the wedge-shaped particles assembled into micelle-like structures, where as in an oilwater emulsion, the particles oriented themselves at the oil-water interface. Colloidal
particles have also been self-assembled into shell structures at the interface of emulsion
droplets.129-131 The particles assembled into a layer that surrounds the droplets in order to
minimize the total interfacial energy.
Three-dimensional sequential self-assembly of microscale anisotropic particles
was achieved with a two step assembly process.132, 133 Silicon particles with two binding
sites were microfabricated, placed in an aqueous solution and allowed to self-assemble
into a desired structure by changing the pH of the solution. Binding site A contained a
thiol film (hydrophobic) on a gold surface and binding site B contained a SiO2 surface
(hydrophilic), such that at a mildly acidic pH of ~6.5 (step one) the B sites had
electrostatic repulsions and A sites had attractive binding hydrophobic interactions to
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form two-particle barrel structures.134 The second assembly step involved adjusting the
pH of the solution to and acidic value of ~2.0, where the electrical double layer would
shrink so significantly that the B sites of the barrel structures could assemble via van der
Waals attractive forces and create column structures.132
Directed assembly of complex colloidal aggregates of multiple particles was also
achieved through the use of the micromanipulation technique called “laser tweezers”.135,
136

In this technique, a laser beam is focused onto a diffraction-limited spot and generates

a gradient force trap in three dimensions such that the “laser tweezers” are capable of
holding and manipulating colloidal particles.137,

138

Applying an electric field to a

solution of nanorods or colloidal particles can also result in the manipulation of the
particles into densely packed and organized hexagonal arrays, where the particles are
oriented in the direction of the field.139 Two-dimensional colloidal magnetic particle
pyramids and line structures were assembled in solution by adjusting the strength of a
magnetic field, where even strong magnetic fields allowed for controlled colloidal
structure formation.140
Other researchers have used lithographically defined templates with wells in
conjunction with capillary forces to form two-dimensional ring shapes, helical chains,
doublets, and tetramers.2, 69, 73, 104, 105, 141-144 The spherical colloidal particles loaded into
the lithographed templates via a fluidic cell formed uniform aggregates with wellcontrolled sizes, shapes and structures. Deposition experiments resulted in the formation
of surface clusters containing a desired number of particles attached to sites of particles
preadsorbed on a heterogenerous substrate surface.145

Through physisorption, a

controlled number of particles were attached to the heterogeneous surface site. Next,
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particles of a different or similar size with the opposite surface charge were
electrostatically adhered to the adsorbed particles.
Localized functionalization or patterning of a particle’s surface has also been
achieved. Through the use of a microcontact printing technique with surfactants or
sulfate latex particles deposited on a PDMS (polydimethyl siloxane) stamp,
asymmetrically-coated dipolar colloidal particles were formed.146

Others have used

anisotropic nanosized objects,147 colloidal crystals and particle arrays as lithographic
masks for patterning microsphere surfaces.148-150 The particle masks were used with
reactive ion etching (RIE) or gold vapor deposition processes on colloidal particle arrays,
producing sub-micron to nanoscale functionalizations on the particles.

Asymmetric

dimers of colloidal silica particles and gold microcrystal caps were fabricated by
deposition of a thin gold film onto the particle surface (while in a colloidal particle array)
followed by thermal annealing of the sample.151
A Janus particle is defined as a particle that has one half of the surface
hydrophilic and the other half hydrophobic, or a hemispherical bifunctionalized
particle.152 A common method for the fabrication of Janus particles involves the use of
microfluidics111 or electrified liquid jets (electrohydrodynamic jetting), however particle
sizes are limited to the 1-100 µm range.153, 154 A more straightforward and inexpensive
method for Janus colloidal particle production involved absorbing and fixing particles to
the liquid-liquid interface of emulsified wax and water.155 The exposed particle surfaces
were chemically modified, the wax was dissolved, and the protected particle surfaces
were chemically modified. Monte Carlo simulations have investigated the self-assembly
of zwitterionic Janus particles, where results demonstrated that particles can assemble
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into clusters with specific shapes and non-symmetrical charge distribution if they have
directional interactions.156
Silica Janus nanoparticles were fabricated using a multistep procedure with a
polymer nodule as a protecting mask.157

The first step involved the emulsion

polymerization of styrene in the presence of silica particles, which resulted in the
formation of polystyrene nodules at the silica surface. When the ratio between silica
seeds and number of growing nodules was approximately one, silica-polystyrene
heterodoublets were formed. In the second step, the unprotected silica surface was silane
functionalized (methyltriethoxylsilane). The solution was then sonicated to break apart
the polystyrene nodule from the silica particle surface, which left a deprotected area of
the silica surface (not silane functionalized). Centrifugation was used to isolate the
“Janus” silica particles, and the deprotected region could then be functionalized with an
amino silane (aminopropyltriethoxylsilane).157

2.7 Specific Biological Interactions in Colloidal Assembly
Researchers have been computationally simulating the assembly of particles with
site-specific interactions regions at predetermined locations on particle surfaces, called
patches.158 An exciting area of research involves the ability to anisotropically mark the
surface of particles with biological molecules, such that the self-assembly of biological
systems can provide instructions for the assembly of the particles into predetermined
shapes, structures and working devices.158 Experimentally creating these patchy particles
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with precise patterns of interactions occurring on the nanometer scale is extremely
challenging.159 Various techniques have been developed to overcome these challenges.
Surfaces have been functionalized with DNA oligonucleotides,160-171 engineered
proteins,172,

173

and receptor-ligand pairs172,

174-179

. These biomolecules provide a high

order of specificity that can be used to direct the assembly of the particles into various
aggregates through changes in the solution conditions such as salt concentration,180
particle and biomolecule concentration,180 pH, and temperature167. DNA oligonucleotidegold nanoparticle bioconjugates have be selectively assembled into three-dimensional
aggregates through the addition of complementary DNA oligonucleotides.167,

168

This

assembly approach is advantageous because there is control over the size, shape and
composition of the nanoparticle building blocks, as well as the spacing and structure of
the aggregate (from the DNA linkers).168 In addition, the self-assembled structure is
reversible (can be dissociated) by heating the system to above the denaturation melting
transition temperatures of the DNA oligonucleotide complexes.167,

170, 171

The

temperature profiles for the denaturation and dis-assembly are quite sharp, suggesting
that the selective hybridization of the DNA oligonucleotides could be a useful
measurement tool for the assembled colloidal particle cluster size and formation
process.171

2.8 Modeling the Assembly of Colloidal Particles
Simulation studies have investigated the self-assembly of particles with localized,
attractive interaction regions (patches) at specific particle surface locations.181,

182
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Various types of particle shapes have been examined, including spherical particles with
symmetric and asymmetrical patch locations,181, 183 charged Janus spheres,156 triangular
plates,181 and cone-shaped anisotropic particles that are patterned with attractive ring-like
regions184,

185

.

These self-assembled structures were formed from the particle’s

anisotropic shape or functionalization and directional attractive interactions. Different
cone angles and amounts of cones present resulted in a particular type cluster packing
sequence, such that decreasing the cone angle made larger cluster sizes.184 In addition,
increasing the number of cones present resulted in the formation of sphere-like clusters.
For the charged Janus spheres studies, when the charged Janus particle diameter was
greater than the electrostatic screening length clusters of Janus particles assembled. Also,
strings of Janus particles formed when the particle diameter was less than the electrostatic
screening length.156

Monte Carlo simulations have also been performed to better

understand the conditions involved in the structural self-assembly formation of wires and
sheets made of non-functionalized metal nanoparticles.186 The addition of oligomeric
tethers attached to specific locations on the surface of the nanoparticles permitted the
formation of a wide variety of ordered structures (not typically seen in the attractive
patches results) including cubic micelle, hexagonal cylinders, and lamellar sheets of
mono and double layers.187, 188
Large-scale simulations looked into the stability of uncharged colloidal spherical
particles when small concentrations of highly charged nanoparticles were added to the
system.189 Results indicated that the nanoparticles induced stabilization to the system
from the weak van der Waals attraction between the colloids and the nanoparticles that
adsorbed the nanoparticles to the colloidal particle’s surface.

By fine-tuning the
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nanoparticle-colloid attraction strength, the volume fraction of nanoparticles required for
inducing stability could be controlled.189 It is typically thought that attractive interactions
were necessary for the assembly of ordered phases and structures; however, researchers
have long known in colloidal science that entropy can also drive the formation of order
structures.190 Mixtures of rods and spheres acting like hard particles were entropically
driven into specific phases due to the steric repulsion that exists between the particles.191193

Specifically, the phases formed between the particles could be altered experimentally

simply by adjusting the dimensions of the particles (length and diameter of rods, and
diameter of spheres) and the concentration of the particles present. At moderate rod and
sphere concentrations, the lamellar phase (alternating layers of rods and spheres) was
formed, where the centers of mass of the rods were aligned and the spheres sat at specific
sites between the rods.
Brownian motion of colloidal particles is a random thermal motion that is
dependent upon the particle size, the solution temperature and the solution viscosity.29 In
many self-assembly processes, it is the rotational and translational Brownian motion of
the colloidal particles that leads to their alignment and aggregation into more complex
assembly structures. The equations governing Brownian motion are:29, 194

x ⋅ x = x 2 + y 2 + z 2 = 6 Dt t

Dt =

kT
f

(f

sphere

= 6πηa )

(2.3)

(2.4)

where Equation 2.3 gives the root mean square distance that a particle travels from its
starting position in a given amount of time. This equation does not contain information
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regarding the final particle position or its directionality of movement. Equation 2.4 is
used to determine the translational diffusion coefficient of a colloidal particle, where k is
the Boltzmann constant, T is the absolute temperature, and f is the friction coefficient. If
the colloidal particle is spherical, f is defined a 6πηa, where η is the viscosity of the
solution and a is the radius of the particle.
kT
8πηa 3

(2.5)

kT
29.92πηa 3

(2.6)

Dr =

Dr =

Equations 2.5 and 2.6 are used to determine the rotational diffusion coefficients of a
spherical colloidal particle and a colloidal particle doublet of single particles of the same
size, respectively. Table 2-2194 gives typical order of magnitude values for the rotational
and translational diffusion coefficients of colloidal particles in DI water at room
temperature:
Table 2-2: Rotational and translational diffusion coefficients for spherical colloidal
particles in water at room temperature.
a (nm)
10
100
1000
10000

Dt (m2s-1)
2.2 x 10-11
2.2 x 10-12
2.2 x 10-13
2.2 x 10-14

Dr (s-1)
1.7 x 105
1.7 x 102
1.7 x 10-1
1.7 x 10-4

where a is the spherical particle radius, Dt is the translational diffusion coefficient, and Dr
is the rotational diffusion coefficient. As evident from the values of Table 2-2, smaller
particle sizes (nanoscale regime) have significantly more Brownian motion occurring
than particles that are one or two orders of magnitude larger. This random particle
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movement (or lack of movement in the case of large particles) can often be detrimental to
structure formation in assembly processes, because the regions of interest on particles
never seem to line up and aggregate. A detailed discussion of the modeling of colloidal
assembly with Brownian motion is contained in Section 8.2.
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Chapter 3
Materials and Methods

3.1 Introduction
Chapters 4 - 8 contain individual “Materials and Methods” sections which are
appropriate to the content of the individual chapters.

This general “Materials and

Methods” section is intended as an expansion and clarification of the content of the
subsequent sections, and not to be repetitive of the details to follow. In particular, the
experimental assembly conditions used for all experiments, the details for particle
analysis and template formation, and the details for sample imaging preparation,
instrument setup and particle assembly analysis are addressed in this section.

3.2 Colloidal Particles and Templates

3.2.1 Colloidal Particles, Solutions and Materials Used
A comprehensive list of particle types, sizes, functionalizations, chemicals used,
and vendor information can be found in the appendix in sections B.1 and B.3. The
following contains brief summaries of the particles, chemicals and materials used for
experiments throughout this thesis.

Polystyrene latex (PSL), silica and melamine

formaldehyde (MF) were the material types of the nano and colloidal particles that were
used in the experiments in this thesis. Polyvinyl acetate (PVAc) and polystyrene latex
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(PSL) polymer nano and colloidal particles were synthesized in the Velegol lab and used
in experiments. Within these various material types, the main functionalizations used
were amine, amidine, sulfate, carboxyl, carboxylate-modified, and hydroxyl.

The

nanoparticles used ranged in size from 20 nm to 520 nm and the colloidal particles used
ranged in size from 0.9 to 5.7 µm. In general, the 2.1 µm amidine-functionalized PSL
and 2.4 µm sulfate-functionalized PSL particles were the most commonly used
microspheres for all experiments within this thesis.
The most common chemicals used within this thesis were coating
polyelectrolytes, water and acids or acid cleaning chemical components. The two main
polyelectrolytes used were the cationic poly(allylamine hydrochloride) (PAH) and the
anionic poly(sodium 4-styrenesulfonate) (PSS).

MilliQ water was used for all

experiments and obtained by purifying tap water using a Millipore filtering unit. All
glassware used with the particle lithography process needed to be cleaned before use to
ensure no residual chemicals on the surface. Cleaning was performed using either a nitric
acid wash or a Piranha etch wash, where Piranha etch consists of a 3:1 ratio of sulfuric
acid to hydrogen peroxide. Piranha etch is the safest and most efficient method for
cleaning glass surfaces and is second only to a hydrofluoric acid (HF) wash, which
requires added precautions.
In order to self-assemble complex colloidal molecules, surfaces more complicated
than a flat glass plate needed to be used. The best surface to microfabricate features into
is the silicon wafer, and thus wafers (Silicon Quest International Lot #: IMV3P0110PRM) of <1-0-0> orientation with resistivity values of 1-10 Ω-cm were used with
common micromachining techniques to form v-groove and v-pit patterns into the wafer

46
surface. Mylar films (New England Hydroponics) of 1 and 2 mil thicknesses were
purchased as spacers for a loading cell device used to load particles into the template
wells. Along with the mylar films, two square glass plates, a microfabricated template,
and binder clips were the components used for the loading device. One of the square
glass plates was used as the top of the loading cell and it contained a 6 mm diameter glass
tube (Small Parts, Inc.) that was epoxy fixed to a 3 mm diameter hole drilled through the
top glass plate. The glass plates were placed on both sides of the template, with the
mylar spacer in between the top of the template and the top glass plate, and held together
with binder clips. Particles were then placed in the template wells by loading a particle
suspension in through the glass tube on the loading cell.

3.2.2 Generalized Experimental Assembly Conditions Used for All Experiments
The basic steps for the production of particles with site-specific functionalizations
using the particle lithography technique are described generally and with a specific
example. Particle type 1 is adhered to an oppositely-charged substrate in solution. This
substrate can be a flat glass plate, a nanofabricated template or a functionalized surface.
Molecules (e.g. nanoparticles, polyelectrolytes, dendrimers, buckyballs, etc.) of an
opposite charge than particle type 1 are added to the system and cover the entire particle
type 1 except for the region(s) that is masked by the substrate. The excess molecules in
solution are washed out, and then the type 1 particles are sonicated off the substrate
surface for ~5-10 seconds. These lithographed particles now have region(s) of sitespecific functionalization(s). An excess of type 2 particles, which have the same surface
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charge as the coating molecules, are added to the system of lithographed particles and
adhere only to the bare lithographed patch region(s) on the type 1 particles. This robust
process can be applied to numerous material types, sizes, functionalizations, and
combination of particles, coating molecules and substrates.
The following specific example describes the particle lithography technique for
making heterodoublets applied to 1.7 µm sulfate-functionalized PSL particles. First the
sulfate (negatively charged) particles were coated with a positively charged
polyelectrolyte monolayer.

In a 50 mL Falcon tube, 15 mL of 10 µM PAH

(polyallylamine hydrochloride) in 30 mM KCl were combined with 60 µL of 1.7 µm
sulfate-functionalized PSL particles. The solution was sonicated for 5 minutes and then
incubated for 20 minutes under gentle shaking. Three cycles of centrifugation and
resuspension were performed to remove any excess PAH.

The solutions were

centrifuged at 5000 rpm for 1 hour, the supernatant was removed, and then the pellet was
resuspended in 5 mL of 30 mM KCl. The final solution was resuspended in 15 mL of DI
water. All 15 mL of the PAH coated sulfate particle solution was added to a Petri dish
and allowed to settle and adhere to the surface overnight. Excess liquid and unsettled
particles were decanted off, and the dish was washed ten times with 10 mL of DI water to
remove any unadhered particles. The result was a monolayer of PAH coated 1.7 µm
sulfate particles electrostatically adhered to the glass surface.
Next, 10 mL of 10 µM PSS (polystyrene sulfonate) solution was added. This
negatively-charged polyelectrolyte was allowed to adsorb to the particles on the glass
surface for 12 hours to ensure complete coating. Excess PSS solution was poured out of
the dish, and the adhered particles were washed ten times with 10 mL of 30 mM KCl to
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remove any excess PSS. An additional 10 mL of 30 mM KCl was then added to the
adhered particles. The Petri dish was then sonicated for ~5-10 seconds to remove the
lithographed particles from the surface that have a single, nanoscale, positively-charged
(PAH) region.

Heterodoublets were formed by adding 30 µL of 2.4 µm sulfate-

functionalized PSL particles to the lithographed particles and allowing the solution to roll
for 24 hours.

3.2.3 Calculating the Size of the Lithographed Region
An important piece of information to know before assembling particles with
lithographed patches is the actual size of the patch region. A small patch will require the
use of a small secondary particle, where as a much larger patch will allow for larger
particles to be added without the risk of electrostatic shielding to prevent the second
particle type from electrostatically sticking to the patch region.

The size of the

lithographed region is calculated using known sizes of the coating particle and the core
particle in combination with some simple geometric calculations.

The following

schematic in Figure 3.1 shows the important dimensions involved in determining the
patch size.
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Figure 3.1: Schematic showing the relevant dimensions for calculating the size of the
lithographed region.
For a particle of radius a and a coating molecule of radius Rg, Pythagorean Theorem is
used to solve for the length of D, which is 2x. The coating particles are mostly excluded
from the region where the distance from the plate to the core particle is less than 2Rg.
First, the parts of the triangle are set to Pythagorean’s Theorem.
a 2 = (a − 2 R g ) + x 2
2

(3.1)

All terms are multiplied out, combined and Equation 3.1 is rearranged in order to solve
for x.

x 2 = 4aR g + 4 R g2

(3.2)

The Rg2 term in Equation 3.2 is considered quite small compared with the 4aRg term and
thus is eliminated. The equation is then solved for D and the result can be seen in
Equation 3.3.
D = 2 x = (4aRg )2
1

(3.3)
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The angle between a and x in Figure 3.1 is given by γ and is the representative angle of
the lithographed region.

sin (γ ) ≈ γ =

D
2a

(3.4)

In Equation 3.4, sin(γ) can be reasonably approximated by γ for small values of γ. This
representative angle γ is used for the modeling work that describes the aggregation times
required for particle lithography and more complicated systems in Section 8.2.2.

3.3 Instrumentation for Particle Analysis and Template Formation
A variety of equipment was utilized for analysis of colloidal particle samples as
well as for the construction of nanofabricated templates and fluidic colloidal particle
loading cells. The following parts of section 3.3 describe in detail the necessary setup,
the application and general purpose, and (if applicable) the analysis applied to the
measurement results of each instrument. The nanofabrication instruments are all used in
The Pennsylvania State University’s class 10 cleanroom Nanofabrication Facility located
at Innovation Park.

3.3.1 Determination of Zeta Potential Measurements: ZetaPALS
In order to properly work with colloidal particle samples for assembly
experiments, it was essential to have an approximate value for the colloidal particle
surface charge. This surface charge of the particle functional groups is estimated as the
zeta potential (ζ) and can be easily measured with the use of the ZetaPALS (Phase Angle
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Light Scattering) instrument made by Brookhaven Instruments Corporation. A picture of
the Brookhaven ZetaPALS instrument is shown in Figure 3.2 .

Figure 3.2: A picture of the Brookhaven ZetaPALS instrument (picture taken from the
Brookhaven Instruments Corporation website, www.bic.com)
In phase angle light scattering, laser light is scattered by colloidal particles that are
suspended in a liquid medium (typically water or a low salt solution). As the light is
scattered, the frequency of the scattered light is changed (called a Dopler shift) with
regards to the reference frequency. The direction and magnitude of the Dopler shift are
directly related to the suspended colloidal particle mobility. Thus, the particles only need
to move a small fraction of their diameters for a change in frequency to be detected,
which is accomplished in a low electric DC field (1-2 V/cm). By only using a sample
volume of 1.6 mL, the zetaPALS instrument can determine the average electrophoretic
mobility of the particles in solution. These mobilities are then used to calculate a zeta
potential, ζ (mV), using the Smoluchowski equation1:
us =

εζ
E∞
η

(3.5)
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where us is the electrophoretic mobility of the particles (m/s), η is the viscosity of the
solution (kg/ms), E∞ is the charge of the electric field (V/m), and ε is the permittivity
(C2/Nm2) of the solution.
A palladium electrode with acrylic supports (Brookhaven electrode model #319
for aqueous systems) supplies the electric field to the particle solution. The electrode was
cleaned by being swabbed with ethanol (Pharmco, 200 proof, CAS# 64-17-5) and rinsed
thoroughly with DI water (Millipore Milli-Q). After turning on the instrument, the
system was allowed to equilibrate for 1 hour. Runs were performed at a temperature of
25.0 ± 1.2 °C. Measurements were performed by using five runs with twenty-five cycles
per run, such that an average and standard deviation of the measurements could be
obtained.

3.3.2 Determination of Particle and Polyelectrolyte Sizing: ZetaSizer
Another important particle characteristic is the size of the colloidal particles
and/or polyelectrolytes being used for assembly experiments. A reasonable estimate of
the “particle” size can be obtained with the use of the Malvern ZetaSizer (Nano Series),
which uses dynamic light scattering to approximate the hydrodynamic diameter (a
function of particle mass and shape) of the particles in the solution sample. Dynamic
light scattering uses scattered light to measure the rate of diffusion of particles in
solution. The motion data of the particle sample is then processed and derived as a size
distribution of the particle sample.

The Zetasizer is located in the Particle

Characterization Laboratory (PCL) in the Materials Research Laboratory Building
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(MRL) at the Pennsylvania State University and is calibrated and maintained by Dr.
Raafat Malek. A 4 mL sample cuvette (Starna Worldwide) holds the sample and is
placed inside the Zetasizer machine, which is shown in Figure 3.3.

Figure 3.3: A picture of the Malvern Zetasizer system (picture taken from the Malvern
Instruments Incorporated website, www.malvern.co.uk).

3.3.3 Spin Coating
Spin coating is a process that is used to lay uniform thin films (typically of
photoresists) onto flat substrates. Before a photoresist can be spun onto a wafer, the
silicon wafer substrate must first be prepared. This is accomplished by cleaning the
wafer with acetone, followed by isopropanol. Finally, the wafer is dried with a nitrogen
gun and on a hot plate at 200 °C for 5 minutes. The user needs to ensure the chuck that
holds the wafer on the spin coater fits the wafer that is being used. The dry wafer is then
placed on the chuck and a vacuum holds the wafer in place. After the spin coater lid is
closed, HMDS (hexamethyldisilizane) is spread with a squirt bottle all over the wafer.
HMDS is a self-assembled monolayer (SAM) that attaches the photoresist to the wafer.
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Next, the spin coater is programmed to run at 4000 rpm for 40 seconds with a 1000 rpm/s
ramp up speed. Stepping on the green petal starts the spin coater, and the spinner is
allowed to run for around 10 seconds (at 4000 rpm) to spread out the HMDS on the wafer
surface. Stepping on the red petal twice stops the spinning and resets the spin program.
A 3 mL pipet is filled with photoresist and then pipeted out onto the center of the
wafer, while making sure to avoid creating bubbles. Photoresist is an organic polymer
suspended in a solvent that is sensitive to ultraviolet light. When ultraviolet light strikes
a positive photoresist it weakens the polymer, such that when the substrate is developed
the resist washes away where the light hit it and a positive image of the mask is
transferred to the resist layer.2 The wafer is then spun at 4000 rpm for 40 seconds to
make a uniform film. The thickness of the photoresist is determined by the spin speed,
such that faster rpms result in thinner photoresist films. The wafer can then be removed
from the spin coater and further processed with soft baking and photolithography
procedures.

3.3.4 Photolithography
Photolithography is a technique that uses light to transfer a patterned array from a
photomask to the light-sensitive photresist on the substrate, and thus remove selective
parts of the thin film photoresist. The substrate wafer with a thin layer of photoresist is
typically soft baked on a hot plate at 115 °C for 60 seconds to remove any residual
solvents from the photoresist film. This step helps improve the quality of the mask
pattern transfer during contact mode photolithography. The soft baked substrate is then
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placed in either the Karl Suss MA6 or Karl Suss MJB3 photolithography machines and
mounted for contact proximity printing using broadband 300-500 nm wavelength
ultraviolet light with a chrome mask that contains arrays of designed patterns that are to
be transferred to the photoresist on the substrate wafer. After exposure to ultraviolet
light, the substrate is post baked at 110 °C for 60 seconds to help with resist
development.

The resist is then developed in a standard developer solution called

tetramethylammonium hydroxide (TMAH or CD-26), which dissolves away the areas of
the resist that were exposed to the ultraviolet light. During this development step, the
formed patterns appear as this red colored photoresist leaves the surface of the substrate
and enters the solution.

These patterned substrates are then rinsed with DI water,

nitrogen gun dried and serve as a mask for further microfabrication steps.

3.3.5 Plasma Etch
Many times the TMAH development step does not remove all the UV exposed
photoresist from the transferred patterns, and this residual resist can be detrimental to any
further microfabrication steps performed on the substrates. The best solution to this
problem is to place the substrates in a low density plasma etcher (M4L) to remove the
residual photoresist. In order to use the M4L, the chamber must first be opened by
turning the vacuum off and fast purging to vent the chamber to 20,000 mTorr (or
atmospheric pressure). Once vented, the chamber door can be opened and samples can
be placed on any of the three shelves. The door is closed and the chamber is then
evacuated to a vacuum of < 200 mTorr.
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At this point, the gases can be set.

For the purposes of cleaning residual

photoresist not removed during development, the watts are set at 200, oxygen is set at
300 and helium is set at 75. The valves for the gases are turned on and the pressure is set
to be regulated at set point of 1000 mTorr. Now that all the parameters are set, the
machine is run by selecting “RF ON”. It is important that the RF Refl watts quickly drop
to zero. Typically, the machine is run for 3 minutes and after this time “RF OFF” is
selected to stop running the machine. The gases are allowed to flow for an additional
minute, and the regulator and gas valves are turned off. Once the vacuum is pumped to
below 200 mTorr, the vacuum is turned off and fast purge is selected to vent the chamber.
When the chamber is vented, the samples can be removed for use in further fabrication
steps.

3.3.6 Reactive Ion Etch
Reactive ion etching (RIE) uses chemically reactive plasma to remove material
deposited on wafer substrates. An electromagnetic field generates the plasma in vacuum
and high energy ions from the plasma attack the substrate surface and as a result react
with it.3 In the case for making templates with v-pits and v-grooves, we have a ~1000Å
nitride coating on the silicon wafer surface below the patterned photoresist. RIE etches
the pattern from the photoresist into the nitride layer with the use of CF4 and O2 gases,
where the O2 takes out the C and the F does the etching (reacting) with the nitride layer.
The etch process is run for 2 minutes at 40 mTorr with a set point of 350, CF4 value of
22.5, and O2 value of 5.0. The advantage of using the RIE versus another etching
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technique is that the gases only react with the nitride layer and leave the patterned
photoresist alone. Once the pattern has been etched into the nitride layer, there is no
longer a need for the photoresist layer.

Rinsing the substrate with acetone and

isopropanol removes most of the patterned photoresist layer, however some typically still
remains stuck to the nitride layer. Simply dipping the patterned substrate in a solution of
Posistrip EKC830 at 40 °C for 2 minutes sufficiently strips off any remaining photoresist
on the substrate, while leaving the patterned nitride layer. The nitride layer patterned
substrate is then cleaned with isopropanol and DI water and dried with nitrogen.

3.3.7 Anisotropic Wet Etch
The final technique used in the process for creating v-pit and v-groove templates
is an anisotropic (base) wet etch, which etches the pattern from nitride layer into the
silicon wafer substrate as square pyramids and grooves.

Wet etching refers to the

removal of materials through the immersion of the substrate in a liquid of the chemical
etchant.

Anisotropic etchants attack the silicon wafer substrate at different rates

depending on the exposed crystal face.
In single-crystal materials (like silicon wafers), the etching is slowest along the
(111) direction and fastest along the (100) direction. The most common anisotropic
etchant is potassium hydroxide (KOH), which has the ability to create three-dimensional
features such as V-shaped grooves and square pyramid V-pits. The following figure
shows a schematic of the creation of a V-shaped groove from anisotropic etching on a
masked (100) silicon surface.4
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Figure 3.4: Schematic of the anisotropic etching of a V-shaped groove in a silicon wafer.
The anisotropic etching process is performed in a Pyrex container on a hot/stir plate with
a 45% KOH solution at 65°C and being stirred at 200 rpm for 6 minutes. A Teflon stir
bar is used, so that the KOH solution is not splashing around and the wafer is not being
contacted by the stir bar. After etching, the templates (with V-pits or V-grooves) are
rinsed with DI water and dried with nitrogen.

3.4 Microscopy Analysis Techniques

3.4.1 Sample Preparation
In order to image colloidal particle samples, small amounts of the solutions
needed to be mounted on a glass slide using either of two methods. The first method
involved the use of VWR plain micro slides, 24 x 60 mm, with a ~6 µL sample pipeted
onto the center and covered with a VWR square micro cover glass, 22 × 22 mm. These
samples could then be flipped over, placed on the microscope stage and immediately
imaged. The second method involved loading a VitroCom Inc. capillary (60 × 15 mm)
with the particle solution and affixing this capillary to a VWR plain micro slide with a
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small amount of melted wax on each opening of the capillary. These samples were
inverted and left to sit for 20 minutes to allow the particles to settle to the capillary wall
before being placed on the microscope stage and imaged.
For FESEM imaging, 3 in. silicon wafers with an orientation of <100> and
resistivity values of 1-10 Ω-cm (Silicon Quest International Lot No. IMV3P01-10PRM)
were cut into small pieces using a diamond-tipped cutter. Approximately, 2 µL of a
particle sample (< 0.01 % solids) was pipetted or atomized onto the silicon wafer pieces
and left to air dry overnight.

3.4.2 Optical Microscopy
In light optical microscopy a cone of incident light is focused onto a sample and
all the undeflected and diffracted rays are used to create the final image. The contrast of
the image is a direct function of the transparency and color of the specimen. The
resolution of the microscope is inversely proportional to the numerical aperture that is
used according to Equation 3.6:
R=

0.61λ
NA

(3.6)

where λ is the wavelength of visible light (450 nm), and NA is the numerical aperture of
the objective used on the microscope. Table 3-1 shows a list of the objectives used in the
Velegol lab and their resolutions.
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Table 3-1: List of optical microscopy objectives used with their approximate resolutions.

Objective
20×
40×
60×
100×

Numerical Aperture
0.40
0.65
0.75
1.25

Resolution (µm)
0.69
0.42
0.37
0.22

Both Nikon Eclipse TE 2000U and TE 300 inverted, transmitted light, optical
microscopes with COHU 4910 series monochrome CCD cameras (COHU, San Diego,
CA) were used for the microscopy work with colloidal particle samples. Images were
taken at 40× and 100× magnifications, and captured using a Scion Image frame grabber
(Scion Corporation, Frederick, MD).

3.4.3 Brightfield Reflectance Optical Microscopy
Optical microscopy images taken of the nanofabricated templates were performed
using a Zeiss-Axiovet 200 inverted optical microscope under bright field with reflectance
at room temperature in Dr. Ayusman Sen’s laboratory in the Department of Chemistry at
the Pennsylvania State University. Images were taken using a 100× objective with an
additional 1.6x magnification and captured with a Hitachi KP-D20BU camera. Optical
microscopy images of the nanofabricated templates were also taken on a Leitz Ergolux
200 optical microscopy under bright field with a 100× objective in the Penn State
Nanofabrication facility cleanroom.
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3.4.4 Confocal Laser Scanning Microscopy
All confocal and DIC optical microscopy images were obtained on an Olympus
Fluoview 300 Confocal Laser Scanning Microscope and an Olympus Fluoview 1000
confocal microscope located at the Life Sciences Center for Quantitative Cell Analysis,
part of the Huck Institutes of the Life Sciences. A picture of the Olympus Fluoview 300
Confocal Laser Scanning Microscope is shown in Figure 3.5.

Figure 3.5: A picture of the Olympus Fluoview 300 Confocal Laser Scanning
Microscope from the Center for Quantitative Cell Analysis at the Huck Institute for Life
Sciences at the Pennsylvania State University.
These confocal microscopes have blue (488 nm), green (543 nm) and red (633 nm)
excitation source lasers.

The dyes that were used include fluorescent yellow-green

(505/515), nile red (540/560), alexa fluor 660, phalloidin 568, DRAQ5 (660), and
fluorescent orange (540/580).
In confocal microscopy, a laser is the excitation light and it reflects off two
dichroic mirrors mounted on motors. The mirrors scan the laser across the sample and
the dyes in the sample fluoresce. Sample dyes fluoresce because the fluorophores absorb
light in the ground state and are then excited to a higher vibrational state, they then relax
to a lower excited state, and finally the fluorophores emit light (fluoresce). The emitted
light is descanned by the same mirror and is focused onto a pinhole. The emitted light
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passing through the pinhole is measured and amplified by a photomultiplier tube. The
result is a three-dimensional image that rejects any out of focus fluorescent light and has
the capabilities of resolution down to 0.2 µm in the horizontal direction and 0.5 µm in the
vertical direction.

3.4.5 Field Emission Scanning Electron Microscopy
The electron microscopy images were obtained on a ZeissSMT Leo 1530 Field
Emission Scanning Electron Microscope (FESEM) at the Penn State Nanofabrication
Facility. All FESEM images were taken at a gun power of 1-2 kV and at working
distances between 2 and 4 mm.

A picture of the Leo 1500 FESEM is shown in

Figure 3.6.

Figure 3.6: A picture of the Leo 1500 field emission scanning electron microscope
(FESEM) from the Penn State Nanofabrication Facility.
FESEM is a non-destructive form of microscopy that provides surface observations down
to ~1 nm of resolution. Primary electrons are focused and deflected down onto the
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sample through a narrow beam. There is a field-emission cathode in the electron gun that
provides narrower probing beams, improved spatial resolution and less sample charging
than a traditional scanning electron microscope (SEM). Thus, samples imaged with
FESEM do not require a gold sputter coating for imaging. The angle and the velocity of
the secondary electrons detected relate to the surface structure of the objects (sample) and
are converted into an electronic signal. This signal is amplified and then transformed into
a video scan-image.
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Chapter 4
Nanoscale Functionalization and Site-Specific Assembly of Colloids by Particle
Lithography
Reproduced with permission from Langmuir 2005, 301, 4813-4815.
Copyright 2005 American Chemical Society.

4.1 Introduction
Powerful advances have been made towards the bottom-up assembly of complex
structures. Films,1, 2 colloidal crystals,3-6 ceramics,7 and complicated geometric shapes8-11
have been synthesized from spherical and symmetrical particles. Attempts have also
been made to synthesize colloidal crystals out of anisotropic particles.12 The structures
are typically termed “low information”, meaning that little information is required to
specify the placement of all the components in the structure. For the case of colloidal
crystals, the typical amount of information is only two or three parameters. For the
fabrication of complex colloidal assemblies, more parameters would need to be specified.
Numerous techniques have been developed for the synthesis of colloidal
assemblies. Close-packed aggregates of many sizes and shapes have been formed using
an oil-water emulsion technique. The clusters of particles formed were termed “colloidal
molecules”1. All of the particles were densely packed with particles of the same size and
material. Lithographically-defined template wells have been applied in conjunction with
capillary forces to fabricate two-dimensional ring shapes, doublets, and tetramers.9-11, 13, 14
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Asymmetrical nanoparticle heterodimer conjugates have also been experimentally
synthesized.15
Localized functionalization of particles has also been achieved using a
microcontact printing technique with a PDMS (polydimethyl siloxane) stamp.

The

resulting structures formed were asymmetrically-coated dipolar colloidal particles.16
Colloidal crystals and particle arrays have been utilized as templates for patterning the
surfaces of particles,17, 18 which resulted in sub-micron to nanoscale functionalization on
particles.

The straightforward technique described in this thesis chapter, “particle

lithography”,

provides

the

ability

to

synthesize

a

localized

and

nanoscale

functionalization of the surfaces of particles, but with improved flexibility in the
placement of the functionalized regions.
A spherical particle starts with no preferential orientation, so there is no direct
way to identify a specific side or spot on the sphere. However, by applying the particle
lithography we can place functionalized regions of a chosen size on controlled relative
spots of on the surface of a sphere. Particle lithography has been shown to produce a
single functionalization (a localized and nanoscale region of different charge) on micronsized polystyrene latex (PSL) particles.

The effectiveness of this process was

demonstrated by the specific and reproducible assembly of colloidal heterodoublets that
were composed of oppositely-charged colloidal particles.
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4.2 Materials and Methods

4.2.1 Materials
Poly(styrenesulfonate) (PSS, MW~70,000) and Potassium Chloride (KCl, MW
74.55) were purchased from Aldrich Chemicals, USA. Monodisperse, surfactant-free
amidine- and sulfate- functionalized polystyrene latex (PSL) microspheres were
purchased from Interfacial Dynamics Corporation (Portland, OR). Specifically, 1.5 µm
amidine functionalized PSL (Batch No.1321,1), 1.0 µm sulfate-functionalized PSL
(Batch No. 642,2)

and 2.4 µm sulfate-functionalized PSL (Batch No. 478,1)

microspheres were used in the experiments described in this thesis. Monodisperse,
uniform, 1.54 µm silica (Si) microspheres (Lot No. 5252) were purchased from Bang’s
Laboratory (Fishers, IN). The deionized water that was used for all experiments and
washing steps (Millipore Corporation MilliQ system) had a specific resistance greater
than 1 MΩ·cm (i.e., “equilibrium water”).

4.2.2 Instrumentation
The Ultrasonicator (Model 550T) and Pyrex Petri dishes were purchased from
VWR International. The optical microscopy images were obtained on a Nikon Eclipse
TE2000-U inverted optical microscope.
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4.2.3 Particle Lithography Basic Experimental Steps
The basic steps for the production of particles with site-specific functionalization
using the particle lithography technique are demonstrated in Figure 4.1.

Figure 4.1: Schematic of the particle lithography technique. a) Positively-charged
particles adhere to a negatively-charged glass slide in water. b) Negatively-charged
polyelectrolyte coating (Rg ~10 nm) is introduced, which covers the positively-charged
particles all over except in the “lithographed” region near the plate where the coating
cannot access. c) The particles are sonicated off the glass slide, exposing the nanoscale
positively-charged region. d) Negatively-charged particles are introduced, which adhere
selectively to the positively-charged region on the lithographed particles.

Figure 4.1a shows a positively-charged particle (type 1) adhering to a negativelycharged flat glass substrate. In Figure 4.1b a negative coating is introduced that covers
the entire particle except for the section masked by the glass. The excess coating solution
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is washed out, and then the type 1 particles are sonicated off the glass slide (Figure 4.1c).
These lithographed particles can be stored indefinitely in a low ionic strength solution
since the lithographed region is small compared with the electrostatic interaction area of
two particles. When an excess of negatively-charged particles (type 2) are introduced
into the system, the type 2 particles will adhere only to the bare (positive) region of a type
1 particle (Figure 4.1d).

4.2.4 Particle Lithography Detailed Experimental Procedure
The particle lithography technique has been used to fabricate high yield and high
selectivity heterodoublets. First, 20 mL of deionized (DI) water was added to a Pyrex
Petri dish.

To the Petri dish containing DI water, 60 µL of 1.5 µm amidine-

functionalized polystyrene latex (PSL) microspheres with 8% solids was added. The
Petri dish was briefly agitated to disperse the particles throughout the entire volume, and
then the particles were allowed to settle for 24 hours. The positively-charged particles
adhered in an evenly dispersed manner to the negatively-charged Petri dish by an
electrostatic attraction (Figure 4.2).

The glass Petri dish surface is known to have

negative surface charge in water from the dissociation of terminal silanol groups.19 The
excess liquid and unsettled particles were poured off, and the dish was washed a
minimum of ten times with 10 mL of DI water to remove any unadhered particles. The
result was a monolayer of 1.5 µm amidine PSL particles electrostatically adhered to the
glass Petri dish surface (Figure 4.2).
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Figure 4.2: An optical microscopy image (40×) of 1.5 µm amidine PSL particles adhered
to a glass Petri dish surface. The lack of any refraction patterns indicates that it is a
monolayer of particles.
Next, 20 mL of a 10 µM polystyrene sulfonate (PSS) solution was added. This
negatively-charged polyelectrolyte was allowed to adsorb to the amidine-functionalized
PSL particles for 12 hours to ensure that the particles were completely coated.
Experimentally, it has been determined that a minimum of 2 hours is sufficient for the
polyelectrolytes to adsorb onto the surface of the amidine-functionalized PSL particles.
The excess PSS solution was then poured out of the Petri dish, and the adhered particles
were washed a minimum of ten times with a 30 mM KCl solution to remove any excess
PSS. An additional 10 mL of the 30 mM KCl solution was then added to the adhered
particles. The Petri dish was sonicated to release the adhered amidine-functionalized
particles from the glass surface that were lithographed to have a single, nanoscale,
positively-charged region.
These precursor (lithographed) particles were used to form self-assembled
heterodoublet particles in solution. Negatively-charged particles of silica or sulfatefunctionalized PSL particles were added to the solution of the lithographed amidine-
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functionalized particles in an approximate 1:1 ratio. The negatively-charged particles
electrostatically bound to the exposed positive lithographed patch regions on the amidinefunctionalized particles to form heterodoublets.

4.3 Results and Discussion
The final heterodoublet suspension (Figure 4.3) contained a high yield of
heterodoublets, “unreacted” singlets and very few random aggregates. This high yield
formation of heterodoublets demonstrates the specific reaction of the type 2 particles to
the functionalized region of the type 1 particles. Further purification of the heterodoublet
suspension was achieved using density gradient centrifugation.9,

20

Extensive

measurements of heterodoublet yields have been taken using optical microscopy.
Typically, 40% of the PSS lithographed single particles end up as heterodoublets after 24
hours of reaction time. For the heterodoublets from Figure 4.3, the yield was estimated to
be 41 ± 6 % before purification and 80 ± 8 % after purification. In general, the yield of
heterodoublets is less important than the accuracy of the particle lithography process,
since the isolation of the heterodoublets from the singlets and other aggregates is possible
using density gradient centrifugation.9,
requires significant experimental care.

20

The density gradient centrifugation step
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Figure 4.3: A purified heterodoublet suspension. An optical microscopy image (40×) of
1.5 µm amidine-functionalized PSL and 2.4 µm sulfate-functionalized PSL particles,
showing the accurate formation of colloidal heterodoublets.
If the two types of PSL particles (positively and negatively-charged) are mixed
without using the particle lithography technique, the particles quickly flocculate into
large random aggregates (as expected). Figure 4.4 shows an optical microscope image of
the large random aggregates that form when the particle lithography technique is not
applied to form heterodoublets. The PSL particles in Figure 4.4 are the same ones used
to form the heterodoublets in Figure 4.3.

Figure 4.4: An optical microscopy image (40×) of large random aggregates formed by
mixing positively and negatively-charged PSL particles in a salt solution without using
the particle lithography technique. The particle lithography technique enables a
controlled assembly.
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Contrary to current particle assembly methods, the size of the lithographed region
is controlled by molecular access to the particle (Figure 4.5). For a particle of radius (a)
and a coating of radius (R), simple geometric considerations reveal that the size (D) of
the lithographed region is roughly 4(aR)1/2. This results from the fact that the height h(r)
between a sphere and a flat plate, at any distance (r) from the contact point between the
particle and the plate, is given by h(r) ≈ r2/2a. The coating is mostly excluded from the
region where h(r) < 2R, and this gives a region of radius D/2 where no polyelectrolyte
adsorbs. Accordingly, decreasing the particle radius (a) or the polyelectrolyte size (R)
results in a smaller the lithographed region. In our case D ≈ 350 nm (giving the fractional
area of the lithographed region compared with the total PSL particle area of
approximately 1.3%).
The effective size of the lithographed region can be manipulated by altering three
variables: the particle size, the coating size, and the Debye length (Figure 4.5). A larger
Debye length (κ-1) (i.e., lower ionic strength) effectively closes off part of the
lithographed region (outermost region of Figure 4.5b), since an incoming particle will
feel the adsorbed polyelectrolyte from a distance. A larger Debye length also increases
the accuracy of assembly, although it decreases the rate of formation. The Debye length
of a particle in a given salt concentration solution can be determined with Equation 4.1:

κ2 =

2n ∞ Z 2 e 2
εkT

(4.1)

where κ-1 is the Debye length, ε is the permittivity, k is the Boltzmann constant, T is the
temperature of the solution, e is the charge on a proton, n∞ is the bulk ion concentration,
and Z is the charge of the salt ions in solution. By taking advantage of the adjustable
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Debye length parameter, greater selectivities may be obtained. Qualitatively, it has been
observed how controlling the Debye length affects access to the functionalized region of
the lithographed particle. The lithographed particles are quite stable in DI water due to
the large Debye length. Experimentally, it was determined that only when the salt
concentration is raised above 15 mM KCl do any heterodoublets form for the 1.5 µm
amidine-functionalized/2.4 µm sulfate-functionalized combination, and only when the
salt concentration is above 10 mM KCl do any heterodoublets form for the 1.5 µm
amidine-functionalized/1.0 µm sulfate-functionalized combination.

Figure 4.5: A schematic demonstrating the control of the effective size of the
lithographed region. a) The lithographed size can be controlled by both the particle
radius (a) and the coating radius (R). Geometry shows that D ≈ 4(aR)1/2. b) The Debye
length around the polyelectrolyte affects the effective size of the lithographed region,
making D seem smaller.
The particle lithography technique facilitates site-specific chemistry on the
surface of particles with significant flexibility. The particles no longer have the random
charge non-uniformity previously measured on “uniform” particle surfaces,21 but rather
can have nanoscale regions of designed chemistry. The placement of the regions depends
upon the shape of the substrate. Presently, a simple flat glass surface has been used as
the lithographing template and electrostatic forces for the “bonds” in the colloidal
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molecules. Current work has involved the use of nanofabricated surfaces to selectively
mask multiple site-specific areas on the surface of particles. The placement of the
lithographed regions can become specific, enabling “high information”, anisotropic, nonclose-packed, and 3-dimensional particles rather than simple close-packed structures or
2-dimensional shapes. In addition to the simple electrostatic binding described in this
chapter, various binding chemistries (such as carbodiimide covalent coupling) have been
utilized for the assembly of colloidal particles with the particle lithography technique.

4.4 Conclusions
It has been shown that the synthesis of heterodoublets is specific and accurate
with the use of the particle lithography technique. Through control of the coating size,
the Debye length, and the particle size, nanoscale functionalization and site-specific
assembly have been achieved. The particle lithography technique has been extended to
other binding chemistries and substrate topographies and is therefore applicable to many
fields of research that require the use of bottom-up assembly or site-specific
functionalization. Researchers have been computationally simulating the assembly of
particles with site-specific interaction regions.21-23

The possibility for creating

lithographed particles using the particle lithography technique increases the importance
of solving the inverse problem of bottom-up assembly, where precursor particles must be
designed to give the desired final assembled product.
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Chapter 5
Fabrication of Colloidal Doublets by a Salting Out – Quenching – Fusing Technique
Reproduced with permission from Langmuir 2006, 22, 9135-9141.
Copyright 2006 American Chemical Society.

5.1 Introduction
Ever since van der Hoff developed a process for synthesizing polymer colloids,1
they have been important in both technology (e.g., films,2 coatings,2, 3 adhesives2-4) and
research (e.g., photonic devices,5, 6 drug delivery,7 biosensors,8, 9 functional materials5, 1012

). The success of polymer colloids has been due to 1) the extremely wide variety of

monomers and co-monomers that can be used, 2) the size monodispersity of the colloidal
particles, 3) the ease of transport and processing, and 4) the inexpensive production of
these particles by the emulsion polymerization process.13-19 Both commercial2, 20-23 and
research24-29 applications use spherically symmetrical particles,

but applications in

photonic crystals,30 drug delivery, and electronics would benefit from the use of nonspherical or asymmetrical particles.
Techniques currently exist to produce bulk quantities of non-spherical polymer
particles, especially when co-monomers are used having different surface tensions with
the surrounding fluid.3,

31

These non-spherical polymer colloids include “ice cream

cones”, “kissing cousins”, and “raspberries”.32 Recent laboratory-scale techniques have
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been able to create more complex shapes and assemblies,33-40 including reproducible nonspherical particles samples.36,

41-51

Anisotropic colloids have been synthesized using

specific chemical syntheses for various materials,41,

44, 52

emulsion techniques,34,

nanofabricated templates,36 stretching in polymer matrices,45,

48

42

and shear induced

aggregation.43 Inorganic particles have also been formed with non-spherical shapes.
Silica dumbbells have been fabricated by the addition of ammonia to silica particles,
followed by shear to induce aggregation.43

In the Velegol lab, we have developed the

“particle lithography” technique for fabricating more general complex assemblies.53
However, fabricating non-spherical particles in a reproducible manner (e.g., same size,
shape, charge density distribution) has required procedures that involve significant time
and expertise, and which have not been scaled up in production.
In this work we present a simple, rapid, scalable method for producing colloidal
homodoublets or heterodoublets. It is well known that placing colloidal particles in a
solution of high ionic strength will result in aggregation of the particles due to van der
Waals forces.43, 54, 55 The effect of changing ionic strength on the particle aggregation
rate has been investigated extensively with light scattering.54, 56-61 In this research we use
high ionic strength to “salt out” particles, causing rapid aggregation due to van der Waals
forces. However, after approximately the Smoluchowski rapid flocculation time,55 we
dilute the ionic strength by adding a considerable quantity of deionized (DI) water,
effectively quenching the aggregation. Further aggregation ceases. Thus, the suspension
consists primarily of singlets and doublets, with less than 3% of higher order aggregates
like triplets. Finally, we fuse the two spheres in the doublet, using either a temperature
above the glass transition temperature of the polymer or chemical fusion.
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The simple process described in this paper, the salting out – quenching – fusing
(SQF) technique, provides the ability to synthesize colloidal homodoublets and
heterodoublets that can be used directly (e.g., a type of Pickering surfactant or “colloidal
surfactant”) or in subsequent steps (e.g., components of colloidal assemblies or “colloidal
molecules”). The effectiveness of our process is demonstrated by the formation of
colloidal doublets from polystyrene latex particles with amidine, carboxyl, and sulfate
functionalizations, and their subsequent stability during intense agitation and sonication.
In addition, our process is shown to work with different materials, including an oxide and
a polymer with a different glass transition temperature. The alteration of the particle
surface charge due to the fusing process is explored via zeta potential measurements.

5.2 Materials and Methods

5.2.1 Materials
Monodisperse, surfactant-free amidine, sulfate, and carboxyl functionalized
polystyrene latex (PSL), as well as carboxyl-modified latex (CML) microspheres, were
purchased from Interfacial Dynamics Corporation (Portland, OR). Specifically, 2.1 µm
amidine-functionalized PSL (Batch No. 1091,1), 3.3 µm amidine-functionalized PSL
(Batch No. 1414,1), 2.4 µm sulfate-functionalized PSL (Batch No. 478,1), 2.0 µm
carboxyl-functionalized PSL (Batch No. 2071,2), and 4.9 µm carboxyl-modified latex
(Batch No. 2-387-76.C,1) microspheres were used in the experiments described in this
thesis chapter. Monodisperse, uniform, 1.54 µm silica (Si) microspheres (Lot No. 5252)
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were purchased from Bang’s Laboratory (Fishers, IN). Monodisperse, 2.02 µm aminefunctional melamine formaldehyde (MF) microspheres (C-MF-2.00NH2) were purchased
from the Corpuscular Company (Mahopac, NY). Potassium chloride (KCl, MW 74.55)
was purchased from Sigma-Aldrich Chemicals, St. Louis, MO. The deionized water that
was used for all experiments (Millipore Corporation MilliQ system) had a specific
resistance greater than 1 MΩ·cm (i.e., “equilibrium water”).

5.2.2 Instrumentation
The Ultrasonicator was purchased from VWR International (Model 550T). The
particle zeta potentials were measured on a Brookhaven Instruments PALS (Phase
Analysis Light Scattering) zeta potential analyzer. The optical microscopy images were
obtained on a Nikon Eclipse TE2000-U inverted optical microscope. The electron
microscopy images were obtained on a ZeissSMT 1530 Field Emission Scanning
Electron Microscope (FESEM) at the Penn State Nanofabrication Facility. The
pressurized heat treatments took place in a standard steam autoclave at 120 °C.

5.2.3 Aggregation and Quench Procedures for Homodoublet and Heterodoublet
Formation
Figure 5.1 shows the steps for the production of doublets consisting of two
particles of the same type (i.e., homodoublets). For homodoublet formation, we added
200 µL of colloidal suspension with 4.2% solids (2.1 µm amidine, 2.4 µm sulfate, or 2.0
µm carboxyl), consisting of a single particle type in a test tube. For heterodoublet
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formation, we mixed 37.3 µL of 2.4 µm sulfate-functionalized PSL particles (8.4%
solids) and 149.2 µL of 4.6 µm CML particles (4.1% solids) in a test tube. The sulfate
and CML particles were different sizes and had different negative zeta potentials. Two
sizes of colloidal particles were used for the heterodoublet formation processing in order
to distinguish the two differently functionalized particles. We added 200 µL of a 500
mM KCL solution to the particle suspension, for a final ionic strength of 250 mM KCl.
The test tube was slowly swirled by hand so that the particles and the salt solution mixed
well. At 250 mM KCl, our particles aggregated quickly, and thus, the particles were
salted out. We examined a range of ionic strengths for the salting-out step and optimized
between levels at which no doublets form and those at which large aggregates form, to
obtain an effective salt concentration at which doublets form with a high yield. The use
of intermediate ionic strengths, although not quantified here in detail, would be a useful
tool in controlling the aggregation processes. This is especially important for
nanocolloids, which aggregate quickly.
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(a)

(b)

(c)

(d)

Figure 5.1: Schematic of the salting out – quenching – fusing technique. Starting with a
suspension of singlet particles (a), we introduce a high ionic strength to start diffusionlimited aggregation due to van der Waals forces (b). The ionic strength is quickly diluted
after roughly the rapid flocculation time, which effectively quenches the aggregation
reaction due to large electrostatic repulsive forces (c). In order to fuse the doublets
together permanently, we heat them to above their glass transition temperature or
chemically fuse them (d).
After 60 s, we quenched the aggregation process by adding 30 mL of deionized
water to the test tube, giving a final ionic strength of 3.3 mM KCl. At this point, the
electrostatic repulsions between the similarly charged particles prevented further
aggregation. Because of the short aggregation time of 60 s, the formation of large
colloidal aggregates was minimized. The final colloidal suspension contained singlet
(unaggregated) particles, homodoublets, and less than 3% of 3-mers (triplets) and 4-mers,
with negligible amounts of 5-mers and beyond.
The heterodoublet formation proceeded similarly to the homodoublet formation.
We used sulfated and CML polystyrene particles. The final suspension contained sulfate
singlets, CML singlets, sulfate homodoublets, CML homodoublets, sulfate-CML
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heterodoublets, and less than 1% of larger aggregates with various combinations of
sulfate and CML particles. We have used the salting out and quenching of single
colloidal particles in the doublet formation process to produce a consistent 20% yield of
high-selectivity homodoublets and heterodoublets in solution with less than 3% of larger
particle aggregates.
We also created heterodoublet solutions using different materials. In addition to
the polystyrene particles, we made doublets using amine-functional melamine
formaldehyde polymer colloids, as well as silica microspheres. For example, when the
silica microspheres and sulfate-functionalized PSL particles were combined and used
with the salting out and quenching process, we formed silica-sulfate heterodoublets, silica
homodoublets, and sulfate homodoublets.
We performed the SQF technique on particles in the size range from 800 nm to
5.0 µm.

We did not examine smaller particles (e.g., 100 nm), although this is an

important avenue for future work. We have no reason to believe that the SQF technique
would not work well in this smaller regime. Because particles aggregate much more
quickly in diffusion-limited aggregation, it might be useful to use an ionic strength that
would give a slightly higher stability ratio. In addition, the analyses would require the
use of electron microscopy for all samples, as opposed to optical microscopy.

5.2.4 Doublet Fusing Procedure
The doublet formation process provides the ability to create a large number of
bound PSL particles in suspension due to destabilization from high ionic strength.
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Although these particles remain stable in unperturbed solution, severe agitation (e.g.,
sonication, vortexing, or high speed centrifugation) often causes the doublets to break
apart. In order to avoid this degradation, we heated the particles above their glass
transition temperature (Tg) for 15 minutes and allowed the doublets to permanently fuse
to each other by allowing the polymer chains of the touching particles in the doublet to
diffuse together. The Tg of polystyrene particles is approximately 93 °C,62,
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and we

used an autoclave (120 °C, 18 psi) to exceed this temperature without boiling. We found
that 15 minutes was sufficient time for homodoublet and heterodoublet fusion. Simply
heating the DI water and particle solution to 100 °C in an oil bath or on a hot plate not in
a pressurized vessel results in the aqueous solution undergoing convective boiling, which
then causes further uncontrolled aggregation. We have recently begun using an oil bath
with a small pressurized vessel, which enables better control of the temperature (either
above or below 100 °C) and time of heating. Proper safety precautions should be taken
during this fusion step, especially when the aqueous solutions are taken above 100 °C
and the pressure exceeds atmospheric.
The chemical fusion of polystyrene doublets was also achieved through the
addition of organic solvent and heat, with similar effectiveness to the temperature-only
fusion process. Heating a particle solution containing 5% toluene to 80 °C for 10
minutes allows the doublet particles to permanently fuse to each other.

After the

chemical fusion, the toluene is removed from this particle suspension via a N2 purge.
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5.3 Results and Discussion
Surface charge groups, such as sulfate, carboxyl, and amidine, provide
electrostatic repulsion and thus stabilize the colloidal particles in solution. By drastically
increasing the ionic strength of the solution, the DLVO (Derjaguin-Landau-VerweyOverbeek) forces become attractive, and the particles aggregate according to diffusionlimited kinetics.55 A simple estimate of the time for half of the particles to aggregate is
given by the Smoluchowski rapid flocculation estimate in Equation 5.1,

τ agg =

πηa 3W
2kTφ

(5.1)

where η is the viscosity of the solution, a is the radius of the colloidal particles, k is the
Boltzmann constant, T is the temperature of the solution, W is the stability ratio, and φ is
the volume fraction of colloidal particle in the solution.

When the singlet particle

suspension (only 0.01% particles with the remainder DI water) is mixed with a 500 mM
KCl solution to give a final concentration of 250 mM, rapid aggregation (W = 1) occurs,
and τagg ≈ 45 seconds.

This estimate provided a good starting point for forming

homodoublets and heterodoublets, and a few rounds of refinement showed that a reaction
time of 60 seconds for the salting out technique provided enough time for a significant
number of doublets to form, while still limiting the formation of larger particle
aggregates. Table 5-1 provides information about the various combinations of particle
sizes, functionalizations, materials, and reaction conditions for forming homo and hetero
doublets.

All reaction conditions, amounts of solution, particles and times were
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experimentally determined from empirical relationships with similar systems that had
previously been investigated.
Table 5-1: Table of combinations of particle sizes, types, amounts and solution conditions
for the synthesis of homo and hetero doublets.

µm
0.81
0.97
1.0
1.5
1.54
1.54
2.0
2.1
2.4
2.4
2.5
3.0
3.3
3.3
4.0
4.9

Particle 1
functionality
sulfate
silica-NH2
sulfate
amidine
silica
silica
carboxyl
amidine
sulfate
sulfate
amidine
sulfate
amidine
amidine
sulfate
sulfate

µL
6
8
11
37
15
30
200
200
149
37
150
150
150
200
150
150

µm
0.81
0.97
1.0
1.5
1.54
2.4
2.0
2.1
2.4
4.6
2.5
3.0
3.3
2.02
4.0
4.9

Particle 2
functionality
sulfate
silica-NH2
sulfate
amidine
silica
sulfate
carboxyl
amidine
sulfate
CML
amidine
sulfate
amidine
MF-NH2
sulfate
sulfate

µL
6
8
11
37
15
75
200
200
149
149
150
150
150
54
150
150

KCl
µL mM
100 100
200 500
200 250
200 500
200 500
200 500
200 500
200 500
200 500
200 500
200 500
100 500
100 500
200 500
100 500
100 500

time
(s)
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

5.3.1 Homodoublet Results
The images in Figure 5.2 show 40× optical images of the various steps in the
salting out – quenching – fusion (SQF) technique for forming homodoublets of 2.1 µm
amidine PSL. The homodoublets form readily going from Figure 5.2a to 5.2b. Figure
5.2b shows one triplet and no higher aggregates, and this ratio of homodoublets to triplets
is typical. The homodoublets fuse together at 120 ºC with little noticeable change in the
doublets (Figure 5.2c), except that the visible separation between the particles disappears
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in a field emission scanning electron micrograph.

Without the fusion step, the

homodoublets shown in Figure 5.2b break apart readily in less than 1 minute
(Figure 5.2d), while with the fusion step the homodoublets can be sonicated for more
than 10 minutes with no change in the number of singlets or homodoublets (Figure 5.2e).
After the SQF process, the homodoublets are separated (e.g., using density gradient
centrifugation34, 64) to purify an SQF sample into a solution of 70-80% homodoublets
(Figure 5.2f). Techniques like hydrodynamic or column chromatography can also be
used for the separation. For many of the images in this manuscript, we have not shown
the purified doublet samples so that the reader can see the raw images; however, the
purified images look similar to Figure 5.2f.
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(a)

(b)

(d)

(c)
(d)

(e)

(f)

Figure 5.2: Amidine-functionalized homodoublet fabrication. The singlet spheres are 2.1
µm amidine-functionalized PSL particles. (a) The singlet particles in deionized water
(40×). (b) After the salting out and quenching steps amidine-functionalized PSL
homodoublets form. (c) After the temperature fusion step (15 minutes at 18 psi and 120
o
C). (d) Non-fused homodoublets (from b) break apart into singlets after 10 minutes of
sonication. (e) Fused particles after 10 minutes of sonication. They remain quite stable.
(f) Concentrated amidine-functionalized homodoublet after separation by centrifugation
in a density gradient.
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Figure 5.3 shows the yield of homodoublets and other entities from the SQF
process. Each experiment was performed at least five times, and about 1000 particles per
sample were counted. The doublet fraction is calculated by dividing the number of
doublets by the total number of singlets, doublets, triplets (of which there are very few),
etc. A doublet (consisting of two particles) is considered a particle (aggregate). The
same percentage of singlets and homodoublets existed after the quenching step, the
fusion step, and the ultrasound sonication step, indicating the reliability of the process.
The homodoublet formation experiments using the SQF method were also performed for
2.4 µm sulfate-functionalized PSL particles, and then 2.0 µm carboxyl-functionalized
PSL particles. The images and percentages of homodoublets (singles, homodoublets,
larger aggregates) in the suspensions were within experimental error to those of
Figure 5.2 and 5.3 for the amidine-functionalized PSL homodoublet solutions. The data
from the images of Figure 5.2b, 5.2c, and 5.2e, and the statistical percentages of
homodoublets, singles and larger aggregates, indicate that the homodoublets formed with
the salting out and quenching doublet procedure were permanently fused after high
pressure heating to above their Tg.

90
90%

doublet

80%

single

Percent of Particles

70%

larger
aggregate

60%
50%
40%
30%
20%
10%
0%
SQ homodoublets

SQF homodoublets
Treatment

SQF sonicated
homodoublets

Figure 5.3: Yields of homodoublets, single particles, and larger particle aggregates in the
final amidine-functionalized PSL particle solution. The first set of bars gives the
percentage of particles present in the homodoublet solution formed from the salting out
and quenching steps (SQ), the second set is for the homodoublet solution after the fusing
step (SQF), and the third set is for the SQF homodoublet solution after it was sonicated
for 10 minutes.
To further verify that the SQF homodoublets were permanently fused together
into a particle doublet, FESEM images were taken of 2.1 µm amidine-functionalized
homodoublets after the SQ steps and after the SQF steps. Figure 5.4a shows an FESEM
image of a 2.1 µm amidine-functionalized homodoublet that had not been fused. The two
particles are touching, but the perimeters of the particles remain well-defined.
Figure 5.4b shows an FESEM image of a similar 2.1 µm amidine-functionalized
homodoublet after having completed the full SQF process. The spheres within the
homodoublet appear less well-defined, with partial fusion of the spheres.

91

Figure 5.4: FESEM images of amidine-functionalized homodoublets. The amidinefunctionalized particles making up the homodoublets are 2.1 µm in diameter. (a)
Amidine-functionalized homodoublet after the SQ steps at 20000× magnification. (b)
Permanently fused amidine-functionalized homodoublet particle after the full SQF
process at 20000× magnification.
Zeta potentials of the amidine-, sulfate-, and carboxyl- functionalized PSL
homodoublet suspensions were taken as homodoublet solutions (SQ), both immediately
after temperature fusing (SQF) and 4 days after the fusing process occurred. All colloidal
particle zeta potentials were measured in a 10 mM KCl solution. The results are shown
in Figure 5.5.

The zeta potentials for sulfate-functionalized particles and carboxyl-

functionalized particles do not change much during the steps of the SQF process,
indicating that the temperature fusion step does not affect the charge groups significantly.
However, the zeta potentials for the amidine-functionalized particles do change,
especially after the fusion step. All particles showed a statistical drop in zeta potential
after the temperature fusion step.

The drop in the zeta potential of the amidine-

functionalized PSL particles is likely due to a decomposition of the NH2 group or the
double bonded nitrogen from an influence of temperature.65 Furthermore, out of the ten
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zeta potential experiments for amidine done after the fusion step and performed for ten
different beakers of suspension, half degraded to +55 mV and half to +10 mV. To which
zeta potential the amidine particle suspension dropped was not controllable in our
experiments, and all steps were identical in the two sets of samples. An explanation for
the decrease in surface charge is that the surface functional groups start to hydrolyze due
to the heat treatment.66 Specifically, the some of the amidine groups hydrolyze and form
uncharged amide groups, thus reducing the zeta potential of the doublet solution. Further
research is required to better understand why some doublets undergo more hydrolysis
than others and how various fusing times affect the amount of hydrolysis that occurs.
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Figure 5.5: Plot of the magnitude of the zeta potentials of various homodoublets during
the SQF process. After the salting out and quenching steps (SQ), the zeta potentials have
the highest magnitude. Most magnitudes |ζ| drop slightly after the fusion step (SQF),
although A2 dropped more significantly. In addition, the A1 amidine zeta potential
continues to drop over 4 days. A1 is for 2.1 µm amidine-functionalized PSL for trials 1,
3, 4, 6, and 9. A2 is for the amidine-functionalized particles after trials 2, 5, 7, 8, and 10.
No difference in handling occurred between A1 and A2. S is for the 2.4 µm sulfatefunctionalized PSL particles (negatively-charged), and C is for the 2.0 µm carboxylfunctionalized PSL particles (also negatively-charged).

5.3.2 Heterodoublet Results
The SQF process can also be used to fabricate heterodoublets (e.g., different size,
surface functionalization, or composition). Figure 5.6a shows a 40x optical microscopy
image of 2.4 µm sulfate-functionalized PSL and 4.6 µm CML PS single particles. The
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result of the SQF process is the formation of CML homodoublets, sulfate-functionalized
homodoublets and CML-sulfate heterodoublets (Figure 5.6b).

(a)

(b)

Figure 5.6: CML-sulfate heterodoublets. The sulfate-functionalized particles are 2.4 µm
and the CML particles are 4.6 µm. (a) The singlet CML and sulfate-functionalized
particles in deionized water (40×). (b) After the full SQF process. Similar to Figure 2,
the heterodoublets break apart during sonication without the fusion step, and remain
stable during sonication (10 minutes) with the fusion step.
Figure 5.7 shows the yield percentage of doublets (homodoublets and
heterodoublets), single particles, and 3 and 4 particle aggregates in the final doublet
solution. Each experiment was performed a minimum of five times. As expected, the
doublet solution consists of CML homodoublets, sulfate-functionalized homodoublets,
CML-sulfate heterodoublets, CML singlets, sulfate-functionalized singlets, and some 3mers and 4-mers made of combinations of both types of particles. The same percentage
of particle doublets (14.8% doublets) was present in the SQ doublet solution, the SQF
doublet solution, and after the SQF doublet solution was sonicated for 10 minutes. Of the
total percentage of doublets, 4.2% were CML homodoublets, 5.5% were sulfatefunctionalized homodoublets, and 4.8% were CML-sulfate heterodoublets. By looking at
the visual evidence from the images of Figure 5.6 and the statistical percentage of
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singlets, doublets, and larger aggregates, it is statistically clear that the CML-sulfate
doublets (heterodoublets and homodoublets) formed with the SQF process were
permanently fused after the high pressure heating to above their glass transition.

A

separation is then required to obtain a solution of each one of these doublet types, similar
to Figure 5.2f.
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Figure 5.7: Yield percentage of doublets (homodoublets and heterodoublets), single
particles, and larger particle aggregates in the final polymer colloid heterodoublet particle
solution. The first set of bars gives the percentage of particles present in the doublet
solution formed from the salting out and quenching steps (SQ), the second set is for the
doublet solution after the fusing step (SQF), and the third set is for the SQF doublet
solution after it was sonicated for 10 minutes.
Zeta potentials for CML-sulfate functionalized PSL doublet suspensions were
taken as doublet solutions (SQ), both immediately after temperature fusing (SQF) and 4
days after the fusing process occurred.

All colloidal particle zeta potentials were
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measured in a 10 mM KCl solution. The mixture of CML and sulfate functionalized PSL
homodoublets and heterodoublets results in a strongly negatively charged zeta potential.
As single particles, the zeta potential of the sulfate-functionalized PSL particles is -136
mV and the zeta potential of the CML functionalized PSL particles is -96 mV. There was
a 2:1 ratio of sulfate to CML particles used, and the zeta potential of the doublet solution
was found to be -127 mV.

Similar to the zeta potential measurements for the

homodoublet solutions, there was a slight statistical decrease in the zeta potential for the
CML-sulfate doublet solutions after the fusing step to a value of -115 mV. The zeta
potential of the fused (hetero)doublet solution did not statistically change when the zeta
potential was again taken 4 days later.
The use of different material colloidal particles (silica and polystyrene latex) in
the SQF technique resulted in similar yields of doublets in the final solution compared
with the polystyrene-polystyrene heterodoublet formation.

The silica and sulfate-

functionalized PSL singlet particles are shown in Figure 5.8a, while the raw doublet
images after the SQF process are shown in Figure 5.8b.

Figure 5.8c shows that

sonication breaks apart all doublets in the absence of the fusion step. Sonication does not
break apart the silica-sulfate doublets (Figure 5.8d) with the fusion step, but does break
apart the silica-silica homodoublets (also shown in Figure 5.8d where no silica-silica
doublets appear). Since silica has a high glass transition temperature (>1000 °C), it was
expected that the silica homodoublets would break apart since they could not have been
fused. It was also expected that the sulfate-silica heterodoublets would fuse, such that the
polystyrene would diffuse onto the surface of the silica particle and permanently fuse the
two together. Similar results to Figure 5.8 were obtained with the SQF technique for
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doublets formed from amidine-functionalized polystyrene latex and amine-functional
melamine formaldehyde particles, which involved two different types of polymer colloids
with different glass transition temperatures (93 °C for PSL and greater than 120 °C for
MF).

(a)

(c)

(b)

(d)

Figure 5.8: Silica-sulfate heterodoublet. Optical microscopy images (40×) of (a) original
singlets, including 2.4 µm sulfate-functionalized PSL and 1.54 µm silica microspheres.
b) After SQF process. c) Heterodoublets without fusion step, after ultrasound. d) SQF
doublets, after ultrasound (10 minutes). The heterodoublets remain stable after the full
SQF process.
The salting out and quenching steps in the doublet formation process enable an
in-suspension formation of homodoublets and heterodoublets with significant flexibility.
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The particles do not require any coatings or to be adhered to any surfaces. Placing
solutions in an autoclave at 120 °C and 18 psi results in the PSL homodoublets and
heterodoublets becoming permanently fused into a doublet. In addition, we have shown
that silica and polystyrene latex particles can be fused together using the SQF technique.
Better temperature control can be obtained by the use of a controllable oil bath with a
pressurized vessel. Through the use of density gradient centrifugation34,
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or other

separation techniques like hydrodynamic chromatography,67 the colloidal homodoublets
and heterodoublets can be separated from the singlets and the small percentage of 3-mers
and other n-mer aggregates.
In addition to using high pressure and heat to fuse colloidal doublets, we have
also fused doublets with the addition of organic solvent and heat. The solvent (e.g.
toluene) causes the particles to slightly swell, and as a result their Tg is lowered such that
the particles can be fused at a lower temperature where the solution is not boiling. Our
results have shown that a particle solution heated to 80 °C and containing only 5%
toluene results in permanently fused colloidal homodoublets.
We are currently pursuing the fabrication of colloidal homodoublets and
heterodoublets of a variety of materials, including other polymers (with various Tg),
oxides and metals. We are also considering techniques in scaling for a continuous SQF
process, where commercial quantities of the doublets could be fabricated. Finally, the
technique as described has been used for fabricating doublets, but the same technique
could be used to fabricate 3-mers (triplets), 4-mers, and other aggregates of controlled
size. The shape is not as well-controlled, and more careful separation would be required.
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5.4 Conclusions
We have shown that the salting out – quenching – fusing (SQF) technique can be
used to fabricate colloidal homodoublets and heterodoublets of PSL and different
materials. The salting out process is well-known in the colloids literature, and the
additional quenching and fusing (to above the polymer Tg) steps provide an easy route to
doublets in which one of the particles is a polymer colloid. Heat treatment does reduce
the particle zeta potentials on the polymer colloid. While the change in zeta potential is
relatively small for sulfate-functionalized or CML PSL particles, the change can be quite
large for amidine-functionalized PSL particles. The salting out – quenching – fusing
technique is a quick, inexpensive, easy-to-perform, and repeatable process for fabricating
colloidal doublets that can be applied to different material colloids with different
functionalities.
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Chapter 6
Site-Specific Functionalization on Individual Colloids: Size Control, Stability, and
Multilayers
Reproduced with permission from Langmuir 2007, 23, 9069-9075.
Copyright 2007 American Chemical Society.

6.1 Introduction
The bottom-up assembly of colloidal particles is becoming important in the
fabrication of electronic,1,

2

drug delivery,3 and photonic4 devices, and even in the

fabrication of colloidal machines5-8.

The patterning of individual particles9 is also

playing a key role in devices and in other purposes, like improved Pickering surfactants10.
Recently, the Velegol lab patterned single site-specific regions on individual colloidal
particles, and these enabled the fabrication of colloidal doublets using bottom-up
assembly.11 The “particle lithography” technique was applied to create these site-specific
regions.
A number of techniques have been used to pattern individual particles. Janus
particles have half the particle with one chemistry and the other half with a different
chemistry.12,

13

Such particles have been created by microfluidic synthesis14 or using

PDMS stamping technique.15 Nanowire particles can be patterned directly from their
synthesis. The nanowire16 particles are grown in templates to include different lengths of
various metals or semiconductors, and thus have circumferential stripes along the length.
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Particles adhered in a plane have been bi-functionalized through micro-contact printing
the non-adsorbed side or by electroless deposition.15, 17 Masking techniques have also
been used to pattern particles. This includes adhering silica particles onto silica templates
and coating the exposed surface to gold,18 as well as adhering silica particles onto a
template, covering with PDMS, and then removing the PDMS film so that the exposed
cap can be functionalized.19 Polystyrene latex particles have also been formed into a
colloidal crystal, and the particle contact points were masked from a gold vapor, giving
multiple gold nanodots on each sphere in the array.20, 21
Raspberry-like particles with uneven surfaces were formed by a self-assembled
heterocoagulation of nanometer sized particles on larger polymer particle surfaces via a
charge compensation mechanism.22 Small colloidal particles have been adsorbed onto
larger colloidal particles of opposite surface charge to pattern the particle surface.23,

24

Another example of patterning smaller particles onto larger ones, including the creation
of more sophisticated patterning, has been achieved with bi-disperse colloidal materials
(different materials and size ratios) through an inverted water-in-oil emulsion
technique.25

More sophisticated patterning of larger particles (~100 µm) has been

demonstrated by using liquid pre-polymers9 to show national flags on the particles. For
the various techniques listed here, issues arise with the flexibility of the techniques to
accommodate a variety of materials, the ability to control the technique in a predictive
manner, or the ability to scale-up the technique to larger quantities of production.
In this thesis chapter, we analyze the “particle lithography” technique for
patterning individual particles site-specifically. Particle lithography is a simple, general
patterning and assembly technique that does not rely on conventional top-down

107
lithographic techniques. In the present work, we 1) demonstrate precise and predictable
size control over patterning single regions, 2) show quantitatively the stability of the
coating layer and as a result the whole particle lithography process, 3) pattern an annulus
region using the particle lithography technique, 4) show that the particle lithography
technique works on particles down to at least 170 nm in diameter, and 5) identify causes
for certain types of defects resulting from the technique. These advances enable the
patterning of particles with rather general chemistries, either for direct use or for use in
bottom-up assembly.11 The images and data in this work demonstrate that the technique
is relatively simple, quite reproducible, controllable, and requires relatively inexpensive
material requirements.

6.2 Materials and Methods

6.2.1 Materials
Monodisperse, surfactant free amidine- and sulfate-functionalized polystyrene
latex (PSL) microspheres were purchased from Interfacial Dynamics Corporation
(Portland, OR). Specifically, 20 nm (Batch No: 1973), 43 nm (Batch No: 2012,1), and 84
nm (Batch No: 124,1) sulfate-functionalized PSL nanoparticles and 520 nm (Batch No:
892,1), 1.5 µm (Batch No: 1321,1), 2.1 µm (Batch No: 1091,1), and 3.3 µm (Batch No:
1414,1) amidine-functionalized PSL microspheres were used in the experiments
described in this manuscript. Monodisperse, uniform 150 nm (Lot No: 7660), 170 nm
(Lot No: 6594), 0.9 µm (Lot No: 4949), and 1.54 µm (Lot No: 5252) plain silica and 0.97
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µm (Lot No: 6497) amine-functionalized silica microspheres were purchased from
Bang’s Laboratory (Fishers, IN). Monodisperse, 3.0 µm silica microspheres (Lot No:
F300) were purchased from the Corpuscular Company (Mahopac, NY).

Potassium

chloride (KCl, MW 74.5), poly(sodium 4-styrenesulfonate) (PSS, MW 70 000), and
poly(allylamine hydrochloride) (PAH, MW 70 000) were purchased from Sigma-Aldrich
Chemicals, USA. The deionized (DI) water that was used for all experiments and
washing steps (Millipore Corp. Milli-Q system) had a specific resistance greater than
1MΩ·cm (i.e., “equilibrium water”). Silicon wafers with an orientation of <1-0-0>and
resistivity values of 1-10 Ω-cm used as the substrate for FESEM imaging were purchased
from Silicon Quest International (Lot No. IMV3P01-10PRM).

6.2.2 Instrumentation
The Ultrasonicator was from VWR International (Model 550T). The particle zeta
potentials were measured on a Brookhaven Instrument PALS (Phase Analysis Light
Scattering) zeta potential analyzer. The optical microscopy images were obtained on a
Nikon Eclipse TE2000-U inverted optical microscope. The electron microscopy images
were obtained on a ZeissSMT 1530 field emission scanning electron microscope
(FESEM) at the Penn State Nanofabrication Facility. The pressurized heat treatments
took place in a standard steam autoclave at 120 °C.
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6.2.3 FESEM Sample Preparation
Approximately 2 µL of particle samples (<0.01% solids) were pipetted or
atomized onto a silicon wafer and left to air-dry. FESEM images were taken at a gun
power of 1-2 kV and working distances between 2 and 4 mm.

6.2.4 Patterning with Particle Lithography
We have previously reported the details of the particle lithography process in the
literature.11 In a 50 mL centrifuge tube, 300 µL of 3.0 µm silica particles were dispersed
in 20 mL of 20 µM PAH in 30 mM KCl. Multiple micron sizes (1 µm to 4 µm) of silica
and PSL particles were used with this procedure. The solution was sonicated for 5
minutes to further disperse the particles and PAH solution. Next, the solution was
incubated for 20 minutes to allow a single layer formation of the PAH polyelectrolyte on
the surface of the silica particles in solution. After incubation the PAH coated silica
particles were collected via centrifugation at 6000 rpm for 10 minutes. The particles
were redispersed in 10 mL of 30 mM KCl. The centrifugation and redispersion steps
were repeated two times.

After the last centrifugation step, the PAH coated silica

particles were redispersed in 40 mL of DI water and added to Piranha etch cleaned Petri
dishes.
The PAH coated silica particles were allowed to settle and electrostatically adhere
to the glass surface. The Petri dishes were then washed 20 times with 10 mL of DI water
to remove any excess or unadhered PAH coated silica particles. Next, the particle
lithography process was performed using different ionic strength solutions (DI, 10 mM
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KCl, 30 mM KCl, and 60 mM KCl) and different sized sulfate-functionalized PSL
nanoparticles (20 nm, 43 nm, 84 nm). The Petri dish was briefly agitated to disperse the
nanoparticles in solution. The nanoparticles were allowed to electrostatically adhere to
the PAH coated silica particles in all areas that were not masked off by the glass surface
(where the particles were adhered) for 24 hours. The Petri dishes were washed 20 times
with 10 mL of DI water to remove any excess or unadhered nanoparticles. An additional
20 mL of DI water was added and the Petri dishes were placed in the autoclave for 15
minutes at 120°C in order to permanently fuse the nanoparticles to the surface of the
silica particles to which they were adhered.26 The Petri dishes were allowed to cool and
were washed 10 times with 10 mL of DI water. The particle lithography patterned
particles were sonicated off the surface by placing the Petri dishes in the sonicator for 1
minute.
For positively-charged silica and PSL particles, approximately 40 µL of the
particles and 20 mL of DI water were placed in a Petri dish and left to settle and adhere to
the glass surface for 24 hours. Since the particles are already positively charged, the
PAH polyelectrolyte coating step is not needed. The patterning of the adhered particles
with nanoparticles using particle lithography then proceeded as described above.

6.2.5 Layer-by-Layer Patterning with Particle Lithography
Cationic particles (1 µm silica and 3 µm polymelamine formaldehyde) were
adsorbed to a Piranha-etched (3:1 ratio of sulfuric acid to hydrogen peroxide) glass
surface in DI water. Excess cationic particles were removed by rinsing with DI water.
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Anionic 20 nm sulfate-functionalized PS particles (layer 1) were introduced to the system
and allowed to adsorb to the cationic particles for 12 hours. During the coating process,
the salt concentration was adjusted to 10 mM KCl.
removed by rinsing with DI water.

Excess 20 nm particles were

The entire system was heated to 120 °C in a

(autoclave) for 15 minutes. The salt concentration was readjusted to 10 mM KCl, and
PAH (layer 2) was allowed to adsorb to the bound 20 nm particles for 12 hours. Excess
PAH was removed from the system by rinsing with DI water. The salt concentration was
readjusted to 10 mM KCl, and 84 nm sulfate-functionalized PS particles (layer 3) were
added to the system and allowed to adsorb to the PAH layer for 12 hours.

6.2.6 Sonication Experiments – Zeta Potential Analysis
In a 50 mL centrifuge tube, 60 µL of 1.5 µm amidine-functionalized PSL particles
were combined with 20 mL of a 10 µM PSS in DI solution. The solution was sonicated
for 5 minutes and then incubated on a shaker plate for an additional 20 minutes. Next,
the PSS coated amidine particles were centrifuged out of solution. The solutions were
centrifuged at 6500 rpm for 40 minutes. The supernatant was removed and the particles
were resuspended in 10 mL of 30 mM KCl. The centrifugation/resuspension step was
repeated 2 times. After the last centrifugation step, the particles were resuspended in 10
mL of DI water. The samples were sonicated for 0, 1, 2, 3, 4, 5, and 10 minutes.
Immediately after sonication, the particles were centrifuged out of solution at 6500 rpm
for 40 minutes. The particles were then resuspended in 10 mL of 10 mM KCl and the
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zeta potential of each solution was taken. All experiments were performed a minimum of
3 times in order to obtain statistical information.

6.2.7 Sonication Experiments – FESEM Analysis
Amidine-functionalized 2.5 µm PSL particles were suspended in 10 mM KCl at
0.0001 w/v%. Sulfate-functionalized 84 nm PSL particles were added to the suspension
of 2.5 µm amidine-functionalized PSL particles at a ratio of 104:1. The nanoparticles
were left to coat the colloids for 24 h. A fraction of the sample was autoclaved for 15
minutes to insure the suspension was heated above the glass transition temperature of
PSL.

Samples of non-autoclaved (not fused) and autoclaved (fused) particles were

sonicated for 0, 1, and 5 minutes. The samples were examined by FESEM.

6.3 Results and Discussion

6.3.1 Creating a Site-Specific Functionalization on Individual Colloids
The basic method of particle lithography has been described previously,11 and has
similarities to some other techniques described in the Introduction. The essence of the
method (Figure 6.1) is to adhere particles to a surface, and then to use the surface to mask
one or more regions on the particle surface as the particle is coated. For example,
amidine-functionalized polystyrene latex (PSL) particles might be adhered to a glass slide
in water, and then the particles might be coated with polystyrene sulfonate (PSS). The
PSS cannot access the region where a PSL particle adheres to the glass (i.e., the
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lithographed region), and so when the excess PSS is swept out and the particle removed
(e.g., by sonication), the particle has a single bare region (i.e., a “valence”).

Figure 6.1: Schematic of patterning colloidal particles with particle lithography.
Positively-charged colloidal particles are electrostatically adhered to a negatively charged
glass surface. The result is a monolayer of positively charged particles adhered to the
surface. Negatively-charged nanoparticles of the same or different material are placed in
solution and allowed to electrostatically adhere to the positively-charged, adhered larger
particles. The nanoparticles adhere in all areas except where the larger particles are
masked off by being adhered to the glass surface. The size of the lithographed region is
primarily a function of the core particles radius (a) and the coating radius (R), and simple
geometry shows that the diameter (D) of the lithographed region should be D = 4(aR)1/2.
The particle coating has usually been done with various polyelectrolytes (e.g.,
PSS, PAH (poly allylamine hydrochloride)) in our lab, although we have used fullerenes
and biomolecules.27 In this paper we coat the particles with nanocolloids of various sizes,
so that the lithographed regions are readily imaged with field emission scanning electron
microscopy (FESEM). While the particles are still adhered to the glass, the nanocolloid
coating is fused onto the particle by heating either the coating or the core particles to
above the glass transition in a standard steam autoclave. After fusing, the system is
allowed to cool to room temperature and the system is again washed with DI water.
Various experimental conditions were explored for patterning colloidal particles
with nanocolloids using the particle lithography technique. Coating particle diameters of
20 nm, 43 nm, and 84 nm sulfate functionalized polystyrene latex (PSL) and 170 nm
silica were used. Core particle sizes of 1.0 µm, 1.5 µm, 3.0 µm silica, as well as 2.1 µm
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amidine-functionalized PSL were patterned with nanocolloids using particle lithography.
Ionic strengths from deionized water to 60 mM KCl were used.

The size of the

lithographed region is primarily a function of the core particles radius (a) and the coating
radius (R), and simple geometry shows that the diameter (D) of the lithographed region
should be D = 4(aR)1/2.11 The ionic strength affects this size slightly, allowing fine tuning
of D.

6.3.2 Precision of the Lithographed Region
Figures 6.2, 6.3, and 6.4 reveal that the simple geometric estimate predicts the
diameter of the bare region quite well under a variety of conditions. In Figure 6.2, the
solid black bars represent the geometric prediction for D. In all but one case (the 2.1 µm
PSL core particle with 84 nm sulfate PSL coating), the expected value provides a good
estimate for the diameter of the lithographed region. This exception occurred because the
core particles were polystyrene latex and not silica (like in all the other cases), and it
occurred during the fusing process when the system was heated to 120 °C (above the Tg
of ~ 93 °C28, 29) in a standard steam autoclave. The core polystyrene particle flattened
against the surface, making it a potentially useful feature. This flattening of the core
particle resulted in a different D that depends on the time above Tg rather than the simple
geometric argument.30 The core silica particles were not affected by fusing at 120 °C
because their glass transition temperature is much greater than 1000 °C.
As expected, Figure 6.2 shows that using smaller core particles results in smaller
lithographed region, D. Consistent coating conditions of 10 mM KCl and 84 nm sulfate
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PSL particles for the patterning with particle lithography were used for these
experiments. Excluding the case where amidine PSL core particles were used, as the
diameter of the core silica particle was increased from 1.0 µm to 3.0 µm, the diameter of
the lithographed region also increased (490 nm to 1050 nm). Smaller coating particles
also result in a smaller lithographed region as seen in Figure 6.4. Both experimental
values generally follow the geometric prediction for D. The inset FESEM images show
clearly defined lithographed regions and support the plot data that larger core particles
have larger lithographed regions. All FESEM images are representative of the majority
of patterned particles in the sample, and the data are averages from over 50 different
patterned particles from each sample.
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Figure 6.2: Plots of the size of the lithographed region using (a) different diameter core
particle sizes with 84 nm sulfate coating particles. There are inset FESEM images that
show the visual effect of core particle diameter size on the length of the lithographed
region.
The ionic strength of the coating solution affects the size of the bare region, since
at low ionic strengths the coating particles are repelled from the masked region, resulting
in a larger bare region diameter. Figure 6.3 shows the effect of ionic strength on the
length of the lithographed region with different core silica particle diameters by a
consistent coating of 84 nm sulfate PSL particles. Within each size of the core particle
diameter, there is a consistent trend that the size of the lithographed region decreases as
the ionic strength is increased from 10 mM KCl to 60 mM KCl. Frequently, the actual
size of D obtained is a bit smaller than the geometric prediction. One potential reason is
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that the “monodisperse” nanoparticles actually have a distribution of sizes, and the
smaller colloids can penetrate a bit further in than the average size. In general, the
particles lithographed in an ionic strength of 10 mM KCl most accurately matched the
expected geometric value for D.
The ionic strength of the coating solution also affects the coating density of the
nanoparticles on the surface of the core particle. The electrical double layer, which is
measured by the Debye length, consists of an excess of counter-ions and a deficiency of
co-ions as an ion cloud surrounding a charged particle (or surface). In a high ionic
strength solution, the counter-ions are attracted to the particle surface. The counter-ions
pack close together because there are so many ions around they concentrate the ion cloud
by making it smaller (shrinking the ion cloud) so that the cloud is of similar ion
concentration to the surrounding bulk solution concentration of ions. In a low ionic
strength solution, there are fewer ions present in solution and a huge ion concentration
gradient from the particle surface to the bulk, so the ion cloud stretches so that is it not as
concentrated with ions. Thus, at high ionic strengths particles act more like their actual
size and at low ionic strengths the Debye length increases and the particles can feel each
other from farther away.

Not only is the effective size of the lithographed patch

increased, but the coating particles are less densely packed on the surface of the core
particle since they are forced to remain further apart (than in a high ionic strength where
they can more densely pack) from electrostatic repulsions.
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Figure 6.3: Plots of the size of the lithographed region using different diameter core
particle sizes with 84 nm sulfate coating particles at different ionic strengths. Ionic
strength can be used to fine-tune D.
Figure 6.4 shows how the bare region diameter (D) varies with coating particle
size at an ionic strength of 10 mM KCl. The black and striped bars represent the
geometrically expected values for the small and larger coating sizes for the two core
diameter silica particles of 1.0 µm and 3.0 µm. Within each core particle size, the
diameter of the lithographed region was increased by using larger sized nanoparticles for
the coating. The smallest experimental D was 272 nm, obtained with 1.0 µm diameter
core amine-functionalized silica particles and 20 nm diameter sulfate-functionalized PSL
particle coating at 10 mM KCl. The size of D could be further decreased by increasing
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the ionic strength, or more significantly decreased by decreasing the core particle
diameter or the nanoparticle coating size.

The inset FESEM images match the

experiments below them.
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Figure 6.4: Plot of the size of the lithographed region using different nanoparticle coating
sizes with the expected size of the lithographed region. There are inset FESEM images
that show the visual effect of core particle diameter size and the effect of the nanoparticle
coating size on the length of the lithographed region.

6.3.3 Coating Layer Mechanical Stability with Sonication
An important question about the coating layer is its stability in mechanically harsh
environments, such as high shear, sonication, or exposure to surface tension effects
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during drying.

In order to investigate this, we coated amidine-functionalized core

particles with 84 nm sulfated PSL particles in 10 mM KCl solution. This excess of
nanoparticles insured full coverage and little aggregation of the colloids through
nanoparticle bridging.23, 31 After 24 h, 20 nm sulfate-functionalized PSL particles were
added in a 1:1 ratio with the 84 nm particles. If any of the 84 nm particles had been
removed from the core particle, the 20 nm particles would take their place, revealing
where defects occurred. The suspension was split and a sample was autoclaved for 15
minutes to fuse the nanoparticle coating onto the colloids. Samples of non-autoclaved
(not fused) and autoclaved (fused) particles were sonicated for 0, 1, and 5 minutes and
examined by FESEM. If the coating was damaged by sonication, the 20 nm particles
could re-adsorb to the colloid faster than the 84 nm particles. Therefore, it was expected
that a damaged site would contain a mixture of 20 and 84 nm particles, but have a
majority of 20 nm particles adsorbed. Figure 6.5 shows examples of coated particles and
damaged particles for the fused and non-fused cases.
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Figure 6.5: FESEM images of colloidal particles coated with nanoparticles. (a) 2.5 µm
PSL particle coated 84 nm sulfate PSL. (b) 2.5 µm amidine-functionalized PSL particle
coated with 84 nm sulfate-functionalized PSL particles and damaged from sonication.
Notice 20 nm sulfate-functionalized PSL particles adsorbed to the damaged site. (c) 2.5
µm amidine-functionalized PSL particle coated with 84 nm sulfate-functionalized PSL
particles and fused via heat. (d) An example of an imperfectly fused particle.
The projected area of destroyed 84 nm coating and the total projected area of the
particle were recorded from FESEM images. The fraction of colloid coating destroyed
was estimated and averaged for all particles in the particular test group as shown in
Figure 6.6. Notice that there are some particles that exhibited damaged coatings that
were not sonicated. Surface tension forces induced from the drying process during
FESEM sample preparation may have caused this damage. The large 95% confidence
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intervals in Figure 5 result because particles seemed either 1) to have their coatings
mostly intact or 2) the majority of their coating destroyed during the process; few
particles have intermediate damage. From the plot of Figure 6.6 and the images in
Figure 6.5, it is clear that fusing the nanoparticle coating on the surface of the core
particle is beneficial by reducing the amount of destroyed coating after sonication. Little
damage occurs for sonication times less than 5 minutes, and typically we sonicate our
particles off the surface in less than 45 seconds.

We have previously shown that

sonication does not significantly break apart silica-sulfate PSL patterned particles that
have been fused.26 Multiple polystyrene particles fuse onto the surface of the silica
particle in the autoclave. For the nanoparticle coatings that were not fused onto the core
particle, the effect of sonication on the coating followed the general trend that more
sonication time resulted in more destruction of the coating layer.
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Figure 6.6: The average percent of coating destroyed per particle (projected area) for 0,
1, and 5 minutes of sonication with and without fusing the coating onto the particle. The
large 95% confidence intervals result because particles seemed either 1) to have their
coatings mostly intact or 2) the majority of their coating destroyed during the process;
few particles have intermediate damage. Statistically, the particles fused showed the same
percent of defective area as the control case (0 minute sonicated, not fused).
The effect of sonication on polyelectrolyte-coated particles was also investigated
by an analysis of zeta potentials. For these experiments we did not use the particle
lithography technique. Amidine-functionalized PSL particles (originally +67 ± 2 mV) of
diameter 1.5 µm were coated with a single layer of PSS in bulk suspension (i.e., not using
particle lithography, and not using a nanocolloid coating). The resulting particles had ζ =
-60 ± 2 mV. Suspensions of the coated particles were sonicated for 0, 1, 2, 3, 4, 5 and 10
minutes. Immediately after sonication the solutions were centrifuged in order to remove
the coated particles from any excess PSS in solution that may have come off the particles
during sonication. The samples were then resuspended in 10 mL of 10 mM KCl and the
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zeta potentials of the particles were taken. It was expected that if the various sonication
times had a detrimental effect on the PSS coating by removing it from the surface of the
particles, then the zeta potentials would increase, and perhaps even become positive again
if enough of the coating were removed. The data showed that for all times examined, no
statistical change occurred in the zeta potentials, indicating no measurable damage to the
coating layer.
As a control experiment to check that the PSS was not sonicated off and readsorbed, we estimated how much PSS should fully coat all the particles in suspension.
The total amount of PSS, based on our particle concentration, gave an equivalent of 5 nM
PSS in solution. Thus, we incubated our bare particles for 60 minutes in 5 nM PSS
solution to examine the zeta potential, since this was even more than the time required to
perform the previous steps. The resulting zeta potential was found to be +50 ± 6 mV.
Thus, while it is possible that some detached PSS can readsorb to the particle surface, in
60 minutes any readsorption would have been small.

6.3.4 More Complex Patterning Using Particle Lithography
The particle lithography process enables high yields of precisely patterned
particles (Figure 6.7), with a relatively simple procedure. The reliability of the technique
allows for more complex patterning. We have applied the process to create a layer-bylayer patterning assembly (Figure 6.8).

Cationic particles (either 1.0 µm amine-

functionalized silica or 3.0 µm amine-functionalized polymelamine formaldehyde) were
adsorbed to a Piranha-etched (3:1 ratio of sulfuric acid to hydrogen peroxide) glass
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surface in DI water. Excess cationic particles were removed by rinsing with DI water.
Anionic 20 nm sulfate-functionalized PSL particles (layer 1) were introduced to the
system and allowed to adsorb to the cationic particles for 12 hours. Before each coating
step, the salt concentration was adjusted to 10 mM KCl. Excess 20 nm particles were
removed by rinsing with DI water. The entire system was heated to 120 °C in an
autoclave for 15 minutes to fuse the coating. The salt concentration was readjusted to 10
mM KCl, and PAH (layer 2) was allowed to adsorb to the bound 20 nm particles for 12
hours. Excess PAH was removed from the system by rinsing with DI water. The salt
concentration was readjusted to 10 mM KCl, and 84 nm sulfate functionalized PS
particles (layer 3) were added to the system and allowed to adsorb to the PAH layer for
12 hours. The excess 84 nm particles were thoroughly rinsed from the system with DI
water. Finally, the particles themselves were removed from the plate through sonication.
The size of both regions on the core particle match with predictions from the geometric
estimate. We note that in this process we used a polyelectrolyte intermediary, which
improves the reliability of the process. In this and in other experiments, we have found
no evidence that the polyelectrolyte diffuses back into the lithographed region. This lack
of polyelectrolyte diffusion may be due to the large valences of the polyelectrolytes
(usually hundreds of charges per chain), which causes them to adsorb strongly and not
“walk”.
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Figure 6.7: Survey FESEM image of 2.1 µm amidine-functionalized PSL particles
patterned by particle lithography with 84 nm sulfate-functionalized PSL particles. This
image shows the reliability of the technique, and is representative of all FESEM images
(showing one particle) at lower magnification.

(a)

(b)

200 nm

Figure 6.8: Multiple layer particle lithography patterning. (a) Schematic showing the
patterning of the particles. Cationic particles are adsorbed to an anionic planar substrate.
Anionic coating particles are adsorbed to the cationic particle. Cationic polyelectrolyte is
adsorbed to the anionic coating particles. Additional anionic particles of the same or
different type are adsorbed to the polyelectrolyte. (b) FESEM image showing the result
of multiple layer particle lithography patterning.
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When adding multiple layers, care must be taken to avoid a particular type of
defect. Figure 6.9a shows 1.0 µm amine-functionalized silica particles coated with 20 nm
sulfate-functionalized PSL nanoparticles, PAH, and then 84 nm sulfate-functionalized
PSL nanoparticles. Since the final 84 nm particle coating layer also adsorbs to the PAHcoated glass substrate, extraneous 84 nm sulfate-functionalized PSL particles detach with
the lithographed particles during the sonication step. These coating particles may adsorb
to the lithographed region of the colloid. We note that when the defects do occur, they
often end up in the middle of the lithographed region, probably due to electrostatic
repulsion at the edges of the lithographed region and attraction at the center. This
directed “funneling” adsorption may prove advantageous in bottom-up assembly
processes.
Figure 6.9b shows a 1.0 µm amine-functionalized silica particle coated with 84
nm sulfate-functionalized PSL nanoparticles in 10 mM KCl. There is an 84 nm particle
adsorbed in the center of the lithographed patch. Care must also be taken to thoroughly
rinse all coating away before the sonication step, or the fouling of the lithographed patch
by extra coating may result as demonstrated in Figure 6.9b.

Figure 6.9c shows an

example of a 3.0 µm PAH coated silica particle that was lithographed in 30 mM KCl with
43 nm sulfate-functionalized PSL nanoparticles and that has excess nanoparticles located
in the lithographed patch region. During the washing steps (after the nanoparticles have
been allowed to adhere to the core particles), we use appropriate amounts of water to try
and remove as many excess (and unadhered) nanoparticles as possible. When the sample
of patterned colloidal particles is atomized onto a silicon wafer, the surface tension that
exists from drying water off of the surface may pull these remaining nanoparticles
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towards the patterned particles. Often the excess nanoparticles simply remain on the
surface of the silicon wafer, but other times (as in Figure 6.9c) the nanoparticles end up
located in the lithographed region and give the appearance that the particle lithography
technique did not work properly. When lithographing particles, a smaller coating size
(R) yields better patch resolution. As the coating radius (R) approaches that of the
lithographed particle radius (a), a poorly-resolved lithographed patch results
(Figure 6.9d).

Figure 6.9d shows an 800 nm amine-functionalized silica particle

lithographed with 110 nm sulfate-functionalized PSL particles in 10 mM KCl. The
apparent asymmetry of the lithographed patch is characteristic of the results obtained
with a large R/a ratio.
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Figure 6.9: FESEM image of a defectively-lithographed colloidal particle that occurred
during a multi-layer coating. (a) 1.0 µm amine-functionalized silica particles coated with
20 nm sulfate-functionalized PSL nanoparticles, PAH, and then 84 nm sulfatefunctionalized PSL nanoparticles. In the layer-by-layer particle lithography process, care
must be taken when choosing how layers are applied. When coating particles can also
adsorb to the masking substrate, they might be removed during the sonication step and readsorb onto the lithographed patch. (b) 1.0 µm amine-functionalized silica particles
coated with 84 nm sulfate-functionalized PSL nanoparticles in 10 mM KCl. Not
carefully rinsing all excess coating or coating detachment from the lithographed particle
may result in lithographed patch defects. (c) When the coating is not fused on the core
particle, surface tension during preparation for FESEM can cause the coating particles to
move into the gap region, giving apparent defects. (d) As the coating size approaches the
lithographed particle size, a less uniform patch area may result.
Figure 6.10a shows an additional feature of particle lithography, that the
technique can work on small (nanometer sized) particles.

The FESEM image of
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patterning with particle lithography in Figure 6.10a is for 520 nm amidine-functionalized
PSL particles lithographed with 170 nm silica particles at a salt concentration of 30 mM
KCl. The very noticeable flattened regions on the core amidine PSL nanoparticles have
an average diameter of 346 ± 8.6 nm and are a direct result of the fusing step. We are
exploring several avenues for the usefulness of the flat regions. Figure 6.10b shows a
FESEM image of patterning with particle lithography performed on 170 nm diameter
silica particles lithographed with 20 nm sulfate-functionalized PSL nanoparticles at a salt
concentration of 50 mM KCl. We are currently investigating the accuracy of the particle
lithography process and the patterning with particle lithography method on core particles
that are 100 nm in diameter and smaller.

(a)

200 nm

(b)

50 nm

Figure 6.10: (a) FESEM image of 520 nm amidine-functionalized PSL nanoparticles
patterned with particle lithography using smaller 170 nm silica nanoparticles at a salt
concentration of 30 mM KCl. The lithographed region is flattened due to the fusing step.
(b) FESEM image of a 170 nm silica nanoparticle patterned with particle lithography
using 20 nm sulfate-functionalized PSL nanoparticles at a salt concentration of 50 mM
KCl.
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6.4 Conclusions
In conclusion, we have demonstrated how the particle lithography technique can
be used to precisely pattern colloidal particles with regions of predetermined size. By
varying the core particle size, the coating particle size, and the ionic strength of the
coating particle solution, the size of the lithographed region can be effectively controlled
and tuned.

We have shown that the coating layer stability is greatly improved by

temperature (or chemical) fusion, with stability even after sonication. By limiting the
amount of sonication used to remove the patterned particles from the glass surface, we
can effectively limit the amount of damage to the coating and the lithographed region on
the core particle. We have shown that it is possible to pattern particles with particle
lithography down to at least 170 nm in diameter, and we are now investigating the use of
the process to sub-100 nm sizes.
In addition to the simple particle patterning, we have shown multiple layer
patterning using different sized coating particles and patterned lithographed particles that
have been assembled to form heterodoublets. Currently, we are working to scale up the
particle lithography process to larger scale production, by using other particles as the
“mask” for the first particle (i.e., either using particles of the same or similar size, or
using larger >10 µm particles which act as “flat” surfaces). Also, we are working to
create more complex patterns and assemblies by using surfaces more intricate than simple
glass plates (e.g., V-blocks or other templates, including other particles), which will lead
to more sophisticated bottom-up assemblies.
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Chapter 7
Colloidal Water and 5-mer Aggregates Fabricated by Particle Lithography

7.1 Introduction
Colloids and nanocolloids are typically used as building blocks for more
complex materials and devices. These structures range from traditional materials such as
film coatings and ceramics,1, 2 to complex devices such as circuits,3, 4 sensors,5 barcodes,6,
7

and photonic,8-10 and colloidal crystals11-14. Researchers have not yet successfully

achieved the fabrication of colloidal assemblies with simultaneous multiple functions like
imaging, optics, transport, storage, reactivity, etc.

These multifunctional assemblies

would be useful as drug delivery agents, environmental remediation agents,
cosmeceuticals, biosensors, and chemical storage units. Following traditional top-down
assembly approaches (e.g., AFM, STM, and lithographic techniques) would prove
extremely difficult and expensive for producing large quantities of the assembly devices.
A more economical and simplified route would involve the bottom-up fabrication of the
colloidal assemblies. However, a key challenge in this approach is how to direct the
structure formation in solution.
Extensive work has gone into creating controlled assemblies using protein-protein
interactions15,

16

and complementary DNA interactions6,

17

, but random particle

aggregation and non-specific binding often prove detrimental. Other approaches make
use of surface tension or mechanical techniques, but these processes are difficult to scale
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up into large amounts and allow for little chemical specificity. Successful colloidal
assembly formation, termed “colloidal molecules”18, relies on the availability of sitespecifically functionalized regions with nanoscale precision on the surface of colloidal
particles. The bottom-up self-assembly of spherical particles has traditionally produced
low information (e.g., hexagonally close-packed), uniformly-ordered structures using
electrostatic repulsion forces, meniscus forces19-22 or fluid convection23,
sophisticated techniques have been developed15,

18, 25-30

24

.

More

for the production of three-

dimensional and anisotropic particle structures such as close-packed spheres,18,
simple

charge

dipoles,34

random

patches

on

particles,35

Janus

31-33

particles,34

heterodoublets,20, 36, 37 stars,20 and squares and tetramers20, 21. Since these processes still
are based on physical mechanisms (e.g., surface tension, template wells, contact
stamping, etc.) and not chemical mechanisms (e.g, site-specific chemical regions/bonds),
the complexity of the structures formed and production quantity is limited.
In this work, we report an effective method for creating multiple nanoscale
regions of functionalization on the surface of spherical polymer particles by combining
the particle lithography technique36,

37

with nanofabricated template surfaces.

The

particle lithography technique36 is a straightforward process that uses a flat glass surface
to mask a portion of a particle surface from functionalizing chemistries that alter the rest
of the particle’s surface. Creating a more complicated surface than a flat glass plate
through common microfabrication methods allows for multiple portions of a particle
surface to be masked off from functionalizing chemistries.

We demonstrate the

effectiveness of applying a more complicated masking surface to the particle lithography
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technique through the formation of water and 5-mer type colloidal molecule assemblies
in solution.

7.2 Materials and Methods

7.2.1 Materials
Monodisperse, surfactant-free amidine- and sulfate- functionalized polystyrene
latex (PSL) microspheres were purchased from Interfacial Dynamics Corporation
(Portland, OR).

Monodisperse, surfactant-free amine-functionalized melamine

formaldehyde (MF) microspheres were purchased from Corpuscular Inc. (Cold Spring,
NY). Specifically, 2.1 µm amidine-functionalized PSL (Batch No: 1091,1), 3.3 µm
amidine-functionalized PSL (Batch No: 1414,1), 4.04 µm amine-functionalized melamine
formaldehyde (Lot No: MF300), 4.4 µm aliphatic amine-functionalized PSL (Batch No:
1228-HMD-1,1), 5.7 µm aliphatic amine-functionalized PSL (Batch No: 1464-HMD5,1), 2.4 µm sulfate-functionalized PSL (Batch No: 478,1), and 4.9 µm sulfatefunctionalized PSL (Batch No: 2434R,1) microspheres were used in the experiments
described in this chapter.

Potassium chloride (KCl, MW 74.55), poly(allylamine

hydrochloride) (PAH, MW 70000), poly(sodium 4-styrene sulfonate) (PSS, MW 70000),
hydrogen peroxide, potassium hydroxide, and acetone were purchased from SigmaAldrich Chemicals, USA. Sulfuric acid and nitric acid were purchased from Fisher
Scientific. The deionized water that was used for all experiments (Millipore Corporation
MilliQ system) has a specific resistance greater than 1MΩ·cm (i.e., “equilibrium water”).
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Silicon wafers with an orientation of <1-0-0> and resistivity values of 1-10 Ω-cm were
used as the substrate for FESEM imaging and as the template substrate and were
purchased from Silicon Quest International (Lot No: IMV3P01-10PRM). Glass plates
and 6 mm diameter glass tubes were purchased from Small Parts, Inc. Mylar films (1 and
2 mil) were purchased from New England Hydroponics.

7.2.2 Instrumentation
The Ultrasonicator was purchased from VWR International (Model 550T). The
optical microscopy images were obtained on a Nikon Eclipse TE2000-U inverted optical
microscope.

The brightfield reflectance microscopy images were performed using a

Leitz Ergolux 200 optical microscope under bright field with a 100× objective. The
electron microscopy images were obtained on a ZeissSMT 1530 Field Emission Scanning
Electron Microscope (FESEM) at the Penn State Nanofabrication Facility. All spin
coating, photolithography (Karl Suss MA6), wafer development, plasma etching (low
density plasma M4L etcher), reactive ion etching (Plasma Therm 720) and anisotropic
base etching of templates were performed in the Penn State Nanofabrication Facility.
The particle fusing took place in a standard steam autoclave at 120 °C.
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7.2.3 FESEM Preparation
Approximately 2 µL of particle samples (< 0.01 % solids) were pipetted or
atomized onto a silicon wafer chip and left to air dry. FESEM images were taken at a
gun power of 1-2 kV and at working distances between 2 and 4 mm.

7.2.4 Nanofabricated Template Fabrication
A silicon nitride (Si3N4) layer of 500Å was grown on the surface of multiple
silicon wafers with chemical vapor deposition by William Drawl at the Penn State
Nanofabrication Facility. A thin layer of hexamethyldisilizane (HMDS) was then spin
coated on the surface of the nitride wafers. Next, positive photoresist 3012 was spin
coated on the wafers at 4000 rpm for 40 seconds with a 1000 rpm/s ramp up speed. After
spin coating, the wafers were soft baked at 115 °C for 1 minute. Chrome masks with
square and rectangular repeating patterns were used on the wafers with photolithography.
The mask and wafer were then mounted for contact proximity printing with exposure to
ultraviolet light for 4 seconds. After exposure, the wafers were then post baked at 110 °C
for 1 minute and then developed in tetramethylammonium hydroxide (TMAH or CD-26)
for 90 seconds. The developed template wafers were then rinsed with DI water and dried
with nitrogen.
The developed wafers were then plasma etched for 6 minutes with oxygen and
helium to remove any residual photoresist on the nitride coating that did not leave the
square or rectangular structures after development. Reactive ion etching (RIE) with
oxygen and CF4 for 2 minutes was then performed on the templates to etch the patterns in
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the photoresist through the nitride exposed parts. The RIE step exposed the silicon wafer
through the patterned nitride layer. Once RIE was completed, there was no longer any
need for the photoresist layer. Thus, the photoresist was stripped off the template with
acetone and isopropanol, as well as with Posistrip EKC830 heated to 40 °C for 3 minutes.
After stripping the photoresist, the wafers were rinsed with isopropanol and DI water and
then dried with nitrogen. The final step in the template procedure was to anisotropically
etch v-pits and v-grooves into the silicon wafer of the templates. The templates were
added to a 45% potassium hydroxide (KOH) solution at 65 °C that was being stirred at
200 rpm. After 6 minutes of exposure to the KOH solution, v-grooves (in rectangular
patterns) and v-pits (in square patterns) were anisotropically etched into the silicon
wafers. The images in Figure 7.1 show an example of a v-groove and v-pit template.

(a)

(b)

Figure 7.1: FESEM images of a (a) v-groove and a (b) v-pit patterned template.

7.2.5 Template Loading Cell
The most straightforward method for loading colloidal particles into the wells of
the lithographically defined templates is by creating a loading cell.38 The loading cell
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consists of two glass plates, the template, a mylar film, a small glass tube, and binder
clips. A square glass plate was placed on the bottom and directly on top of the plate was
the template. A thin piece of mylar film (21-100 µm) was then placed on top of the
template so that it covered the outside 0.5 cm edges of the template. A 3 mm diameter
hole was drilled with a diamond-coated tool into the second glass plate and a glass tube
(6 mm in diameter) was attached to the hole using an epoxy adhesive. This second glass
plate was then placed on top of the mylar film and all the pieces of the loading cell were
held tightly together with binder clips. Figure 7.2 shows a photo of the loading cell.

Figure 7.2: Photo of the loading cell.
Particles were loaded into the template wells by injecting an aqueous dispersion
of the colloidal particles into the glass tube of the loading cell through a syringe. After
loading, the tube opening was sealed with parafilm. It is important that the colloidal
dispersion completely filled the void space of the loading cell over the template surface
and that any excess liquid was removed from the glass tube with the syringe.
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7.3 Experimental Results and Discussion
For use with the nanofabricated templates, the particle lithography process starts
as was described previously.36 The nanofabricated templates (either v-groove or v-pit
etched wells) are used as the substrate for adhering oppositely charged particles to the
walls of the wells. The v-groove wells have two walls that mask off two patch regions on
the core particles and the v-pit wells have four walls that mask off four patch regions on
the core particles. Figure 7.3 provides a descriptive schematic of the particle lithography
process steps performed on the v-pit and v-groove nanofabricated templates. The surface
charge of the nanofabricated substrates is negative and opposite to the positive charge of
the aliphatic amine-functionalized particles that were to be loaded into the templates.
Thus, the particles could not be simply loaded with the loading cell, because they would
stick to the walls of the wells as well as to all other areas of the substrate surface. This
uncontrolled adhesion was undesirable because it will reduce the yield of the final
colloidal molecule assemblies and might interfere with the coating step of the particle
lithography technique.
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Figure 7.3: Schematic of the particle lithography process performed on nanofabricated
templates. (a) A nanofabricated template was the substrate and (b) particles were loaded
into the wells via capillary forces. The particle lithography technique (c) was then
performed by coating the adhered particles. The lithographed particles were sonicated
off (d) the v-groove substrate and secondary particles (e) were added to make 3-mers or
colloidal water. The particle lithography technique (f) was also performed on particles
loaded into the v-pits. Again, the lithographed particles were sonicated off (g) the v-pit
substrate and secondary particles (h) were added to make colloidal 5-mers.
The easiest method to load the wells without the particles sticking everywhere
was to adjust the pH of the particle solution to above the pKa of the aliphatic amine
functional group. This pH adjustment allowed the aliphatic amine functional group to be
predominately in the ionic form where the excess H+ ions were attracted to the amine
nitrogen, such that the particles only loaded into the wells by capillary forces. The pH of
the solution was then readjusted back to that of DI water, so the particles could regain
their positive charge and stick to the walls of the wells.
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Using a pH of 8.9 and a 1 w/v % solution of particles, aliphatic aminefunctionalized PSL or amine-functionalized MF particles were loaded with the loading
cell into the wells of the v-groove and v-pit templates (Figure 7.3b). Figure 7.4 shows a
bright field optical microscopy image of a v-groove template loaded with 4.4 µm
aliphatic amine-functionalized PSL particles and a v-pit template loaded with 5.7 µm
aliphatic amine-functionalized PSL particles. Many of the wells were loaded with a
single particle, however some of the wells still remained empty and there were some
particles electrostatically adhered to the substrate surface. Despite increasing the pH of
the particle solution to above the pKa, some of the aliphatic amine functional groups
remained positively charged and thus stuck to the surface of the templates.

Figure 7.4: Bright field optical microscopy images taken at 100× of a v-groove template
(a) loaded with 4.4 µm aliphatic amine-functionalized PSL particles and a v-pit template
(b) loaded with 5.7 µm aliphatic amine-functionalized PSL particles.
Once the wells of the nanofabricated v-groove and v-pit templates were loaded
with particles, the next step of the process involved rehydrating the system to allow the
particles to stick to the walls of the wells. The templates were submerged in deionized
water in a Petri dish to allow the particles to regain their positive charge and
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electrostatically adhere to the walls of the template wells. Any particles that released
from the surface of the template were washed off and a 10 µM PSS solution was added to
the Petri dish. This negatively charged polyelectrolyte electrostatically adhered to all the
surface area of the loaded particles that were not masked off by being adhered to the
walls of the wells (Figure 7.3c and 7.3f). After 12 hours, the remaining polyelectrolyte
solution was rinsed away with copious amounts of DI water and the templates were
submerged in 5 mL of 30 mM KCl. The templates in the solution of 30 mM KCl in Petri
dishes were then sonicated for 20 seconds to remove the lithographed particles from the
template wells. For the v-groove templates, there were two available walls in the wells
for electrostatic adhesion of the particles and thus two lithographed patches. For the v-pit
templates, there were four available walls and thus four lithographed patches. Once
removed from the wells, 5 µL of 2.4 µm sulfate-functionalized PSL particles were added
to the solution to electrostatically adhere to the positively-charged lithographed patches
on the precursor particles.
Figure 7.5 shows optical microscopy images of colloidal water. The colloidal
water consists of one 4.4 µm aliphatic amine-functionalized PSL particle with two 2.4 µm
sulfate-functionalized PSL particles electrostatically adhered to the lithographed patch
regions on the larger core particle. Typically, applying the particle lithography technique
to v-groove templates produced a low yield of colloidal water (less than 5%) and the
formation of many types of small aggregates consisting of the sulfate-functionalized and
the aliphatic amine-functionalized PSL particles.
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Figure 7.5: Optical microscopy images taken at 40× of colloidal water molecule particle
aggregates formed by using the particle lithography technique with a v-groove
nanofabricated template as the substrate. (a) Image of multiple colloidal water with other
random aggregates. (b) Image of colloidal water with a large aggregate. (c) Image of
colloidal water with some secondary sulfate-functionalized PSL particles.
Figure 7.6 shows optical microscopy images of colloidal 4-mers and 5-mers.

The

colloidal n-mers consists of one 5.7 µm aliphatic amine-functionalized PSL particle and
three, four, or five 2.4 µm sulfate-functionalized PSL particles adhered symmetrically
just below the hemisphere of the core particle and at approximately 90° to each other. In
general, applying the particle lithography technique to the v-pit templates resulted in an
extremely low yield of colloidal n-mers (well less than 1%) and a significant amount of
larger aggregates of both particle types.
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Figure 7.6: Optical microscopy images taken at 40× of colloidal n-mer molecule particle
aggregates formed by using the particle lithography technique with a v-pit nanofabricated
template as the substrate. (a) Image of one colloidal 4-mer with other random aggregates.
(b) Image of one colloidal 4-mer with a large aggregate, many small aggregates and
single sulfate-functionalzied particles. (c) Image of one colloidal 5-mer and one colloidal
trimer with some secondary sulfate-functionalized single and aggregated particles. (d)
Image of one colloidal 5-mer and one colloidal 4-mer with single sulfate-functionalized
particles and a few larger random aggregates.
In Figure 7.6, it was seen that trimers and 4-mers were also formed. This incomplete 5mer formation was likely due to the aggregation reaction not being completed, such that
there was still one (for 4-mers) or two (for trimers) patches left available to
electrostatically adhere with other secondary 2.4 µm sulfate-functionalized PSL particles.
Due to the significantly low yield of 5-mers, it was more likely that the patch regions
were damaged by excess or unadhered PSS coating molecule during the particle removal
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step and as a result only trimers or 4-mers could form since the other patches were not
available for adhesion.
In order to further investigate the reason for low yield of the colloidal molecules,
FESEM images were taken on core amine-functionalized melamine formaldehyde
particles lithographed with 84 nm sulfate-functionalized PSL particles. Figure 7.7 shows
FESEM sample images for a precursor water molecule with two patches and a precursor
5-mer molecule with four patches that can be clearly visualized. In Figure 7.7b, there are
nanoparticles non-specifically adhered to two of the four patch regions on the precursor
5-mer molecule. Some of the precursor colloidal water had at least one damaged patch
region (around 60%) with sulfate-functionalized coating nanoparticles present and others
had none. Most of the precursor 5-mers had significant damage in at least one of the four
patch regions. The lithographed patches for the colloidal water precursors had a size of
1104 ± 29 nm and were similar to the precursor 5-mers with a size of 1101 ± 16 nm.
These sizes match well and are within 10% of the geometric predicted value of 1142 nm
given by D = 4(aR)1/2 as described in Figure 4.5.
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Figure 7.7: FESEM images of precursor colloidal molecules. (a) Precursor colloidal
water with two patches. (b) Precursor 5-mer with four patches. Note that the patches are
damaged with non-specifically adhered excess coating nanoparticles
There are a couple of reasonable explanations for the low yield of colloidal
molecules achieved as well as why there were so many large aggregates in solution. As
seen in Figure 7.4, there was typically only around 50% of the v-pit wells loaded with
particles. In addition, there were gaps present without particles in the v-groove wells.
Over small distances of tens of microns, high loading of greater than 90% was achieved
but when working over large distances of inches an overall low loading resulted. Since
many of the wells were not filled with particles to start with, significantly fewer particles
were available for assembly later in the process. Many more particles could fit in the
long v-groove well structures, and thus may be the reason that so many more colloidal
water molecules were found compared to colloidal n-mers.
Another reasonable cause of poor yield was an insufficient washing step to
remove the coating molecules from the template and solution.

When rinsing the

templates with DI water to remove any excess or unadhered PSS or nanoparticles,
sufficient time may not have been given for the coating molecules to diffuse out of the
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wells and the Petri dish. It is likely that some of the coating molecules remained trapped
under the core particles in the v-pits and v-grooves. The templates were washed with DI
water continuously for 5 minutes, but this may not have been a sufficient amount of time
since the coating molecule could escape from one well and move into another very easily.
It is possible that the only way to get all the coating molecules out is to wash the
templates for a very long period of time (closer to an hour or longer). Another possibility
is to use sonication to remove the coating molecules from out of the wells. However,
sonication results in the lithographed particles escaping from the wells prematurely. The
presence of excess nanoparticle coating was clearly seen in the FESEM image of Figure
7.7b, where the excess nanoparticles randomly adhered to the exposed lithographed
patches resulting in a damaged patch regions unavailable for further assemblies.
A third possibility for the low yield of colloidal molecules and the large amounts
of aggregates could be the sonication step. The sonication study results in Figure 6.5 of
Chapter 6 have shown how sonication can be detrimental to the lithographed patch region
by blasting off coating molecule into solution and allowing it the possibility to readhere
to any open region (e.g., where it came off from or the patch regions) on the core particle.
Sonication is a necessary step to extract the core particles from the wells. At the same
time, sonication could destroy part of the PSS coating from the particle surface and leave
an uneven coating that would allow for the secondary sulfate-functionalized particles to
adhere on even more areas (non-specifically) on the particle surface than just the
lithographed patches. Slight fusing of the PSS coating layer on the core particles (as is
done with the nanoparticle coating) may help improve the stability of the coating layer,
decrease the formation of random aggregates and increase the yield of the colloidal water
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and 5-mers. In addition, the use of magnetic core-shell particles (shell is a polymer) may
also help to overcome the washing and sonication issues, because sonication would no
longer be required with the ability to use a magnet or magnetic field to unload the core
particles from the wells.
Such a low yield of colloidal water and 5-mer molecules as seen in this study
would require further separations (purification) to obtain a solution of mainly colloidal
molecules. A technique like density gradient sedimentation (or centrifugation) would be
useful in effectively separating out different bands of particle types based on their size,
but would result in a large number of particle aggregate bands. These bands would
include a range of single sulfate-functionalized particles, random doublet aggregates, the
desired colloidal molecule type, and large random particle aggregates. This large number
of particle bands would make the extraction process very difficult and tedious, especially
because a sulfate-amine and a sulfate-amine-sulfate aggregates are so similar in size that
their gradient bands would be very close together. Close gradient bands make it difficult
for a clean extraction of the particle aggregate type without contamination of the other
particle aggregates.

7.4 Conclusions
In conclusion, we have demonstrated how the particle lithography technique can
be applied to surfaces more complicated than a flat glass plate and be used to precisely
pattern colloidal particles with multiple patch regions of predetermined size. By using vgroove and v-pit nanofabricated template wells, the number of lithographed patches on
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the core particles can be increased to two and four patch regions, respectively. By
varying the core particle size, the coating particle size, and the ionic strength of the
coating particle solution, the size of the lithographed regions and their relative location on
the core particle can be effectively controlled. Adding secondary particles of opposite
charge to the solution of the precursor lithographed particles has resulted in the
fabrication of low yields of colloidal water and 5-mer molecules. Currently, we are
working to improve the yield of the colloidal water and 5-mer molecules by increasing
the time of the washing step and volume of DI water used to help improve the diffusion
and removal of any excess coating molecules remaining in the template wells and thus
reduce the damage to the lithographed patch regions. Also, we are working on various
techniques (centrifugation and density gradient sedimentation) to purify the solutions of
colloidal water and 5-mers so that they may be used as building blocks for more complex
assemblies.
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Chapter 8
Time for Doublet Formation of Anisotropic Functionalized Spheres

8.1 Introduction
Monte Carlo simulation studies have investigated the self-assembly of particles
with localized, attractive interaction patch regions at well-defined particle surface
locations.1, 2 Multiple particle shapes have been studied, including spherical particles and
triangular plates with symmetric and non-symmetrical patch locations,1, 3 Janus particles
with charges,4 and cone-shaped particles that have patterned ringlike attractive patches5, 6.
These simulated structure assemblies were formulated due to the anisotropic particle
shape or functionalization and/or directed attractive interactions between the particles.
The effect of changing ionic strength of a solution on the particle aggregation rate
and the cluster formation type has been extensively studied experimentally with small
angle, static, and dynamic light scattering.7-14 Analytical studies have been performed to
better understand the double layer structure that surrounds a charged colloidal particle
and the forces that exist between two of these charged colloidal particles.15 Derived
formulas explain how dispersion forces between ions and particle surfaces are dominant
and can drastically alter the double layer structure and forces involved in particle
interaction.15

Also, molecular dynamic simulations of binary colloidal particle

monolayers of different particle sizes at an oil-water interface were performed to better

157
understand how the strength of the dipole-dipole potential of particle interaction affected
the particle configuration in the monolayers.16
Most investigations into particle assembly revolve around two and three
dimensional diffusion-limited aggregation (DLA), where a particle moves around a
system due to Brownian motion until it finds an existing structure (or stationary particle)
and permanently adheres at the contact point and becomes part of the DLA structure.17
The rate limiting step in DLA is particle diffusion and the controlling step is the reactionlimited aggregation where the probability of colloids between particles is small.18 Often
these studies involve work related to cluster formation.19, 20 A multiple particle method
was developed for the study of coagulation due to Brownian motion at small ratios of
cluster size to the mean particle distance or low number densities.19 The method showed
that the mean particle distance well exceeds a typical diameter of an aggregate cluster and
so it would be unlikely that collisions would occur.

Dynamic Monte Carlo and

Molecular dynamic methods have been used in place of the computationally time
intensive Brownian dynamic simulations for diffusion-limited aggregation systems with
good agreement between the two simulation methods, where particles are added to the
growing aggregate.21-24
Current aggregation theories involving charged particles do not typically compare
well with aggregation experiment results. To overcome this, researchers have developed
a model for estimating anisotropic Brownian jump (movement) length. This model
shows that charged particles take longer to move away from each other than previously
expected and thus have more opportunity for aggregation.25

Brownian dynamic

simulation studies for the aggregation of charged particles typically use hard sphere
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conditions26 but have also incorporated experimental forces such as hydrodynamic
interactions, electrostatic forces and van der Waals forces to allow for direct comparisons
with experimental studies.27-32 At low volume fractions of particles, the aggregation rates
are typically found to be close to Smoluchowski rapid flocculation rates.26, 33, 34 As the
volume fraction of particles is increased to a more concentrated system, the aggregation
rates drastically increase as well.
The last objective of this thesis involves the development of a model that relates
the aggregation times of particles to their size, lithographed patch size, and their
concentration in the assembly suspension.

A key challenge for the processing of

heterodoublets and more complex aggregates is knowing the times required for the
assembly to occur. In this model, we investigated the random rotational and translational
movement of spherical particles and a defined functionalized patch region and how the
particles interact with each other. This random movement of the colloidal particles,
called Brownian motion, arises from the collisions with molecules and other particles
undergoing thermal motion. The rotational Brownian motion of particles were modeled
as probability from a normal distribution for movement in the φ and θ angular directions
and the translational Brownian motion was modeled as probability from a normal
distribution for the movement in the x, y, and z directions.32
The information from these aggregation models and their analytical input
provides predictions about the experimental times required for assembly processes of
particles of varying diameters and lithographed patch size regions. In particular, we are
interested in predicting assembly times for the formation of homodoublets and
heterodoublets from the particle lithography and salting out – quenching – fusing (SQF)
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techniques.

The particle lithography technique uses electrostatic interactions and a

surface to mask colloidal particles in order to create a nanoscale region of
functionalization on the particle surface.35

The SQF technique controls high ionic

strength particle aggregation for the formation of doublet particles in solution.36 In the
case of the SQF technique, simulations could be run for particles that are fully
functionalized with different solution concentrations and aggregation times for doublets
could be estimated. More importantly, the modeling of the particle lithography technique
provides essential assembly time information about secondary particles aggregating to the
patch region on the primary particles that can be used for designing assembly
experiments.

8.2 Materials and Methods

8.2.1 Reasoning for Modeling with Brownian Dynamics
A common question when determining the appropriate model to use for
representing an experimental system is whether or not the model chosen accurately
represents the physical system. In our case, we have chosen to model the aggregation of
particles with patch regions using Brownian dynamics. Due to colloidal interaction
energies (or angular-dependent colloidal forces), forces and torques occur when particles
are within a few Debye lengths of each other. The developed aggregation model ignores
this convective rotation of the particles because the particles only spend a small portion
of the simulation time within a few Debye lengths of each other where the convective
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forces are relevant. The following details describe the thinking process behind choosing
to ignore convective forces.
The first step involved calculating the torque placed on the particles by the fluid
and due to the lithographed patch region. A dimensionless time for fluid dynamics is
given by Equation 8.1:

τ=

a2ρ

≈ µsec
η
η
1
= 2 ≈ 10 6 sec −1
τ a ρ

(8.1)

where a is the particle radius, ρ is the particle density, and η is the solution viscosity. We
assumed that the particles were moving slowly and were at terminal velocity. The sum of
the torques in the system is given by Equation 8.2:
TCF + TH = 0

(8.2)

where TCF is the torque due to the colloidal forces and TH is the torque due to
hydrodynamics. The hydrodynamic torque37 is given by Equation 8.3:
TH = −8πηa 3 Ω

(8.3)

where η is the solution viscosity, a is the particle radius, and Ω is the angular velocity of
the particle. The colloidal forces torque is defined in Equation 8.4:
TCF = FCF × l ≈

− ∆Φ

ω

a

(8.4)

where ω is the distance between where the patch region is located and where the patch
region needs to be in order to aggregate with the second particle, and -∆Φ is
approximated as the magnitude of the difference of the potential of mean force of the
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particles in the system for the location of the patch region. Combining Equations 8.2,
8.3, and 8.4 resulted in angular velocities of the lithographed particle that were
significantly less than 106 sec-1.
Ω=

− ∆Φ
8πηa 2ω

1 ⋅ 0.4 ⋅ 10 − 20
Ω ∆Φ =1kT =
= 0.4 sec −1
− 20
10
100 ⋅ 0.4 ⋅ 10 − 20
Ω ∆Φ =100 kT =
= 40 sec −1
− 20
10

(8.5)

In Equation 8.5, we considered typical magnitude -∆Φ colloidal scale values of 1-100
kT,33 a particle radius of 1 µm and a value of ω of 100 nm. Thus, this calculation has
shown that the particles are at terminal velocity and are moving much more slowly.
The next step involved calculating the Peclet number for the system to determine
if convective forces were relevant. The convection term was represented by the angular
velocity equation given in Equation 8.5 and the conduction term was represented by the
Brownian rotational diffusion equation detailed in Equation 2.5. The Peclet number was
then calculated from Equation 8.6.
Pe =

convective − ∆Φa
=
conduction
kTω

(8.6)

Using the typical magnitude range of 1-100 kT for colloidal scale values of -∆Φ, large
Peclet numbers were obtained (10 and 1000 respectively) which suggested that the
convective forces were important in our model system. However, these convective forces
were likely only to occur in a restricted domain when the two particles were close (i.e.,
within a few Debye lengths). To analyze the possibility of the convective forces not
having an effect at far distances, we used experimental evidence and looked at the effect
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on the volume fraction of the system. Experimentally, we have found that colloidal and
lithographed particles (1-4 µm in diameter) in an ionic strength of 5 mM or less never
aggregated over the period of several days. Thus, conditions were only considered for
the model where the solution ionic strength was greater than 5 mM and the corresponding
Debye length was smaller than 3.6 nm. It was estimated that the radius of the particle
would become a + 5κ-1 for the comparison. The ratio of the volume fractions of the
adjusted system and the model system is shown in Equation 8.7.

ϕ 2 (a + 5κ −1 )
15κ −1
=
≈
1
+
ϕ1
a
a3
ϕ 2 −1
(κ = 3.6nm) ≈ 1.05
ϕ1
ϕ 2 −1
(κ = 0.8nm) ≈ 1.01
ϕ1
3

(8.7)

where a is the radius of the particle (10-6 m) and κ-1 is the Debye length (3.6 nm for 5
mM and 0.8 nm for 100 mM) of the solution. The modified volume fraction was not
significantly altered (5% or less) at a particle radius adjustment of five Debye lengths,
thus validating the prediction that the colloidal forces are not relevant when the particles
are far apart.
Even in the Smoluchowski rapid flocculation estimate a number of forces are
ignored.

Specifically, interparticle forces (e.g. van der Waals) and lubrication

hydrodynamic forces are usually ignored for the aggregation estimate.33 At high volume
fractions of 10-1 or larger, this Smoluchowski estimate is often off by 10% (or a factor of
two) because it does not account for these forces. In our model, the particles spend most
of their time during the simulation wandering in open space. This is particularly true for
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particles with patch regions sizes of γ ≤ 1.0 radians. The convective forces are only
relevant if the particles are within a few Debye lengths of each other. Thus, the use of
Brownian dynamics to model our system while ignoring convective forces is acceptable
given the simulation conditions and the fact that we were only looking to achieve an
estimate of experimental conditions. At large γ values (γ > 1.0 radians) and volume
fractions larger than 10-1, the convective forces could start to significantly alter the
aggregation time results and would need to be implemented within the model.

8.2.2 Algorithm Used
Simulations were run for various solution conditions to obtain aggregation times
for the particles in solution. There were three main modeling conditions that were
obtained for solutions of different different lithographed patch size regions, different
particle concentrations, and particles with the same and different radii.

The first

condition modeled N (a defined number of particles) particles using Brownian rotation
only with a “hot spot” that started at an angle of θ = 0, and an angle of θ = random, and
the time that it took the “hot spot” on all the particles to become aligned and touch a
surface. This first condition was modeled for the sole purpose of obtaining a comparison
with a known analytical model for this simple particle movement case. Agreement with
the analytical model provided evidence that the simple model could be adapted and used
to provide predictive experimental conditions for the two more complicated system
conditions. The “hot spot” represents the lithographed patch region on the particles that
undergo the particle lithography technique and is defined by the angle γ.
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The second condition investigated a solution of N particles using Brownian
rotation and translation, where half of the particles had one “hot spot” with a range of
sizes and the other half of the particles were “hot” on all their surface area. Here, all the
particles started with an angle of φ = π and the time that it took the particles with the “hot
spots” to aggregate with the particles that were “hot” all over was determined. The third
condition used Brownian rotation and translation to look at the time that it took two
particles to aggregate at their “hot spots” when both particles had a “hot spot” and when
the particle 1 started at an angle of φ = π and particle 2 started at an angle of φ = 0. Both
the second and third conditions involved the two particle types with a time step of ∆τ =
0.001 and starting at an angle of θ = 0 with x, y, z positions of X1 = (0, 0, 0) and X2 = (β,
0, 0). The dimensionless variable β defines the reaction region for the two particle types,
is a unit of measurement of the size of the reaction region and is a function of the particle
sizes and the volume fraction of particles in the simulation.
With no shear forces present, the orientation of the particle (with respect to the
flat surface for the first condition) would change during each time interval ∆t by amounts
∆φi and ∆θi. With a small ∆t, the distribution of ∆φi and ∆θi would be Gaussian such that
the probability that the orientation of the particle (and the “hot spot”) would change by
amounts ∆φ and ∆θ during the time interval of ∆t is given by Equations 8.8 and 8.9,
p(∆φ ) =

⎛ − ∆φ 2 ⎞
1
⎜
⎟
exp
⎜ 2σ 2 ⎟
σ φ (2π )1 / 2
φ
⎝
⎠

(8.8)

p ( ∆θ ) =

⎛ − ∆θ 2
1
⎜
exp
⎜ 2σ 2
σ θ (2π )1 / 2
θ
⎝

(8.9)

⎞
⎟
⎟
⎠
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where σφ and σθ are the standard deviations of the two distributions that have a
mean of zero.32 The equations for σφ and σθ that were used in Equations 8.8 and 8.9 are
then given by:
2 Dr ∆t
sin 2 θ

(8.10)

σ θ2 = ∆θ = 2 DR ∆t

(8.11)

2

σ φ2 = ∆φ =

2

where Dr is the rotational diffusion coefficient and ∆θ is θ minus θ0 (initial) (and
∆φ is φ minus φ0). Since it was assumed that θ0 and φ0 are zero, we could say that ∆θ ≈ θ
and ∆φ ≈ φ.

Equations 8.10 and 8.11 could then be non-dimensionalized to

Equations 8.12 and 8.13:
2

σ φ2 = ∆φ =

2∆τ
sin 2 θ

2

σ θ2 = ∆θ = 2∆τ

(8.12)

(8.13)

where ∆τ is a the dimensionless time term that is the product of DR and ∆t.
Equation 8.13 could then be used to predict a theoretical value of ∆τ that it would take for
the particles to align with the flat plate or reach a certain angle to the plate. These
theoretical values (referred to as the analytical result) could then be compared to the
predicted times obtained from the aggregation model as a check for the model.
A straightforward algorithm was utilized to model the aggregation of the particles.
First, the initial variables X1 (vector position of particle 1), X2 (vector position of particle
2), D (diameter of the lithographed region), a1 (radius of particle 1), a2 (radius of particle
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2), R (radius of the volume in which the particles are allowed to interact), φ (latitude
position), θ (longitude position), and ∆τ (timestep of 0.001 where ∆τ = D∆t) were
defined. Next, ∆x1, ∆x2, ∆y1, ∆y2, ∆z1, ∆z2, ∆φ1, ∆φ2, ∆θ1, and ∆θ2 were determined
based on random movement in a normal distribution around a mean of zero with a given
standard deviation. New values of X1, X2, φ1, φ2, θ1, and θ2 were defined based on a
summation of ξi+1 = ξi + ∆ξ, where ξ represents the variables X, φ, and θ and X = (x, y, z).
The movement of the particles was limited by boundary conditions that kept the
particles within the interaction volume of R. If a random movement of a particle caused
it to move outside of the volume R, then reflection conditions were implemented such
that the particle would be told to move in the opposite direction instead. If the distance
between two particles was equal to the sum of the radii of the two particles, then they
would be assumed to be touching. If the touching particle with the “hot spot” had the
lithographed region touching the other particle that was “hot” all over (or at its “hot
spot”), then the simulation would stop and the time that it took for the aggregation to
occur would be outputted. This stopping condition was determined as the angle of the
particle(s) with respect to the line of centers of the particles. If the “hot spots” were not
touching and the two particles were in contact with each other, the particles would be told
to move in the opposite direction by the distance ∆X1 and ∆X2. After these boundary
conditions were met and two particles adhered, the process was repeated for N cycles (or
N number of particle sets). The average, standard deviation, and 95% confidence interval
were then calculated for each run condition at various sizes of γ for the N cycles.
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8.2.3 Non-Dimensionalizing the Modeling Variables
In order to model the times required for doublet formation of anisotropic
functionalized spheres, the model was generalized for a variety of conditions and the
units were removed (or variables non-dimensionalized). This non-dimensionalization
allowed for the model to be more robust and experimental conditions would be much
more easily extractable from the simulation results. First, we needed to define nondimensional variable relationships between the various dimensional variables that were
involved.

The set of non-dimensional variables we worked with in our model to

determine dimensionless τ values of particle aggregation times were α, ∆τ, φ, γ1, γ2, X1,
and X2.
The variable α represents the ratio of the radii of particles 1 and 2 and is given by
Equation 8.14:

α=

a1
≤1
a2

(8.14)

The size of the lithographed region or “hot spot” was defined by the angle γ and is given
in Equation 8.15:
sin (γ i ) =

Di
2a i

(8.15)

where “i” is for particle 1 or 2, D is the length of the lithographed region for particle i and
ai is the particle radius. For small values of gamma, sin(γ) ≈ γ and γ could be calculated
by Di/2ai. The rotational diffusion coefficient for particle 2 is given by:
Dr 2 =

kT
8πηa23

(8.16)
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where k is the Boltzmann constant, T is the absolute temperature, η is the viscosity and a2
is the radius of particle 2. The rotational diffusion coefficient for particle 1 is also the
same as Equation 8.16, but was rewritten in Equation 8.17 in terms of Dr2 and α.
Dr1 =

kT
8πηα a
3

3
2

=

Dr 2

α3

(8.17)

The translational diffusion coefficients for particles 1 and 2 are as given in Equation 2.4
and were also rewritten in terms of Dr2, a2 and α in Equation 8.18.
4 2
a 2 Dr 2
3
4
4 a 22 Dr 2
Dt1 = a12 Dr1 =
3
3 α
Dt 2 =

(8.18)

The timestep for each rotational movement (limiting reaction) of the two particles is
given by Equation 8.19:
∆τ = Dr 2 ∆t

(8.19)

where ∆t is the actual time step is seconds for the rotational movement of the particles
and ∆τ is given a value in the model of 0.001. With the initial timestep being a value of
zero, ∆τ could also be written as τ = Dr2t. For the condition one rotational only case, ∆τ
was checked against the analytical model (Equation 8.13) with more constraining
timestep values of 0.00001 and 0.000001.

These very small timesteps resulted in

modeling conditions two and three being extremely computationally intensive. Since a
∆τ value of 0.001 provided good accuracy and results for the simple case, it was applied
to the more complex conditions for results to be obtained in a reasonable time frame.
In order for the modeling runs of different particle sizes and different volume
fractions to be consistent with one another, a region of reaction of radius R (or box size)
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was defined in terms of the dimensionless variables. In this region, the two particles
could move around and interact with each other. By keeping the volume fraction of
particles constant between runs of different γ values, this model mirrored the interaction
of an experimental system of millions of particles. A typical box size ranged from 2.2
sphere diameters for a volume fraction of particles of 0.1 to 22 sphere diameters for a
volume fraction of particles of 0.0001. The volume fraction is defined in Equation 8.20
as a function of the variables a2, R, and α.

(

)

4
3
π a13 + a 23
⎛ a2 ⎞
3
ϕ=
= ⎜ ⎟ 1+α 3
4 3
⎝R⎠
πR
3

(

)

(8.20)

The dimensionless variable β defines the reaction region for the two particles. By
rearranging Equation 8.20 to solve for R and substituting it into the relation of β of R/a2,
β is represented as a function of the dimensionless variables α and φ in Equation 8.21.
1

R ⎛1+ α 3 ⎞3
⎟
=⎜
β=
a 2 ⎜⎝ ϕ ⎟⎠

(8.21)

Now that the input variables and the rotational and translational diffusion
coefficients have been non-dimensionalized and defined, the governing equations of
translational and rotational Brownian motion must also be non-dimensionalized and
defined. With no shear forces present, the position of each particle would change during
each timestep ∆t by amounts ∆X. Here X = (x, y, z), where xi is defined as xi/ai. With a
small ∆t, the distribution of ∆X would be Gaussian such that the probability that the
position of the particle (and the “hot spot”) would change by amounts ∆X during the
timestep ∆t is given by Equation 8.22:

170
1

p (∆X , ∆t ) =

2πσ X2

⎡ − ∆X 2 ⎤
exp ⎢
2 ⎥
⎣ 2σ X ⎦

(8.22)

where σX is the standard deviation (in x, y and z directions) of the distribution that has a
mean of zero.32 The equation for σX (using the x direction as an example) for particles 1
and 2 that was used in Equation 8.22 is:

σ x22 = 2 Dt 2 ∆t

(8.23)

σ x21 = 2 Dt1∆t

where Dt1 and Dt2 are the translation diffusion coefficients. Equation 8.23 was nondimensionalized in terms of particle 2 and Dr2 and the standard deviations σx1 and σx2
were made dimensionless by dividing by a22 to give dimensionless variables Sx, Sy, and
Sz. The manipulations for particle 2 in terms of ∆τ by substituting in Equation 8.18 are
shown in Equation 8.24.
8
3

σ x22 = a22 Dr 2 ∆t
S x22 =

σ x22
a22

8
= ∆τ
3

(8.24)
= S y22 = S z22

The manipulations for particle 1 by substituting in Equation 8.18 in terms of α and ∆τ are
shown in Equation 8.25.

8 a22 Dr 2 ∆t
σ =
3 α
σ 2 8 ∆τ
S x21 = x21 =
a2
3 α
2
x1

(8.25)
=S =S
2
y1

2
z1
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The governing equations for the rotational diffusion of angles φ and θ, as well as
their variances have been defined in Equations 8.8 through 8.11. The equations for their
variances have been rewritten in terms of particle 2 and particle 1.

σ θ22 = 2 Dr 2 ∆t = 2∆τ

σ φ22 =

2 Dr 2 ∆t
2∆τ
=
2
sin θ 2 sin 2 θ 2

σ θ21 = 2 Dr1 ∆t =

σ φ21 =

(8.26)

2 D r 2 ∆t

α

3

=

2

α3

2 Dr1∆t
2∆τ
= 3 2
2
sin θ1 α sin θ1

(8.27)

∆τ

(8.28)

(8.29)

Equations 8.26 and 8.27 give the φ and θ angle governing variance equations for particle
2 and Equations 8.28 and 8.29 give the φ and θ angle governing variance equations for
particle 1.

8.3 Modeling Results and Discussion
The simulation results for the three model conditions were expected to provide
information for the creation of plots of aggregation time of the particles versus
dimensionless particle size (γ), where γ represents the angular relationship between the
particle diameter and the length of half of the lithographed region of the particle. These
three conditions were modeled for solutions that have different lithographed patch region
sizes, different particle concentrations, and particles with the same and different radii.
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The formulated plots allowed the determination of an estimated time of aggregation by
choosing a solution condition (described above), a particle size and a lithographed region
size.

8.3.1 First Condition: Brownian Rotation of Particles with Patch Regions of Varying
Sizing Moving Relative to a Flat Plate.
Modeling results for the first condition involved Brownian rotation only of a
particle with a “hot spot” aligning with a flat plate. The problem could also be looked at
as simplified version of the second condition, where a particle’s “hot spot” is moving
only by random rotation to line up with another particle that is totally hot (whole particle
is the hot spot). A flat plate and a single point on a sphere are essentially the same “flat”
surface. Thus, the equation for the variance (Equation 8.13) was used to predict a value
of ∆τ that it will take for the particles with a single “hot spot” to align with the flat plate
(or fully hot particle) or to reach a certain angle to the plate. These calculated variance
values from Equation 8.13 showed good agreement between the times predicted from the
model for the particle “hot spots” to align with the flat substrate. The following plot
(Figure 8.1) shows the closely matching Equation 8.13 calculated times and the
aggregation model predicted times for the “hot spot” of the particles starting at an angle
of θ = π to with the flat plate or fully hot particle surface.
In Figure 8.1, γ1 is the relative angle to represent the size of the lithographed
region and a larger value of γ1 means that the lithographed region is larger. For the
various angles of rotation of the particle’s “hot spot” there was agreement between the
model results and the analytical (theoretical) results.

The model predicted the
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dimensionless times that it took 100 particles with the same “hot spot” to start at an angle
of θ = π and align with the flat plate or fully hot second particle. The values of ∆τ used
during the simulations were 0.001, 0.0001, 0.00001, and 0.000001 dimensionless time
steps. Each of the simulations with different γ1 angles and ∆τ time steps were run ten
times and the predicted times for the particle “hot spot” to align with the second fully hot
second particle were averaged and used to find the standard deviation and 95%
confidence interval.
6

timestep = 0.0001
timestep = 0.00001
analytical result
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Figure 8.1: Plot of ∆τ versus γ1 for the first condition of determining the time it takes a
particle’s “hot spot” to align with a flat plate or a fully hot second particle’s surface.
Since the theory (analytical result) was matched for the first condition model,
these initial results demonstrated the capabilities of the model for estimating aggregation
times of more complex systems.

The various conditions that were modeled for

aggregation times represent many of the different applications of the particle lithography
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technique described within this thesis (Chapters 4, 5, 6 and 7). Thus, it would be possible
to obtain an estimated time range that the model heterodoublets and complex
functionalized doublets (two particles that each have different lithographed regions that
have an attractive interaction with each other) will form using more experimentally
relevant conditions of Brownian rotation and translation.
The relevant angle θ was used to determine the alignment (aggregation) times for
the first condition. When adapting the model for the second and third conditions, it
becomes important which relevant angle is used. In these more complicated cases, both
the Brownian rotation and translation were implemented as well as the relevant angles of
θ and φ for the longitudinal and lateral rotation directions, respectively.

8.3.2 Second Condition: The Aggregation of Particles with Patch Regions of Varying
Size Moving by Brownian Motion Relative to a Second Particle Type that are
Fully Functionalized.
The second condition involved the Brownian rotation and translation of two
particles where half of the particles have lithographed regions with varying γ1 values and
the other half of the particles have a γ2 value of 2π where they are “hot” on all their
surface area (fully lithographed). In this condition, the key angle of rotation was φ and
the patch on particle 1 started at φ = π starting position. For all the simulations run for
the second and third conditions, a consistent volume fraction of particles in the system of
0.1 was used for all runs. This value was kept consistent to allow for ease of comparison
within the two conditions. A value of 0.1 is often a bit more concentrated than a value of
0.01 or 0.001 that is usually used during experiments. Although all of the data shown are
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for the 0.1 volume fraction, simulations were run for the various γ angles with different
volume fractions to check the effect of volume fraction on the aggregation time. It was
expected from the Smoluchowski equation (Equation 5.1) that the aggregation time, τ,
would be inversely proportional to the volume fraction, ϕ, of particles in the system.
Figure 8.2 shows a baseline plot of the Smoluchowski time for the particles to aggregate
with different volume fractions of particles. Both the second and third conditions are
shown for γ values of 2π. For volume fractions of 0.01 and smaller, the expected
inversely proportional relationship of the aggregation time with the volume fraction of
particles was shown to be valid. The inversely proportional relationship exists for both
the one particle and two particles with patches conditions.

The same relationship

between aggregation time and volume fraction was also found for different values of γ.
Knowing this inverse relationship, we can easily adjust the values of τ from our model
for volume fractions of actual experiments to obtain reasonable estimates of total
aggregation times for the assemblies to form.
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Figure 8.2: Baseline log plot of τ versus volume fraction for the second and third
conditions where γ has a value of 2π. The trend observed is an inversely proportional
relationship between aggregation time and volume fraction of particles.
Figure 8.3 shows a plot of the model’s dimensionless aggregation time as a
function of γ1 values. As the value of γ1 decreases below a value of 0.3, there starts to be
a sharp increase in the time that it takes the lithographed particle 1 to aggregate with the
fully “hot” particle 2. The error bars on the simulation data in Figure 8.3 are the 95%
confidence interval of the data. There is also a line on the plot in Figure 8.3 that is a fit to
the simulation results, which follows the trend τ = 1.2 ⋅ γ −1.7 . This trend line fits the data
for the various values of γ1 and also starts to make physical sense at smaller values of γ as
the trend moves towards γ-2. The diameter of the patch on particle 1 and 2 is given by
Equation 8.15, where two times the radius of the particle times the representative angle γ
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is the diameter of the lithographed region. The area of the patch on the particle can then
be calculated with the relation πL2/4, such that A1 = πγ2a2. Next, we compare the area of
the patch region to the area of the whole particle and find

A1 πγ 2 a 2 γ 2
=
=
. Since
A
4
4πa 2

particle 2 has no patch region, the ratio of the patch area to that of the whole particle is 1.
Multiplying the two ratios together still gives a γ2 relationship.
Physically we know that as the size of γ decreases the time for aggregation will
increase (an inverse relationship), since a smaller patch will take longer to find the
second particle than a larger patch. Using the physical relationship from particle patch
areas and the knowledge that the relationship must be an inverse one, we can expect that
for the one particle with a patch case the simulation data for γ and τ should match up with
the relationship τ = α ⋅ γ −2 . This physical relationship expected trend is similar to the
trend of the simulation data, as seen in Figure 8.3. The deviation of the simulation data
trend to the expected physical relationship may be due to one of the aggregation
conditions in the code that says that if the two particles hit, but the particle 1 patch does
not line up with the fully functionalized particle 2, then the two particles are
translationally moved back to their position of the previous timestep. If the patch is only
slightly off, then it is possible that the particles might only make a slight rotational
Brownian movement and stick.
The physical expected relationship can be extrapolated for dimensionless
aggregation times for smaller values of γ than were run in the simulations (values less
than γ1 = 0.01). These smaller values of γ are computationally very time intensive (more
than one week for each trial run), but provide important aggregation time information for
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particles with very small patch sizes. The physical relationship will also prove useful for
obtaining predictive times for assembly experiments with nanoparticles, which inherently
have significantly smaller values of γ.
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Figure 8.3: Plot of the dimensionless aggregation time, τ, as a function of γ1 angle values
both on a log scale for the second condition of particle 1 having a patch and particle 2
being completely “hot”. The power of γ1 was found to be -1.7, which is close to the
expected value of -2 from the physical relationship of the two particle types and the patch
region.

8.3.3 Third Condition: The Aggregation of Particles with Patch Regions of Varying
Size (Same and Different) Moving by Brownian Motion.
The third condition involved the Brownian rotation and translation of two
particles where both particles have lithographed patch regions with varying γ values

179
either the same or different. In this condition, the key angle of rotation was φ and the
patch on particle 1 started at φ = π and the patch on particle 2 started at φ = 0.. During
rotational Brownian motion only simulations, it was determined that for small and
medium values of γ (experimentally relevant γ values), the starting position did not
statistically effect the aggregation time. Thus, consistent 180° opposite starting positions
for the patches were used for all simulations.

In this third condition, we were

investigating the time that it takes two particles to aggregate at their patch regions.
Simulation results were obtained for systems where both particles had the same patch
size (γ1 = γ2) and systems where the two particles had different patch sizes (γ1 ≠ γ2).
Figure 8.4 shows a plot of dimensionless aggregation time as a function of γ for
the case where γ1 = γ2 and both particles have the same patch size. As the value of γ1 = γ2
decreases below a value of 1.0, there started to be a sharp increase in the time that it takes
the lithographed patches of particle 1 and particle 2 to aggregate. The error bars on the
simulation data in Figure 8.4 are the 95% confidence interval of the data. There is also a
line on the plot in Figure 8.4 that is a fit to the simulation results, which follows the
trend τ = 2.8 ⋅ γ −3.2 . This trend line fits the data for the various values of γ1 = γ2 and also
starts to make physical sense for small and experimentally relevant values of γ as the
trend moves towards γ-4. At larger values of γ, the trend moves towards the second
condition physical trend of γ-2.
As described earlier with the second condition (only particle 1 with a patch), the
area of the patch on the particle is given by Ai = πγ 2 a 2 . Comparing the area of the patch
regions to the area of the whole particles and multiplying the two ratios together gives the

180
⎛ A ⎞⎛ A ⎞ γ 4
.
relationship ⎜ 1 ⎟⎜ 2 ⎟ =
⎝ A ⎠⎝ A ⎠ 16

Again, we know that there is an inverse relationship

between patch size and aggregation time, so for the physical relationship we can expect
that for the two particle patch case the simulation data for γ1 = γ2 and τ should match up
with the relationship τ = α ⋅ γ −4 . This physical relationship expected trend is similar to
the trend of the simulation data as seen in Figure 8.4. Again, the deviation of the
simulation data trend to the expected physical relationship could be due to the
aggregation condition where if two particles hit and their patches do not line up with each
other, then both particles are moved back translationally to their positions of the previous
timestep. When the patches are only slightly off from hitting, it is possible that one or
both of the particles may make a slight rotational Brownian movement and then the
particles will stick.
The physical expected relationship of τ = α ⋅ γ −4 can also be extrapolated for
aggregation times for smaller values of γ than were run during the simulations (values
less than γ1 = γ2 = 0.1). Very small values of γ are experimentally important, especially
when moving to the nanoscale for small patch sizes, but are also significantly
computationally intensive (more than one week for each trial run). The expected physical
relationship will be a useful tool for estimating aggregation times for assembly
experiments with small patch sizes and nanoparticles.
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Figure 8.4: Plot of the dimensionless aggregation time (τ) as a function of γ1 = γ2 angle
values both on log scale for the second condition two particles having lithographed patch
regions. The power of γ1 was found to be -3.2, which is a bit smaller than the expected
value of -4 from the physical relationship of the two particle types and the patch regions.
Simulation results were also obtained for the case where the two interacting
particles have different patch sizes.

Figure 8.5a shows a plot of dimensionless

aggregation time as a function of γ for the case where γ1 ≠ γ2 and both particles have
different patch sizes, and Figure 8.5b shows a zoomed in version of Figure 8.5a. As the
value of γ1 decreases, there is an increase in the time that it takes the lithographed patches
the particles to aggregate. Also, as the value of γ2 decreases for a constant value of γ1,
there is a significant increase in the time that it takes the lithographed patches to
aggregate. The error bars on the simulation data in Figure 8.5 are the 95% confidence
interval of the data.
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Figure 8.5: (a) Plot of the dimensionless aggregation time (τ) as a function of γ1 ≠ γ2
angle values both on log scale for the second condition two particles having lithographed
patch regions with different γ values. (b) A zoomed in version of plot (a).
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8.3.4 Sample Calculation for an Estimate of Particle Aggregation Time
The dimensionless aggregation time plots for the 1 particle with a patch
(condition 2) and the 2 particles with patches (condition 3) conditions can be used to
determine experimental estimates for aggregation times of real systems of lithographed
particles. A description of how experimental aggregation times can be calculated and a
simple example are given in the following paragraphs. For the simple example case, we
will look at a system with 2.0 µm diameter amidine-functionalized PSL particles that are
lithographed with polystyrene sulfonate (Rg = 10 nm) and 2.0 µm diameter sulfatefunctionalized PSL particles that will aggregate to the lithographed patch on the amidinefunctionalized particles.

Using the simple geometric calculation described in

Equation 3.3, we find that the relative length of the lithographed region on each amidinefunctionalized particle is ~ 400 nm. Next, the angle γ of the lithographed region is
calculated with Equation 3.4 to have a value of 0.2 radians. The sulfate-functionalized
particle is assumed fully lithographed.
Once the conditions of the assembly system have been determined, the simulation
results for the condition where only 1 particle has a patch region can be referenced for a
predictive aggregation time. Using Figure 8.3, the dimensionless time for the particle
aggregation at a γ value of 0.2 and with a volume fraction of particles of 0.1 was
determined to be 22.6 dimensionless time units. To calculate an estimated assembly time
(Equation 8.30), the dimensionless simulation time is converted into real time by dividing
by the rotational diffusion coefficient, which is the limiting reaction of the aggregation
assembly reaction.

184
t total =

τ simulation
DR

(8.30)

Using Equation 8.30, the aggregation time of half the particles for the simple
example of one particle with a patch of angle 0.2 and a second particle that has a diameter
of 2.0 µm (same as particle 1) was determined to be 2.4 minutes. Experimentally,
particle assemblies are not performed in systems as concentrated as those with a volume
fraction of 0.1, because there are so many particles present that random particle
aggregation also occurs. Since a different volume fraction of particles was to be used
experimentally, the dimensionless aggregation times obtained from the simulations could
be adjusted using the inverse relationship discussed earlier in Figure 8.2. For example, a
volume fraction of 0.01 would give a dimensionless aggregation time of approximately
10 · τγ = 0.1 and a volume fraction of 0.001 would give a dimensionless aggregation time
of approximately 100 · τγ = 0.1. Typically, particle assembles are performed in more dilute
solutions of a volume fraction around 0.001 to allow for better control of the particles
even though longer assembly times result. A volume fraction of 0.001 for the simple
example of one particle with a patch of angle 0.2 and a second particle that has a diameter
of 2.0 µm (same as particle 1) results in an aggregation time of 3.9 hours for half the
particles. Experimentally, we have found assembly times for a system of heterodoublets
using the particle lithography technique on the order of 4 to 5 hours, which agrees with
the estimate provided from the simulation results.
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8.4 Conclusions
The first condition modeled involved a particle moving rotationally (only) in
reference to a flat plate (or second fully functionalized particle). The simulation results
matched up accurately within the standard deviation of the variance equation from the
probability of the rotation of the particle for the two different small timesteps of 0.0001
and 0.00001. The agreement of the analytical result with the simulation model provided
evidence that the model could be made more complex and could provide assembly times
for more complicated systems. As a result, the code for the model was adjusted to
account for Brownian rotation in the φ and θ directions and the Brownian translation in
the x, y, and z directions, which are more experimentally relevant solution conditions.
The modified model was then run for the second and third conditions where two
particles were moving towards and away from each other where particle 1 always had a
patch region of varying size and particle 2 was fully functionalized for the second
condition and had a varying patch size region for the third condition. As the size of the
patch region γ1 decreased for the second condition, the time required for aggregation
drastically increased with a power relationship of γ-1.7 which was similar to the expected
physical relationship of γ-2. As the size of the patch regions γ1 = γ2 decreased for the
third condition, the aggregation time also drastically increased with a power relationship
of γ-3.2 which was similar but not matching the expected physical relationship of γ-4. The
trends likely did not match up exactly with the physical relationships because of a strict
sticking condition.
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This simple model described in this chapter was used to calculate an estimated
assembly time for the particle lithography process for creating heterodoublets. The
estimate gave a time of approximately 4 hours for half of the heterodoublets to form, and
it had been experimentally found that 4-6 hours was sufficient time to find a significant
number of heterodoublets formed in solution.

Thus, the modeling work described

provides essential supplementary information about the time constraints on the
aggregation on colloidal molecule formations and will help to alter solution conditions to
create more selective and specific interactions, particularly when working with small
functionalized regions and nanoparticles.
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Chapter 9
Conclusions and Future Work

9.1 Contributions of this Research to Colloidal Self-Assembly
The main goal of this research was to obtain a better understanding and control in
the self-assembly of colloidal and nano particles at both the micron and nanometer scales.
More specifically, the main theme involved applying site-specific functionalization(s) on
the surfaces of colloidal (and nano) particles to aid in the self-assembly of complex
aggregate structures and to show unique size control of the functionalized regions on the
nanoscale regime with experimental and modeling approaches.

The specific

contributions of this research are addressed below directly to the research goals described
in Section 1.2.
1) Develop, enhance and characterize the particle lithography technique, which uses
electrostatic interactions to form colloidal heterodoublets (two colloidal particle
aggregates) and nanoscale functionalizations on the surface of colloidal particles.

The particle lithography technique was developed from a simple concept to a
process that had the ability to precisely pattern a nanoscale functionalization on the
surface of colloidal particles in a reproducible fashion. By controlling the coating
particle size (polyelectrolyte), the Debye length, and the core particle size, the size of
the nanoscale functionalization region can be controlled and fine tuned. The particle
lithography technique is quite robust in the fact that we are not limited to a specific

191
particle size, functionalization or material. The same size precursor and secondary
particles can be used, or very different sizes particles can be assembled into
heterodoublets. Also, sulfate-functionalized (negatively-charged) particles can be
lithographed with a coating molecule either by using a positively-functionalized flat
glass plate or by reversing the particle charge with a single coating layer of a positive
polyelectrolyte.
The technique typically becomes limited in forming heterodoublets when the size
of the secondary particle is so large (and has such a large Debye length) that it cannot
ever find the lithographed patch region available on the much smaller precursor
particle. The coating layer on the precursor particle has been shown to be more stable
by temperature fusion, even after sonication. Reducing the amount of sonication that
the patterned particles are subjected to will effectively reduce the damage to the
coating layer and the lithographed region on the precursor particles. We have shown
the usefulness of the particle lithography technique to pattern particles down to at
least 170 nm in diameter.
2) Efficiently control the high yield formation of colloidal homo and hetero doublets in
solution using a developed method called the salting out – quenching – fusing (SQF)
technique.

The SQF technique was developed as an alternative to the particle lithography
technique and as a quick, efficient, reproducible and cheap method for synthesizing a
stable solution of colloidal doublets. Even more so than the particle lithography
technique, the SQF process is extremely robust because it can be used to form homo
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or hetero doublets of different materials, polymers, functionalizations, and sizes while
still maintaining a consistent yield and simple processing methods.
The salting out process of aggregating colloidal particles has been well known in
colloidal science, however the addition of the quenching and fusing steps have
provided extensive control over the particle aggregation and stability of the final
doublet solution.

Although the fusing step does permanently keep the doublets

together, it also slightly reduces the surface charge of the polymer colloid particles.
There is a much more dramatic surface charge reduction on the amidinefunctionalized particles. This surface charge reduction could prove problematic when
the formed doublets are used as building blocks for more complex assemblies.
3) Apply the particle lithography technique to a surface more complicated than a flat
glass plate in order to create complex colloidal particle aggregate structures.

Nanofabricated templates with v-groove and v-pit wells were designed and
fabricated in order to create a surface more complicated than a flat glass plate. The
particle lithography technique was applied to these templates for the fabrication of
colloidal water and 5-mer molecules. The v-groove wells resulted in the precursor
colloidal water particles having two same sized lithographed patch regions of 1104 nm
in diameter. The v-pit wells resulted in the precursor 5-mer particles having four
same sized lithographed patch regions within standard deviation of those for the
colloidal water precursors. Altering the size of the core particle, the size of the
coating particle, and the ionic strength allowed for effective control of the
lithographed region patch size. Low yield of colloidal water and 5-mer molecules, as
well as the formation of a high number of random aggregates was likely due to a
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combination of 1) less than 100% loading of the templates with core particles, 2)
excess coating molecule remaining trapped in the wells and damaging the
lithographed patch regions, and 3) sonication destroying parts of the particle coating.
Alterations in the washing step are being investigated to improve the removal of the
excess coating molecules and thus improve the colloidal water and 5-mer yield.
4) Develop a Brownian motion model that relates the aggregation times of particles to
their size, lithographed patch size, and their concentration in the assembly
suspension.

A model was created that demonstrates the effect of the patch size on the
aggregation or self-assembly time for the formation of doublet structures. Initially,
only the rotational Brownian motion of the functionalized particle was modeled and
the results were found to be in agreement with a known analytical result for different
timesteps. The model was then adjusted to account for rotation in the φ and θ
directions, as well as translation in the x, y, and z direction, which are more
experimentally relevant. For the case of particle lithography (particle 1 with a patch
region and particle 2 fully functionalized), as the size of the patch γ of particle 1
decreased, the doublet aggregation time increased with a power relationship of γ-1.7
which was similar to the expected physical relationship of γ-2. For the case of both
particles with patches specific for each other, as the size of the patch γ1 = γ2
decreased, the doublet aggregation time increased with a power relationship of γ-3.2
which was similar but not matching the expected physical relationship of γ-4. The
discrepancy of the simulation data and expected trends may be due to a strict sticking
condition for the particles.
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The simple model developed was used to estimate the assembly time for
heterodoublets in the particle lithography technique. The model gave an aggregation
time of around 4 hours for half of the heterodoublets (that will eventually aggregate
together) to form, which matches with the experimental 4-6 hours allotted for
heterodoublet formation. The simple model has the ability to be applied to different
systems (e.g., nanoparticles, different particle sizes, volume fraction of particles,
patch region sizes, etc.) and provide information about the time constraints on the
aggregation of colloidal particles that can be used to help alter solution conditions to
more effectively self-assemble particles experimentally.

The main contribution of this work was to develop straightforward and
reproducible methods for in-solution colloidal particle assembly. Typically self-assembly
or bottom-up assembly is thought of as a complex process with a significant number of
complicated steps. However, working on the simple techniques presented in this research
and realizing their applicability to other methods and forming more complicated
structures, provides a good framework for progressing the area of bottom-up assembly
and how new methods are developed.

9.2 Final Thoughts Concerning Colloidal Self-Assembly and Future Work
Currently, there are a wide and inventive variety of efficient, effective,
reproducible and cheap colloidal particle assembly techniques. The greatest setback that
all these processes encounter is their inability to achieve one hundred percent yield and to
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effectively separate the desired aggregates from undesirable aggregate side products.
Separations are typically the limiting step in assembling structures from building block
formation processes into working devices.

Despite the simple concepts behind

separations, the task is complicated and not straightforward. If separating desired from
undesired aggregates was such a simple process, then researchers would have already
solved the problem. Instead of designing new and unique assembly techniques, we
should focus our energy on improving the yield of existing techniques (or decreasing
their defect rate) and better and more effectively learn to separate the desired building
block colloidal assembly products. The most consistently useful and inexpensive method
for separating colloidal aggregates has been density gradient centrifugation/sedimentation
(DGC/DGS). Even though DGC/DGS does a wonderful job of separating colloidal
aggregate structures into samples for nice images for publications, the extracted solutions
of these particle assemblies are at a low volume fraction and are contaminated with sugar
molecules. The sugar molecules not only alter the surface charge of the particles, but
they also act as a surfactant and reduce the effectiveness of the assembly building blocks
in further assembly processes that involve electrostatic interactions.
The salting out – quenching – fusing technique has been successful at forming
large quantities of high yield multi-material doublets in solution. The next step in the
SQF technique should look into the ability of the process to also control the formation of
larger desired aggregates. Currently, the SQF technique has been investigated for its
ability to specifically form doublets while minimizing the formation of larger aggregates.
If the aggregation times were to be lengthened in combination with adjustments in ionic
strength and particle concentration, the controlled in-suspension aggregation of trimers
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and n-mers could be realized. Preliminary experiments have shown that an increased
aggregation time results in the formation of a significantly higher number of doublet
aggregates, trimers (in triangular and linear configurations), and 4-, 5-, and 6-mers while
drastically reducing the amount of single particles left in solution.
In addition, the functional groups on the polystyrene latex particles used with the
SQF technique showed sensitivity during the fusing heat treatment step. Another step in
further developing the SQF technique could look into alternative fusing methods that
allow for the amine and amidine functional groups to remain stable during the fusing
process, such as chemical fusion. With nanoparticle assemblies there is significantly less
surface area and less surface functional groups, thus the effect of hydrolysis from the
current fusing process will have an even more significant effect upon these types of
positively charged particles. Improved stability during fusing will provide additional
flexibility when the doublet aggregates are needed for use as building blocks in more
complex assemblies.
Much of the work performed in this thesis took place at the micron scale with
nanoscale regions of functionality. To move assembly processes forward and more
towards the bottom-up assembly of working devices it will be essential to move and test
the current micron scale techniques at the nanoscale to learn their capabilities and
limitations.

Both the particle lithography and the SQF techniques have shown the

potential for success below 100 nm in size, thus the next step in this area of particle selfassembly is to move smaller. When working with particles in the nanoscale size regime
there are many more factors that must be taken into consideration such as substrate
smoothness, feature sizes of the substrate surface, contamination, defects, coating

197
molecule size, aggregation time, particle concentration, and solution conditions. At the
micron scale, many of these issues are not as important or detrimental to the whole
process, but as the particles become smaller any small glitch can prove catastrophic to the
whole assembly process. For the greatest chance of success, I feel that we should try to
get away from using surfaces as much as possible and instead move towards using insuspension assembly processes. At the nanoscale gravity does not greatly affect the
particles, so surface adhesion may not be the best method for functionalizing a particle.
In addition, any roughness or defects on a surface will be detrimental to the whole
process, which is especially bad when the goal is to achieve a high percentage yield of
the assembly structures to avoid having to deal with the issues involved with separations.
Separations of particles are difficult enough at the micron scale, but trying to separate
nanometer sized particle assemblies may prove even more discouraging.
The modeling work described in this thesis can be utilized as an effective tool for
estimating the aggregation times for other micron scale systems and these complicated
nanoscale systems by providing evidence for whether or not the experiment should be
attempted. If the model suggests that the particle aggregation will take a significant
amount of time (weeks or months), then it will save researchers from wasting time and
materials on an assembly process that may or may not work. As the particle lithography,
SQF and other techniques move towards the nanoscale, depletion, van der Waals and
electrostatic forces will become more prevalent and have a much greater effect on the
system. Thus, the model will need to possess more constraints involving outside forces
acting on the particles in the system.
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The particle lithography and SQF techniques show promise for applications in the
self-assembly of electronic circuits, biosensors, and stealth drug delivery systems due to
their unique ability to site-specifically chemically functionalize patch regions on the
surface of colloidal particles. The effectiveness of these two techniques in chemically
coating particles (in specific areas) with protective and reactive layers will provide
opportunities to strategically direct drug delivery systems to diseased sites in the body as
well as treat the effected regions. The ability to self-assemble particles into complex
structures at the nanoscale, while still controlling their movements and interactions will
help with the ultimate goal of organizing particle assembly building blocks into working
devices.

Appendix A
Nomenclature
The following is a comprehensive, alphabetically organized list of symbols,
abbreviations, and variables used throughout this thesis document.

A definition is

provided to the right of each item with SI units (in brackets, where applicable) and typical
values (in parentheses, where applicable).

α

dimensionless ratio between radii of particles 1 and 2

a, ai

particle radius [nm or µm] (10-10000 nm)

Aeff(δ)

effective Hamaker constant for the system which is a function of the gap
between the two particles

β

dimensionless radius of the volume in which particles are allowed to
interact

Bangs

Bangs Laboratories, Inc.

CFL

continuous flow lithography

CML

carboxylate-modified latex

CNLS

charge nonuniformity light scattering

δ

thickness of the gap between the two particles [nm]

∆τ

dimensionless timestep for Brownian particle movement (0.001)

∆t

timestep for the Brownian movement of particles [s]

∆φi

lateral particle rotational movement for a given timestep [radians]
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∆θi

longitudinal particle rotational movement for a given timestep [radians]

∆xi

dimensionless x direction movement of the particle in a given timestep

∆yi

dimensionless y direction movement of the particle in a given timestep

∆zi

dimensionless z direction movement of the particle in a given timestep

d

diameter of a particle [nm]

D

length of the lithographed region [nm]

DGC/DGS

density gradient centrifugation/sedimentation

DI

deionized water

DLVO

Derjaguin-Landau-Verwey-Overbeek

DMEM

Dulbecco’s Modified Eagle’s Medium

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

Dr

rotational diffusion coefficient [s-1] (102)

Dt

translational diffusion coefficient [m2/s] (10-12)

ε

(electrical) permittivity of the solution [C2/Nm2] (ε0εr = 6.906 ×10-10
C2/Nm2 for water at 25 °C)

η

viscosity of a solution [kg/ms] (0.001 kg/ms)

E∞

charge of the electric field [V/m]

EDC

1-ethyl-3-(3-dimenthylaminopropyl)-carbodiimide
agent

f

friction coefficient [kg/s]

FBS

Fetal Bovine Serum

FESEM

Field Emission Scanning Electron Microscope

covalent

coupling
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γi

angle representing the size of the lithographed region [radians] (0.001-2π)

h(r)

measurement of contact point between particle and plate [nm]

HF

hydrofluoric acid

HMDS

hexamethylsilizane

I

solution ionic strength [M]

IDC

Interfacial Dynamics Corporation

κ-1

Debye length

k

Boltzmann constant [J/K] (1.38 × 10-23 J/K)

KCl

potassium chloride

KOH

potassium hydroxide

λ

wavelength of visible light [nm] (450 nm)

M

monomer concentration [M]

M4L

low density plasma etcher

MF

melamine formaldehyde

MMP-2

matrix metalloproteinase-2

MMP-9

matrix metalloproteinase-9

MP

Molecular Probes

MRL

Materials Research Laboratory

N

number of particle sets that are run for the model of particle aggregation

NA

numerical aperture

NaCl

sodium chloride

NHS

N-hydroxysuccinimide

φ

longitudinal angle for the particle position [radians] (0 ≤ φ ≤ 2π)
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φ

dimensionless volume fraction of particles in solution (0.01)

ΦDLVO

mean energy potential between two particles [J or kT]

ψi

surface potential of a particle [V]

P

initiator concentration [M]

pH

potential of hydrogen (logarithm of the reciprocal of hydrogen ion
concentration) (7 = neutral, >7 = basic, <7 = acidic)

pKa

dissociation constant, which is defined as the negative log of the acid
ionization constant

PAH

poly(allylamine hydrochloride)

PALS

phase angle light scattering

PBS

phosphate buffered saline

PCL

Particle Characterization Laboratory

PDMS

polydimethyl siloxane

PSL

polystyrene latex

PSS

poly(sodium 4-styrenesulfonate)

PVA

polyvinyl alcohol

PVAc

polyvinyl acetate

R

radius of the volume in which particles are allowed to interact, radius of
the coating particle in particle lithography [nm], and resolution of a
microscope objective [µm]

RAD

the tri-peptide arginine-alanine-aspartic acid, Gly-Arg-Ala-Asp-Ser-Pro

RGD

the tri-peptide arginine-glycine-aspartic acid, Gly-Arg-Gly-Asp-Ser-Pro

RIE

reactive ion etch
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Rg

radius of gyration of a coating particle [nm]

σφ2

variance of the lateral Gaussian distribution for the probability of particle
rotation

σθ2

variance of the longitudinal Gaussian distribution for the probability of
particle rotation

Si

abbreviation for silica

SQF

Salting out – Quenching - Fusing

Sx

dimensionless variance for the x direction probability of movement

Sy

dimensionless variance for the y direction probability of movement

Sz

dimensionless variance for the z direction probability of movement

θ

lateral angle for the particle position [radians] (0 ≤ θ ≤ π)

τ

dimensionless time for particle assembly in the model

τagg

Smoluchowski rapid flocculation time [s]

t

time [s]

T

absolute temperature [K] (293 K)

Tg

glass transition temperature [K]

TMAH

tetramethylammonium hydroxide

us

electrophoretic mobility of particles [m/s]

UV

ultraviolet

VEGF

vascular endothelial growth factor

x

half the length of the lithographed region [nm] (L = 2x)

xi

dimensionless particle x direction position

xi

particle x direction position [m]
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<x·x>

root mean square distance that a particle travels from its starting position
in a given amount of time

Xi

dimensionless particle positional vector for x, y, and z directions

yi

dimensionless particle y direction position

yi

particle y direction position [m]

ζ

zeta potential [V] (negative or positive 1 – 120 mV)

zi

dimensionless particle z direction position

zi

particle z direction position [m]

Appendix B
Vendors
The following sections contain information on the vendors used for the purchase
of nanoparticles, colloidal particles and chemicals. All pricing information pertains to the
2003-2007 fiscal years. In addition, a section is dedicated to describing in detail the
experimental steps involved in the synthesis of polyvinyl acetate (PVAc) and polystyrene
latex (PSL) nano and colloidal particles in the Velegol lab.

B.1 Colloidal Particles
Three main vendors were used for the purchase of polystyrene latex (PSL)
particles, silica particles and fluorescent PSL particles: Interfacial Dynamics Corporation
(IDC), Bangs Laboratories, and Molecular Probes Incorporated (MP).

The contact

information for each of these companies and a few additional companies that were used is
listed below:
Interfacial Dynamics Corporation (IDC)
17300 SW Upper Boones Ferry Road
Suite 120
Portland, OR 97224
Phone: (503) 684-8008 or 1-800-323-4810
Website: http://www.idclatex.com
Bangs Laboratories, Inc. (Bangs)
9025 Technology Drive
Fishers, IN 46038
Phone: (317) 570-7020 or 1-800-387-0672
Website: http://www.bangslabs.com
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Molecular Probes, Incorporated (MP)
29851 Willow Creek Road
Eugene, OR 97402
Phone: (541) 335-0338 or 1-800-438-2209
Website: http://probes.invitrogen.com
Corpuscular Inc. (Corpus)
3590 Route 9, Suite 107
Cold Spring, NY 10516
Phone: (845) 208-7027
Website: http://www.microspheres-nanospheres.com
Polysciences, Inc. (PolySci)
400 Valley Road
Warrington, PA 18976
Phone: (215) 343-6484 or 1-800-523-2575
Website: http://www.polysciences.com
All batches of particles were ordered in quantities of 10 or 15 mL of an aqueous solution
of 4-8% solids with prices ranging from $147 - $207. The following is a table that gives
a comprehensive list of the particles and their batch details that were used in this thesis.
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Table B-1: Particle sizes and batch details for the particles used in this thesis.

Destimate (µm)
0.02
0.043
0.060

Batch #
1973,1
2112,1
1-FLY-60.1

Material
PSL
PSL
PSL

0.084
0.15
0.17
0.190

124,1
7660
6594
1-FLY-200.1

PSL
silica
silica
PSL

0.2

F-8809

PSL

0.520
0.81
0.9
0.97
1.0
1.5
1.54
2.0
2.02
2.1
2.4
2.5
3.0
3.3
4.0
4.0

892,1
4949
6497
642,2
1321,1
5252
2071,2
C-MF-2.00NH2
1091,1
478,1
1096,1
F300
1414,1
1932,1
1-FLN-4K.2

PSL
PSL
silica
silica
PSL
PSL
silica
PSL
MF
PSL
PSL
PSL
silica
PSL
PSL
PSL

4.0

1-FLY-4K.2

PSL

4.04
4.4
4.6
4.9
5.7

MF300
1228-HMD-1,1
2-387-76.C,1
2434R,1
1464-HMD-5,1

melamine
PSl
PSL
PSL
PSL

Functional Group
sulfate
sulfate
sulfate (fluorescent
yellow-green)
sulfate
-OH
-OH
sulfate (fluorescent
yellow-green)
carboxyl
(fluorescent orange)
amidine
sulfate
-OH
amine
sulfate
amidine
-OH
carboxyl
amine
amidine
sulfate
amidine
-OH
amidine
sulfate
sulfate (fluorescent
nile red)
sulfate (fluorescent
yellow-green)
amine
aliphatic amine
CML
sulfate
aliphatic amine

Solids %
8.0
7.9
2.2

Vendor
IDC
IDC
IDC

4.1
10.0
10.0
2.2

IDC
Bangs
Bangs
IDC

2.2

MP

4.2
8.1
10
10
8.1
4.2
10.2
4.2
5.0
4.2
8.4
4.2
5.0
4.1
4.1
2.2

IDC
IDC
Bangs
Bangs
IDC
IDC
Bangs
IDC
Corpus
IDC
IDC
IDC
Corpus
IDC
IDC
IDC

2.2

IDC

5.0
2.0
4.1
4.1
2.1

Corpus
IDC
IDC
IDC
IDC

The particles were produced using a surfactant-free emulsion polymerization
process (for PSL) or the Stöber process (for silica) as described in Section 2.2 of this
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thesis. Briefly, monomer is added to ion initiators in a nitrogen rich environment, which
results in polymerization around the initiator seeds. Amounts of initiator, monomer,
water, surfactant, and salt are altered to obtain the desired final particle size. Monomer
and initiator are continuously mixed with the seed particles as they grow, and as a result
the particles contain functional groups throughout that are located on the ends of each
polymer chain.

For carboxylate-modified (CML) particles, the same initiator seed

particles are used, but a final “bumper layer” is added at the end of the initial particle
growth process. Before we receive the synthesized particles, they are cleaned by dialysis
(for two weeks) and sedimentation (5 cycles) to remove any residual unreacted monomer
and side products in solution.

B.2 Synthesizing Particles of Different Polymers and Charge
Whenever performing an emulsion polymerization, there are some important
points that must be noted. First, surfactant must be added to the reaction vessel as levels
below the critical micelle concentration to reduce shear issues and provide better control
with particle formation. This added surfactant must be removed from the particle system
after the reaction has taken place. Surfactant should only be used to make particles less
than 70 nm in size. Second, inhibitors must be removed from the monomer prior to the
emulsion polymerization reaction, since they inhibit proper polymerization and in some
cases completely inhibit polymerization of a monomer.

In addition to inhibitors,

impurities in the initiator can also result in similar polymerization issues.

Finally,
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problems like clumping and droplet formation can arise when an incorrect amount of
shear (stirring speed) is used during the reaction.
After taking these points into consideration, the first step in the emulsion
polymerization of polymer particles process involves the removal of inhibitor from the
monomer. Inhibitors are placed in monomer solutions to make them stable for shipping
and storage. The three main inhibitors used are hydroquinone (HQ), hydroquinone
monomethyl ether (MEHQ), and 4-tert-butylcatechol (TBC). The simplest method for
removing inhibitors from a monomer is to flow the solution drop wise through an
inhibitor removal column. These columns consist of glass tubes with packed beads that
soak up the inhibitors out of the monomer and allow the uninhibited monomer to flow
through to a collection beaker for use in an emulsion polymerization reaction. Figure B.1
shows an inhibitor removal column in use.

Figure B.1: Photo of an inhibitor removal column removing inhibitor from a monomer
solution.
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Once the inhibitor has been removed from the monomer, all the necessary
components to run the emulsion polymerization reaction must be gathered.
necessary reagents include water, monomer, initiator, and salt.

The

Typical monomers

include styrene, vinyl acetate, and butyl acrylate. The type of initiator used determines
the surface charge of the resulting polymer particles. Cationic, anionic, neutral and redox
initiators can be used. Typically, potassium persulfate is used as an initiator to synthesize
sulfate-functionalized (anionic) polymer particles. Any type of monovalent or buffered
salt can be used, such as sodium chloride and potassium chloride.
After the reagents are gathered, the water, salt, initiator, monomer, and a stir bar
are added to a 100 mL round bottom flask. The top of the flask is closed off with a
rubber septum. The reaction vessel is then purged of oxygen with nitrogen for 15
minutes. During the purge a syringe needle is punctured through the septum to allow the
oxygen and nitrogen to escape the vessel and a long needle with flowing nitrogen gas
goes through the septum and into the solution in the vessel. The nitrogen bubbles the
oxygen out of the solution and through the syringe needle and out of the vessel. After the
purge, the needles are removed from the septum and the reaction flask is placed in a 70
°C oil bath with stirring. The reaction is then allowed to proceed for 5 hours for sulfatefunctionalized particles and 24 hours for amidine-functionalized particles. Figure B.2
shows a typical reaction vessel setup during the nitrogen purge step and the hot plate that
the reaction vessel will be placed in for the polymerization reaction.
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Figure B.2: Photo of the emulsion polymerization reaction vessel setup during the
nitrogen purge step and the hot plate that will be used for the polymerization reaction.
Once the reaction has completed, the vessel and particle solution is allowed to
cool to room temperature. A proper emulsion polymerization reaction results in a milky
white solution color without clumps or obvious aggregation. Figure B.3 shows a photo of
a successful emulsion polymerization reaction.

Figure B.3: Photo of a successful emulsion polymerization reaction solution of polymer
particles. Note that the end solution is a milky white color with no visible aggregation.
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The polymer particle solution is then filtered three times with glass wool to remove any
clumps or large particle aggregates. Further purification of the polymer particle solution
can be performed with dialysis to remove any unreacted monomer or initiator remaining
in solution.

Typically, dialysis is performed on particle samples with sizes in the

nanometer regime. Larger polymer particle samples are simply centrifuged multiple
times with the supernatant (containing reaction water, and excess reagents) being
removed and the polymer particles being resuspended in DI water. Dialysis is also
performed with polymer particle samples that have low glass transition temperatures.
Polyvinyl acetate polymer particles have a glass transition around 35 °C, and the
centrifugation process produces so much heat that the polymer particles melt during
purification. Thus, dialysis is also used to purify polymer particle solution with low glass
transition temperatures. Table B-2 provides a summary of recipes and the important
conditions used for synthesizing various PSL and PVAc particle types using the
procedure detailed above.
Table B-2: Summary of recipes used for synthesis of PSL and PVAc colloidal particles.
Note that NaCl and K2S2O8 were the salt and initiator used in all experiments detailed.
monomer
type (mL)
VAc 3.61
VAc 3.61
VAc 3.61
VAc 3.61
VAc 3.61
VAc 3.00
VAc 3.00
VAc 0.36
PSL 3.25
PSL 3.25

initiator
(g)
0.0137
0.0137
0.0137
0.0137
0.0137
0.0057
0.0057
0.0230
0.0146
0.0137

salt
(g)
0.4646
0.4646
0.4646
0.4646
0.4646
0.1880
0.1880
0.0400
0.4803
0.4662

water
(mL)
60
60
60
60
60
75
75
75
60
60

rpm
1250
750
750
1000
1000
750
500
750
1200
1200

time
(hr)
3
2
1
3
2
3
0.5
1
4
5

size (nm)
807 ± 81
1220 ± 188
430 ± 88
2600 ± 140
1210 ± 167
2680 ± 440
1930 ± 245
94.8 ± 20.2
659.3 ± 51.1
798.3 ± 87.6

zeta potential
(mV)
---62.22 ± 0.70
--51.88 ± 2.46
-67.84 ± 1.21
-50.19 ± 1.41
-52.61 ± 2.32
---
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B.3 Chemicals
Table B-3 contains a list of chemicals that were used in this thesis, their
identification number and vendor from where they were purchased. The vendor contact
information is provided following the table. Note that all chemicals were less than $100
per container purchased and their specific pricing is not included.
Table B-3: List of chemicals commonly used throughout this thesis

Chemical
Abbreviation
Acetone
CH3COCH3
Alconox powder detergent
Aquasonic cleaning solution
deionized water
DI
dibasic sodium phosphate
Na2HPO4
dimethyl sulfoxide
DMSO
1-ethyl-3-(3EDC
dimenthylaminopropyl)carbodiimide
ethanol (200 proof)
EtOH
hydrogen peroxide
H2O2
N-hydroxysuccinimide
NHS
nitric acid
HNO3
poly(allylamine hydrochloride)
PAH
poly(sodium 4-styrene sulfonate)
PSS
potassium chloride
KCL
potassium dihydrogen phosphate
KH2PO4
potassium hydroxide
KOH
potassium persulfate
K2S2O8
sodium chloride
NaCl
styrene monomer (Sty)
C6H5CH=CH2
sulfuric acid
H2SO4
vinyl acetate monomer (VAc)
CH3CO2CH=CH2
(3-aminopropyl)triethoxysilane
APTES

CAS #
67-64-1
7732-18-5
7558-79-4
67-68-5
25952-53-8

Vendor
Sigma-Aldrich
VWR International
VWR International
Millipore
Sigma-Aldrich
Sigma-Aldrich
Pierce Chemicals

64-17-5
7722-84-1
6066-82-6
7697-37-2
71550-12-4
25704-18-6
7447-40-7
7778-77-0
1310-58-3
7727-21-1
7647-14-5
100-42-5
7664-93-9
108-05-4
919-30-2

VWR International
Sigma-Aldrich
Pierce Chemicals
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
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Sigma-Aldrich Chemical Company
1001 West St. Paul Avenue
Milwaukee, WI 53233
Phone: 1-800-558-9260
Website: http://www.sigmaaldrich.com

Fisher Scientific
2000 Park Lane
Pittsburgh, PA 15275
Phone: 1-800-766-7000
Website: http://www.fishersci.com

Millipore Corporation
290 Concord Road
Billerica, MA 01821
Phone: 1-800-645-5476
Website: http://www.millipore.com

Pierce Chemicals
3747 N. Meridian Road
P.O. Box 117
Rockford, IL 61105
Phone: 1-800-874-3723
Website: http://www.piercenet.com

VWR International
1310 Goshen Parkway
West Chester, PA 19380
Phone: 1-800-932-5000
Website: http://www.vwr.com

B.3.1 Procedure for Silanizing a Glass Surface
A Pierce Scientific protocol was used to amino-silylate glass coverslip surfaces.
Glass coverslips are thoroughly washed with DI water and dried with nitrogen. The rest
of the steps were performed in a fume hood. A 2 % solution of 3-aminopropyltriethoxy
silane in acetone was prepared with sufficient volume to immerse the whole surface of
each coverslip. Each coverslip was immersed in the silane solution for 30 seconds and
then rinsed three times with acetone. The coverslips were then allowed to air dry for 12
hours. After drying, the coverslips were again rinsed one time with acetone and allowed
to dry for an additional 12 hours. The dried amino-silylated glass coverslips were then
stored for later use.

Appendix C
Colloidal Particle Separations
The following sections provide several experimental techniques for separating or
purifying colloidal particle samples. All three sections rely on different characteristics
for separation. Filtering involves geometric exclusion of particles from passing through a
tube. The cell sorter uses light scattering (specifically side scattering) and charging to
distinguish particle types and effectively separate them. Density gradient sedimentation
and centrifugation involve letting gravity (or induced higher gravity) separate the
particles by rate (or their size).

C.1 Filtering
Filtering is a simple process based on geometric exclusion that can be applied to
particle separations. In our case, the undesired particle types are pushed through the filter
(because they are smaller than the filter pore size) and the desired particle types are
collected on the top of the filter (since they are larger than the filter pore size and cannot
fit through). A photo of the filter unit is shown in Figure C.1.
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Figure C.1: Photo of the filter unit with attached syringe for pushing sample through the
filter.
The general setup for filter separating single particles from doublet particles is quite
simple. The Nuclepore filter holder unit has a 25 mm diameter (SPI Supplies, Lot #
1100418) and the base holds SPI-pore poly filters 25 mm in diameter with pore sizes of
2, 3, or 5 µm (SPI Supplies, Lot # 1101031). The filters were then placed inside the filter
holder base (Figure C.2a) with the shiny side up. The filter was then wetted with a
couple of drops of water, and then the filter holder was closed with the top and the screw
cap (Figure C.2b and C.2c). A solution of doublet and single particles was then placed in
a syringe, which was attached to the filter unit by lure lock. The particle solution was
slowly pushed through the filter drop wise to allow for best separations. Figure C.2
shows the filter unit taken apart, partially put together, and as a complete unit with two
different views.
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(a)

(b)

(c)

(d)

Figure C.2: Different views of the filter unit. (a) Taken apart into its three pieces. (b) The
top put back onto the base. (c) A side view of the filter unit put together. (d) A
side/bottom view of the filter unit put together.
After the solution to be separated had been pushed through the syringe, the desired
particle types that were collected on the filter needed to be collected. The filter was
removed from the filter holder unit and placed in a small test tube with 1-2 mL of DI
water and sonicated for 20 seconds. Sonication causes the particles to be removed from
the filter surface and be placed in solution. Another use of the filtering system is to
concentrate a particle solution. By pushing a dilute sample of particles through the filter
unit, the filter collects all the particles and then they can be redispersed in a smaller
volume of solution.
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C.2 Cell Sorter
The cell sorter is essentially a flow cytometer that has the ability to separate a
complex mixture into fractions of a single type. In our case, it can easily separate a
solution of single and doublet particles into a solution of mainly doublets. The Cytopia
Influx cell sorter is available for use at Penn State at the Huck Institutes of the Life
Sciences Center for Quantitative Cell Analysis and is run and maintained by Susan
Magargee. The particles in the solution to be separated are carried by a small amount of
liquid that is shot out from a small nozzle opening. After leaving the nozzle, the solution
passes through focused laser beams. There is an acoustic vibration at the tip of the nozzle
that marks the liquid surface. Surface tension separates the stream of fluid into regularly
spaced droplets at the location of the marks and generally a single particle unit (a single
or doublet particle) is distributed within each droplet. Criteria are set for the side
scattering of a doublet particle and a single particle. If the laser detects a doublet particle
in a droplet, then an electrical charge is applied to the droplet to separate it from the rest
of the droplets coming out of the nozzle. These charged droplets are directed towards the
side that has a collection tube by an electrostatic attraction. This process is described by
the following schematic in Figure C.3.1
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Figure C.3: Schematic of the cell sorter setup and operation for separating a particle
solution
(picture
taken
from
the
Cytopedia
Incorporated
website
http://www.cytopeia.com/sorting.htm)
The cell sorter provides a plot of forward and side scattering that also provide the
percentage of each type of particle in the system that the instrument has detected. This
plot is used to determine the parameters that need to be used to detect for doublet
particles. Once the parameters are set, the system is run and a test tube collects doublet
particles. This test tube can then be sampled with the cell sorter to find the effectiveness
of the separation and the yield of doublets after one sort. Typically, cell sorting can take
a doublet sample from 10% doublets to around 85% doublets with one pass through the
system. Further passes are need if higher doublet purity is desired. In general, the more
concentrated the initial solution, the poorer the separation of the particles. Figure C.4
shows plots from the cell sorter for an initial doublet sample (Figure C.4a) of 2.4 µm
sulfate-functionalized PSL single and doublet particles of around 10% yield and the
separated doublet solution (Figure C.4b) from the cell sorter that was run back through
the instrument to obtain the yield of 83% doublets for that run.
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(a)

(b)

Figure C.4: Plots from the cell sorter of side scatter and forward scatter that show the
doublet yield for (a) the initial sample and (b) the sorted/separated sample after being
passed through the cell sorter.
Despite the effective separations with high doublet or desired particle type yields, the cell
sorter’s main downfall is that it significantly dilutes the sorted particles and it separates
rather slowly. It takes approximately 1 hour to obtain a sample of 1 million doublet
particles in 10 mL of solution. If you are looking to obtain a highly concentrated sample
of separated particles, then using the cell sorter will require significant separation times
and centrifugation of the sorter samples to concentrate the desired particle solution.

C.3 Density Gradient Sedimentation and Centrifugation
In both density gradient sedimentation and centrifugation colloidal particles and
their aggregate assemblies separate by rate, which is directly proportional to the particle
size. An equation for the settling rate of particles is derived from the forces acting on the
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particles in solution. Figure C.5 shows a schematic of a settling particle and the relevant
forces.

m Lg

fV
mSg

Figure C.5: Schematic of a settling particle and the relevant forces.
We start with Fick’s first law and go from there.
F = ma = m

In Equation C.1 the term

duS
= 0 = Fexternal + Fon moving sphere
dt

(C.1)

du S
goes to zero because the sphere is at terminal velocity.
dt

The external force is given by Equation C.2.
F external = m S g − m L g = (m S − m L )g

(C.2)

The mass of the liquid and the sphere can be rewritten in terms of their densities and the
particle volume, such that Equation C.2 becomes Equation C.3.
4
Fexternal = πa 3 (ρ S − ρ L )g
3

(C.3)

The force on the moving particle is defined in Equation C.4.
Fon moving sphere = −6πηaU

(C.4)
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Equations C.3 and C.4 can be substituted into Equation C.1 and solved for the settling
velocity.
U=

2a 2 (ρ S − ρ L )g
9η

(C.5)

In Equation C.5 a is the radius of the particle, ρS is the particle density, ρL is the fluid
density, g is the acceleration due to gravity, and η is the viscosity of the solution. The
settling velocity of the particle is proportional to the radius of the particle squared, such
that larger particles will settle more quickly than smaller particles.
The two types of solutions that are typically made for gradient separations are
sucrose and Ficoll. Sucrose is a sugar and Ficoll is a highly branched polymer that is
formed by the copolymerization of sucrose and epichlorohydrin. Ficoll is slightly more
soluble in water than sucrose at concentrations above 40%.

Since Ficoll is a

copolymerized solution, it is often more stable in centrifugation and thus typically used in
density gradient centrifugation.

Sucrose is generally used in density gradient

sedimentation, where its layers will not easily be disrupted by increased g forces. After
the appropriate gradient solution material is chosen, the next step in density gradient
separation is to create a lower and higher concentration of the solution and form it into a
linear gradient.2 In a gradient, the higher concentration solution is on the bottom and
there is a linear gradient in concentration from the bottom to the low concentration on the
top. The simplest way to make a linear gradient is with the use of a density gradient
maker (Figure C.6), which is essentially two vertical tubes connected by a valve with an
exit valve added to the tube that will hold the higher concentration solution. The lower
concentration solution is placed in the right tube and the higher concentration solution is

223
placed in the left tube. The connecting valve is opened and the exit valve is opened with
a small piece of tubing leading to a test tube for the linear gradient. With both valves
opened, the higher concentration solution starts flowing out the exit valve and gravity
causes the lower concentration solution to slowly flow into the higher concentration tube
on the left, thus creating solutions of slightly lower concentration as more lower
concentration solution is added. The end result is the formation of a linear concentration
gradient (from low on the top to high on the bottom).

Figure C.6: Photo of a density gradient maker. Higher concentration solution goes in the
left tube and lower concentration solution goes in the right tube. The exit valve has a
tube that leads to a test tube that will hold the gradient.
Now that the gradient has been made, a solution of particles must be loaded onto
the top of the gradient for separation. Typically, the particle solution has a volume
fraction of particles no greater than 0.001, which allows for clean separation of the
particle solution into bands of different sized particles or different types of particle
aggregates. Also, a needle pointed at 90° is used to load the particle sample without
disturbing the gradient layers. Figure C.7 shows a density gradient loaded with particles
on top.
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Figure C.7: Photo of a gradient that has been loaded with a particle solution on top.
After the particle solution is loaded onto the gradient, either the gradient is placed in a
bucket centrifuge or is left to sit and let gravity separate the particles. As the separation
progresses, the band of loaded particles starts to move down the tube in a single band and
then starts to split into more bands depending on the size of the particles in the loaded
solution. When the gradient separation is finished, there are distinct bands that are
separated by at least a few millimeters of clear gradient fluid. Figure C.8 shows an image
of cleanly separated bands of particles of different sizes.

Figure C.8: Photo of a gradient separation with cleanly separated bands of different sizes
particles.
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These bands are then extracted from the gradient test tube using a syringe with a long
needle, where the tip of the needle was filed off to prevent band mixing during extraction.
After extraction the separated particles are analyzed for purity by optical microscopy and
can then be used in colloidal assembly processes. Typically, density gradient separations
yield around 80% purity of the desired size of particle. For example, if one were to
separate 2 µm single particles and 2 µm doublet particles, the lower band would contain
around 80% doublets and 20% single particles.

C.4 References
1.
2.

Cytopedia_Inc. Cell Sorting. http://www.cytopeia.com/sorting.htm
Price, C. A., Centrifugation in Density Gradients.; Academic Press: New York,
1982; p. 430.

Appendix D
Algorithms and Codes for Modeling Performed

D.1 Rotation Only 1 Particle Lithography Code
(* 1 PARTICLE ROTATION ONLY CODE: 1 particle that has a hot
spot and a 2nd that is totally hot *)
(* Input variables = num (number of particles) and γ1 (angle
representing the region) *)
(* Example calculation for the length of the lithographed
region and the relative angle *)
a=750*10-9
;
b=750*10-9
;
Rg=10*10-9; 0.5
L1=4*(a*Rg) ;
ratio=L1/a;
gamma1=ArcSin[ratio];
thetamax1=3.14159265-gamma1;
(* Clear and Define Initial Variables *)
Clear[∆θ1, ∆θ,num, γ1,∆tau,θ10, θ1,totaltime, totaltime2];
num=1000;
γ1= 0.0216;
θmax=3.14159265-γ1;
∆tau=0.0001;
∆θ1=0;
tau[0]=0;
θ10=0;
totaltime=0;
totaltime2=0;
<<Statistics`NormalDistribution`
<<Statistics`ContinuousDistributions`
Do[
Clear[∆θ1,tau];
tau[i]=0;
θ1=θ10;
While[Abs[θ1-θ10]<θmax,
0.5
σθ1=(2*∆tau) ;
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∆θ1=Random[NormalDistribution[0,σθ1]];
θ1=θ1+∆θ1;
If[θ1<10-12,θ1=10-6,θ1];
If[θ1<0,θ1=-θ1,θ1];
If[θ1>π,θ1=2*π-θ1,θ1];
tau[i]=tau[i]+∆tau;
];
totaltime=totaltime+tau[i];
totaltime2=totaltime2+(tau[i])2;
,{i,1,num}];
avgtime=totaltime/num
avgtime2=totaltime2/num
stdevtime=(avgtime2-avgtime^2)0.5

D.2 Rotation and Translation 1 Particle Lithography Code
(* Allison Yake
1-particle lithography
rotation 4july2007 *)

aggregation

with

translation

and

<<"VectorAnalysis`"
Off[General::"spell"]
(Clear[∆θ1,∆φ1,∆θ2,∆φ2,trials,γ1,γ2,∆tau,θ10,θ20,θ1,θ2,φ1,φ
2,φ10,φ20,totaltime,totaltime2];)
(trials=20.`;)
(α=1.`;)
(∆tau=0.001`;)
(volFrxn=0.1`;)
(γ1=0.01;)
(*(γ2=6.2834;)*)
(1/3
0.5`
(beta=((1+α^3)/volFrxn) ;σtheta1=((2 ∆tau)/α^3) ;)
(* beta = Rsys/a2 *)
(σtheta2=(2 ∆tau)0.5`;)
0.5`
(sX1=((8 ∆tau)/(3 α)) ;)
0.5`
(sX2=((8 ∆tau)/3) ;)
(∆θ1=0.`;)
(∆φ1=0.`;)
(tau=0;)
(θ10=0.`;)
(φ10=π;)
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(step[tt_]:={Random[NormalDistribution[0,σtheta1]],Random[No
rmalDistribution[0,σtheta2]],Random[NormalDistribution[0,sX1
]],Random[NormalDistribution[0,sX1]],Random[NormalDistributi
on[0,sX1]],Random[NormalDistribution[0,sX2]],Random[NormalDi
stribution[0,sX2]],Random[NormalDistribution[0,sX2]]})
(trialtime=Table[0,{i,1,trials}];)
(totaltime=0.`;)
(totaltime2=0.`;)
Do[
Clear[∆θ1,∆θ2,∆φ1,∆φ2,tau,X1,X2];
tau=0;
θ1=θ10;
φ1=φ10;
X1={0.0,0,0};
X2={beta,0,0};
flag=0;
While[flag 0,
Clear[∆θ1,∆θ2,σφ1,σφ2,∆φ1,∆φ2,∆X1,∆X2,Xe1,Xe2,d12];
step1=step[∆tau];
∆θ1=step1[[1]];
θ1=θ1+∆θ1;
If[θ1<0.0,θ1=-θ1;φ1=φ1+1.0*π];
If[θ1>1.0*π,θ1=2.0*π-θ1;φ1=φ1+1.0*π];
σφ1=(2/α^3*∆tau/(Sin[θ1])^2) ;
∆φ1=Random[NormalDistribution[0,σφ1]];
φ1=φ1+∆φ1;
If[φ1<0.0,φ1=φ1+2.0*π];
If[φ1>2.0*π,φ1=φ1-2.0*π];
0.5

∆X1={step1[[3]],step1[[4]],step1[[5]]};
X1=X1+∆X1;
∆X2={step1[[6]],step1[[7]],step1[[8]]};
X2=X2+∆X2;
Xe1={Cos[φ1]*Sin[θ1],Sin[φ1]*Sin[θ1],Cos[θ1]};
0.5

;
d12=((X1-X2).(X1-X2))
0.5
If[(X1.X1)0.5
>beta,X1=X1+(2*Abs[(X1.X1)
-beta]*0.5
X1/(X1.X1)0.5 )];
If[(X2.X2) >beta,X2=X2+(2*Abs[(X2.X2)0.5-beta]*X2/(X2.X2)0.5)];
angleapproach=Abs[ArcCos[(X2-X1).Xe1/(((X2-X1).(X2X1))0.5*(Xe1.Xe1)0.5)]];
If[(d12≤1+α)AND(angleapproach>γ1),X1=X1-∆X1;X2=X2-∆X2;];
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If[(d12≤1+α)AND(angleapproach≤ γ1),flag=1];
tau=tau+∆tau;
];
trialtime[[i]]=tau;
,{i,1.0,trials}];
Mean[trialtime]

D.3 Rotation and Translation 2 Particle Lithography Code
(* Allison Yake
2-particle lithography
rotation
30may2007 *)

aggregation

with

translation

and

<<"VectorAnalysis`"
Off[General::"spell"]
(Clear[∆θ1,∆φ1,∆θ2,∆φ2,trials,γ1,γ2,∆tau,θ10,θ20,θ1,θ2,φ1,φ
2,φ10,φ20,totaltime,totaltime2];)
(trials=20.`;)
(α=1.`;)
(∆tau=0.001`;)
(volFrxn=0.1`;)
(γ1=0.4;)
(γ2=0.4;)
(1/3
0.5`
(beta=((1+α^3)/volFrxn) ;σtheta1=((2 ∆tau)/α^3) ;)
(* beta = Rsys/a2 *)
0.5`
(σtheta2=(2 ∆tau) ;)
(sX1=((8 ∆tau)/(3 α))0.5`;)
(sX2=((8 ∆tau)/3)0.5`;)
(∆θ1=0.`;)
(∆θ2=0.`;)
(∆φ1=0.`;)
(∆φ2=0.`;)
(tau=0;)
(θ10=0.`;)
(θ20=0.`;)
(φ10=π;)
(φ20=0.`;)

(step[tt_]:={Random[NormalDistribution[0,σtheta1]],Random[No
rmalDistribution[0,σtheta2]],Random[NormalDistribution[0,sX1
]],Random[NormalDistribution[0,sX1]],Random[NormalDistributi
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on[0,sX1]],Random[NormalDistribution[0,sX2]],Random[NormalDi
stribution[0,sX2]],Random[NormalDistribution[0,sX2]]})
(trialtime=Table[0,{i,1,trials}];)
(totaltime=0.`;)
(totaltime2=0.`;)
Do[
Clear[∆θ1,∆θ2,∆φ1,∆φ2,tau,X1,X2];
tau=0;
θ1=θ10;
φ1=φ10;
θ2=θ20;
φ2=φ20;
X1={0.0,0,0};
X2={beta,0,0};
flag=0;
While[flag 0,
Clear[∆θ1,∆θ2,σφ1,σφ2,∆φ1,∆φ2,∆X1,∆X2,Xe1,Xe2,d12];
step1=step[∆tau];
∆θ1=step1[[1]];
θ1=θ1+∆θ1;
If[θ1<0.0,θ1=-θ1;φ1=φ1+1.0*π];
If[θ1>1.0*π,θ1=2.0*π-θ1;φ1=φ1+1.0*π];
∆θ2=step1[[2]];
θ2=θ2+∆θ2;
If[θ2<0.0,θ2=-θ2;φ2=φ2+1.0*π];
If[θ2>1.0*π,θ2=2.0*π-θ2;φ2=φ2+1.0*π];
σφ1=(2/α^3*∆tau/(Sin[θ1])^2) ;
∆φ1=Random[NormalDistribution[0,σφ1]];
φ1=φ1+∆φ1;
If[φ1<0.0,φ1=φ1+2.0*π];
If[φ1>2.0*π,φ1=φ1-2.0*π];
0.5

σφ2=(2*∆tau/(Sin[θ2])^2) ;
∆φ2=Random[NormalDistribution[0,σφ2]];
φ2=φ2+∆φ2;
If[φ2<0.0,φ2=φ2+2.0*π];
If[φ2>2.0*π,φ2=φ2-2.0*π];
0.5

∆X1={step1[[3]],step1[[4]],step1[[5]]};
X1=X1+∆X1;
∆X2={step1[[6]],step1[[7]],step1[[8]]};
X2=X2+∆X2;
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Xe1={Cos[φ1]*Sin[θ1],Sin[φ1]*Sin[θ1],Cos[θ1]};
Xe2={Cos[φ2]*Sin[θ2],Sin[φ2]*Sin[θ2],Cos[θ2]};
0.5
d12=((X1-X2).(X1-X2))
;
0.5
If[(X1.X1)0.5>beta,X1=X1+(2*Abs[(X1.X1)0.5-beta]*X1/(X1.X1) )];
If[(X2.X2)0.5
>beta,X2=X2+(2*Abs[(X2.X2)0.5-beta]*0.5
X2/(X2.X2) )];
angleapproach=Abs[ArcCos[(X2-X1).Xe1/(((X2-X1).(X20.5
X1))0.5*(Xe1.Xe1)
)]]+Abs[ArcCos[(X1-X2).Xe2/(((X10.5
X2).(X1-X2)) *(Xe2.Xe2)0.5)]];
If[(d12≤1+α)AND(angleapproach>γ1+ γ2),
X1=X1-∆X1;X2=X2∆X2;];
If[(d12≤1+α)AND(angleapproach≤ γ1+ γ2),flag=1];
tau=tau+∆tau;
];
trialtime[[i]]=tau;
,{i,1.0,trials}];
Mean[trialtime]

D.4 Derivation of Adjusted Smoluchowski Equation for Particle Lithography
The basic equations used for deriving a Smoluchowski rapid flocculation equation
for our particle lithography case were referenced from three standard colloidal science
textbooks.1-3 This adjusted equation was used in conjunction with rotation only modeling
for estimating aggregation times because it takes care of the translational Brownian
motion. The starting point of the derivation involved a simple schematic that defines the
two conditions that were modeled of one particle with a lithographed region and two
particles both with lithographed regions.
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1 ref

2

OR

1 ref

2

Figure D.1: Schematic of the two conditions modeled of one particle with a lithographed
region and two particles both with lithographed regions.
First, we start by writing the rate equation.
− dN 1
= k r N 1 N 2 + k ' N 12
dt

We say that k ' N12 goes to zero because 1 cannot stick to spot 1 and 2 cannot stick to spot
2. Also, rate 1-2 is much greater than rates 1-1 or 2-2 and N2>>N1. N10 gives the particle
concentration at time t = 0. The rate equation can now be solved for N1.

∫

N1

N10

t
dN 1
= ∫ − kN 2 dt
t =0
N1

ln N 1

N1
N10

= −kN 2 t

⎛ N ⎞
ln⎜⎜ 1 ⎟⎟ = − kN 2 t
⎝ N 10 ⎠
N 1 = N 10 exp[− kN 2 t ]
1
t
if kN 2 t = 1 = → kN 2 =
t
t
1
where t =
is a length scale
kN 2
⎡− t ⎤
N 1 = N 10 exp ⎢ ⎥
⎣ t ⎦

Fick’s first law of the number of particles crossing a unit area towards reference
particle 1 per unit time is given by:
J 2 = − D2

dN 2
dr

(

#
)
area ⋅ time
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dN 2
total #
= J 2 A = −(4πr 2 )D2
=C
dr
time

where C and J2A are constants because we are at steady state. Using the boundary
conditions that at r = ∞, N2 = N20 and at r = R (where R = a1 + a2) N2 = 0, we can solve
the steady state equation.

Note that N2 = 0 at r = R because particle 2 has now

aggregated to particle 1 and is no longer freely moving about.

∫

N 2 = N 20

N 2 =0

r = ∞ dr
− 4πD2 dN 2
=∫
R
C
r2

− 4πD2 N 2
C

N 20

0

1
=−
r

∞

R

− 4πD2 N 20
1 1
=− +
∞ R
C
C = −4π (a1 + a 2 )D2 N 20

Typically with the Smoluchowski rapid flocculation equation, the reference
sphere 1 is stationary.

(x 2 − x1 )2

= x 22 − 2 x1 x 2 + x12

x12 = 2 D1t
x 22 = 2 D2 t
thus ( x 2 − x1 )

2

= 2 D2 t

Here, − 2 x1 x2 goes to zero because on average the plus and minus signs cancel and
x12 also goes to zero because sphere 1 is stationary. However, in our case we have both

sphere 1 and 2 moving towards and away from each other, such that:
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(x 2 − x1 )2

= x 22 + x12

(x 2 − x1 )2

= 2 D2 t + 2 D1t

(x 2 − x1 )2

= 2(D1 + D2 )t

Now, we can apply this equation to the solved steady state equation that we
solved for C, above.
C = −4π (a1 + a 2 )(D1 + D2 )N 20

C = −4π (a1 + a 2 )(D1 + D2 )N 10 N 20

Here, we use both N10 and N20 because there are more than one reference sphere 1
particles and sphere 2 particles. Next, we substitute the steady state equation in to the
rate equation.
rate = −4π (a1 + a 2 )(D1 + D2 )N 10 N 20 = −k r N 10 N 20
where k r = 4π (a1 + a 2 )(D1 + D2 )

and Di =
kr =

k BT
6πηa i

⎛
4πk B T
(a1 + a 2 )⎜⎜ 1 + 1
6πη
⎝ a1 a 2

2k T (a1 + a 2 )
kr = B
3η
a1 a 2

⎞
⎟⎟
⎠

2

Now, we make an equation for the number of particles in the system.
L3ϕ 2
total vol × vol fraction
=
4 3
vol 1 particle
πa 2
3
ϕ2
3ϕ 2
M2
=
N2 = 3 =
4 3 4πa 23
L
πa 2
3

M2 =

Earlier, we defined the length scale of t = 1/kN2, thus we can say that:
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2k B T (a1 + a 2 ) 3ϕ 2
⋅
3η
a1 a 2
4πa 23
2

kN 2 =

k Tϕ (a + a 2 )
kN 2 = B 23 ⋅ 1
a1 a 2
2πηa 2

2

where
t f agg =

2πηa 23W ⎡ a1 a 2 ⎤
1
=
⎢
⎥
kN 2
k B Tϕ 2 ⎣ (a1 + a 2 )2 ⎦

where tf agg can be represented in terms of the rotational diffusion coefficient.

t f agg =

W ⎡ a1 a 2 ⎤
⎢
⎥
4 Dr ϕ 2 ⎣ (a1 + a 2 )2 ⎦

The variable W is the stability ratio and is given a value of 1 if aggregation of the two
particle types has occurred at the lithographed spot region. Alternatively, W is given a
value of ∞ if the aggregation does not occur on the lithographed spot region. Typically,
we see the Smoluchowski rapid flocculation equation written as a diffusion-limited
model where:
tf =

πηa 3W
W
=
2k B Tϕ 16 Dr ϕ 2
Now that we have an equation to calculate the time for rapid flocculation of

spheres 1 and 2, we need to combine this with the information that is obtained from the
rotation only modeling.

To obtain a total assembly time we sum together the

dimensionless rotation only model time with the dimensionless rapid flocculation time
and then convert the total dimensionless time into a real time using the rotational
diffusion coefficient which is the limiting reaction of the aggregation assembly reaction.
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τ total = τ f agg + τ 12
τ total =
t total =

t f agg
t0

+ τ 12 where t 0 =

1
Dr

τ total
Dr
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Appendix E
Localized Functionalization of Individual Colloidal Carriers for Cell Targeting and
Imaging
Reproduced with permission from Biomacromolecules 2007, 8, 1958-1965.
Copyright 2007 American Chemical Society.

E.1 Introduction
Polymeric drug delivery systems are critical in the treatment of cancer, genetic
diseases, and other life threatening ailments.1, 2 The demand for drug delivery systems in
the United States is projected to grow approximately 9% annually, exceeding profits of
$82 billion by 2007.3 The development of targeted and controlled release drug delivery
systems is essential for the treatment and prevention of life threatening diseases like
cancer.4,

5

Effective treatment of cancer currently involves the use of highly toxic

chemotherapeutic agents that destroy both tumorous and healthy cells in the body. In
order to decrease the systemic toxicity and improve treatment efficacy, targeted drug
assemblies need to be able to treat only the unhealthy cells through specific adhesion and
controlled release and ensure that the healthy cells are spared.5,

6

A multi-functional

surface with the ability to specifically target, deliver therapeutic agents, and
diagnostically image diseased tissue in real time is an unmet medical need and would be
a significant development in drug delivery research.7-9
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Particles that are surface-modified with ligands have the ability to target their
receptors that are expressed on the surface of cells.

Angiogenesis, defined as the

formation of new blood vessels that is enhanced in tumor growth, has been shown to be
an important factor in tumor growth and metastasis.10, 11 Tumor growth cannot proceed
without the development of a supportive vascular network.12 Thus, intensive research
into therapeutic approaches12 that directly target the tumor vasculature to decrease or
eliminate metastasis activity have received much attention. This is particularly relevant
due to recent studies that have shown stem cells being implicated in maintaining certain
cancers.13 Tumor vasculature targeting has many potential advantages such as easy
access to target ligands expressed by the “activated” endothelium, selectivity to tumor
endothelium that may decrease systemic toxicity, capability of synergistic combination
with anti-tumor agents, and the broad applicability of antiangiogenic therapy.14 One
interesting antiangiogenic approach is to target integrin receptors that are expressed on
the surface of the tumor vasculature and to regulate cell growth during angiogenesis. The
activated endothelium in angiogenic vessels within solid tumors overexpress proteins
such as vascular endothelial growth factor (VEGF), matrix metalloproteinase-2 and 9
(MMP-2, MMP-9), adhesion molecule integrin αvβ3, and E-cadherin.15 The αvβ3 integrin
is more profoundly expressed on tumor cells and on tumor vasculature endothelial cells,
but is not typically found on blood vessels or normal healthy tissues.12 In addition, the
αvβ3 integrin is a receptor specific for the arginine-glycine-aspartic acid (RGD) peptide
sequence. Short peptides that contain this RGD sequence have the ability to mimic cell
adhesion molecules and bind to the αvβ3 integrin.10,

12, 16-18

Thus, particles that are

surface-modified with the RGD sequence may be used to target tumor endothelium.
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We have the ability to merge nano and micro technologies that are critical to the
engineering of drug delivery particles of the correct size, shape, and with surface
properties to promote uptake in desired regions. This has been demonstrated by the
development of a multi-functional imaging particle that is capable of targeting specific
cells, and which in the future will deliver essential treatment drugs in a focused manner.
The synthesis is accomplished by combining layer-by-layer encapsulation of colloidal
imaging particles19-22 with the “particle lithography” technique23 for patterning colloidal
surfaces in designed ways. The imaging particles have been site-specifically1 modified
with the application of the “particle lithography” technique so that, for example, a
controlled small area of the carrier particle is covalently bound to RGD peptide targeting
agents that specifically adhere to integrins on the surface of fibroblast cells. Fluorescent
polystyrene latex nanoparticles, used as an inexpensive model for drug nanoparticles,
were then selectively adhered to predetermined regions on the imaging particles. We
have the ability to further adapt the system for better biocompatibility by modifying the
surface of the multi-functional drug assemblies to overcome rejection and uptake by the
body. In addition, we can use drug nanoparticles placed in a localized region on the
surface of the colloidal carrier particle to allow for controlled release of the drug into the
effected regions of the body.
The key advance of this technology is our ability to synthesize multiple functions
in particular nanoscale regions on the surfaces of individual colloidal particles. This type
of more specific and selective targeting scheme, with the addition of locally placed drug

1

We differentiate the term site-specific from its drug delivery context, such that we refer to the term sitespecific to designate a particular surface location on a single colloidal particle.
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nanoparticles on the assembly, may reduce undesirable side effects by killing the
tumorous cells and not all similar cells within the body. Due to the specific nature of the
delivery mechanism, the treatment may result in less overall systemic toxicity than
conventional chemotherapy, lower risk of improper dosing, improve life expectancy, and
improve the quality of the patient’s life during and after treatments.

E.2 Materials and Methods

E.2.1 Materials
Monodisperse, surfactant-free sulfate-functionalized fluorescent polystyrene latex
(PSL) microspheres were purchased from Interfacial Dynamics Corporation (Portland,
OR). Specifically, 60 nm sulfate-functionalized fluorescent yellow-green PSL (Batch
No: 1-FLY-60.1), 43 nm sulfate-functionalized PSL (Batch No: 2012,1), 84 nm sulfatefunctionalized PSL (Batch No: 124,1), 190 nm sulfate-functionalized fluorescent yellowgreen PSL (Batch No: 1-FLY-200.1), 200 nm carboxyl-functionalized fluorescent orange
PSL (Batch No: F-8809) and 4.0 µm sulfate-functionalized fluorescent nile red (Batch
No: 1-FLN-4K.2) and fluorescent yellow-green (Batch No: 1-FLY-4K.2) PSL
microspheres were used in the experiments described in this manuscript. Monodisperse,
3.0 µm silica microspheres (Lot No: F300) were purchased from the Corpuscular
Company (Mahopac, NY). Potassium chloride (KCl, MW 74.5), sodium chloride (NaCl,
MW 58.4), potassium dihydrogen phosphate (KH2PO4, MW 136.1), dibasic sodium
phosphate (Na2HPO4, MW 141.9), poly(allylamine hydrochloride) (PAH, MW 70,000),
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poly(sodium

4-styrenesulfonate)

(PSS,

dimenthylaminopropyl)-carbodiimide

(EDC,

MW
MW

70,000),
191.7),

1-ethyl-3-(32-(N-morpholino)

ethanesulfonic acid (MES, MW 195.2, pH 6.2), 2-mercaptoethanol, dimethyl sulfoxide
(DMSO, MW 78.1), and N-hydroxysuccinimide (NHS, MW 115.1) were purchased from
Sigma-Aldrich Chemicals, USA.

The Gly-Arg-Ala-Asp-Ser-Pro (GRADSP, Lot

S07075A1, 44-0-21) and Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP, Lot S07043A1, 44-0-24)
peptide complexes were purchased from American Peptide Company, Inc (Vista, CA).
Dulbecco’s Modified Eagle’s Medium (DMEM) and Antibiotic-Antimycotic were
purchased from Sigma Chemicals, USA. Fetal Bovine Serum (FBS) was purchased from
Hyclone, USA. Flasks for cell culture, T-75 and 6 well plates were purchased from
VWR International. EDC activation buffer was prepared from a 0.1 M MES buffer and
0.5 M NaCl solution. The deionized (DI) water that was used for all experiments
(Millipore Corporation MilliQ system) had a specific resistance greater than 1 MΩ·cm
(i.e., “equilibrium water”). Silicon wafers with an orientation of <1-0-0> and resistivity
values of 1-10 Ω-cm used as the substrate for FESEM imaging were purchased from
Silicon Quest International (Lot No. IMV3P01-10PRM).

E.2.2 Equipment
The Ultrasonicator was purchased from VWR International (Model 550T). The
confocal and DIC optical microscopy images were obtained on an Olympus Fluoview
300 Confocal Laser Scanning Microscope at the Huck Institute of the Life Sciences
Center for Quantitative Cell Analysis. The electron microscopy images were obtained on
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a ZeissSMT 1530 Field Emission Scanning Electron Microscopy (FESEM) at the Penn
State Nanofabrication Facility. The pressurized heat treatments took place in a standard
steam autoclave at 120°C.

E.2.3 Preparation of Imaging Particles
Sulfate-functionalized fluorescent nile red (or yellow-green) PSL particles (4.0
µm, 200 µL) were encapsulated with 20 µM PAH in 30 mM KCl via layer-by-layer (LbL)
assembly in a 50 mL centrifuge tube. The solution of particles and PAH was well
dispersed with 5 minutes of sonication. For the electrostatic adsorption, the particles in
PAH solution were then incubated on a shaker plate (low speed) for 20 minutes. The
PAH coated particles were then centrifuged out of solution into a pellet at 6500 rpm for
30 minutes in a standard bucket centrifuge. The supernatant was removed with a plastic
pipet and the PAH coated particles were resuspended in 10 mL of 30 mM KCl. This
centrifugation/resuspension process was repeated twice with the final resuspension being
in 40 mL of deionized (DI) water. From this final solution, 10 mL of the final solution
was placed in each of 4 small plastic Petri dishes that contained a piranha etched (3:1
ratio of sulfuric acid to hydrogen peroxide) glass coverslip. The PAH coated particles in
DI water were left for 24 hours to settle and electrostatically adhere to the negatively
charged glass surface of the glass coverslip. Next, the coverslip was washed 20 times
with approximately 10 mL of DI water to remove any excess or unadhered PAH coated
particles from the solution. An additional 20 mL of DI water was then added to the
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plastic Petri dish for storage of the PAH coated sulfate-functionalized fluorescent
particles until they were to be modified for creation of the multi-functional assembly.

E.2.4 Surface Modification with RGD or RAD

E.2.4.1 RGD/RAD Modification via Particle Lithography (Type I)
Carbodiimide chemistry was performed for chemical modification of the PAH
coated PSL particles with peptides.

In the first step, 2 mL of 10 µg/mL protein

(GRGDSP or GRADSP) was added to a solution consisting of 2 mL of 5 mM NHS and 2
mL of 2 mM EDC in a 15 mL centrifuge tube. The solution was then incubated on a
shaker plate (low setting) for 15 minutes at room temperature. During this time, the PAH
coated PSL particles adhered to the glass coverslip were washed with 10 mL of EDC
activation buffer and were left to sit for 10 minutes at room temperature. After 15
minutes, 3 µL of 20 mM 2-mercaptoethanol was added to the protein solution to quench
the reaction. Next, the protein solution was incubated (low setting) with the PAH coated
PSL particles adhered to the glass coverslip in 10 mL of EDC activation buffer for 2
hours at room temperature. Here the peptide was being covalently bound to the PAH
coating on the imaging particles in all areas except for where the imaging particles were
masked off by being adhered to the glass surface. After 2 hours, the reaction was
quenched by adding 2 mL of 10 mM hydroxylamine in EDC activation buffer (pH 6.0).
Next, the RGD/RAD modified particles stuck to the glass surface were rinsed with DI
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water 10 times. In the last rinse step, 10 mL of 100 mM PBS buffer (pH 7.4) was added
to the particles and the samples were refrigerated for later use.

E.2.4.2 RGD/RAD Modification in the Lithographed Region (Type II)
We took a plastic Petri dish of prepared imaging particles (on a glass coverslip
surface) and poured off the DI water. We then added 10 mL of 30 mM KCl solution to
the Petri dish. Next, we added 5 µL of 190 nm sulfate-functionalized fluorescent yellowgreen (or nile red) PSL nanoparticles and dispersed the particles evenly with gentle
agitation to the Petri dish. We waited 24 hours to allow the nanoparticles to settle and
electrostatically adhere to the PAH coated imaging particle surfaces in all areas except
for where the imaging particles were masked off by being adhered to the glass surface.23
Next, the imaging particles were washed 20 times to remove any excess or unadhered
nanoparticles from the solution. An additional 10 mL of DI water was added to the Petri
dish and the solution was placed in the autoclave for 10 minutes at 120°C. At this
temperature the PSL imaging particles start to soften and better affix the nanoparticles to
the surface of the imaging particles. Once the pressurized heating process was complete,
the nanoparticles particles were permanently fused to the surface of the imaging
particles.24 The glass coverslip was then washed 10 times to remove any particles that
may have detached during the fusing process. Finally, 10 mL of the EDC activation
buffer was added to the particles (adhered to the glass surface).

The nanoparticle

lithographed PSL imaging particles were then sonicated off of the glass surface by
placing the coverslip in a plastic Petri dish in the ultrasonicator for 15 seconds. The
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solution of lithographed particles in EDC activation buffer was then placed in a 50 mL
centrifuge tube at left to sit for 10 minutes.
Carbodiimide chemistry was then performed for chemical modification of the
nanoparticle and PAH coated PSL particles with peptides. In the first step, 2 mL of 10
µg/mL protein (GRGDSP or GRADSP) was added to a solution consisting of 2 mL of 5
mM NHS and 2 mL of 2 mM EDC in a 15 mL centrifuge tube. The solution was then
incubated on a shaker plate (low speed) for 15 minutes at room temperature. During this
time, the PAH coated PSL particles adhered to the glass coverslip were washed with 10
mL of EDC activation buffer and were left to sit for 10 minutes at room temperature.
After 15 minutes, 3 µL of 20 mM 2-mercaptoethanol was added to the protein solution to
quench the reaction. Next, the protein solution was incubated (low setting) with the
nanoparticle lithographed PSL imaging particles in EDC activation buffer for 2 hours at
room temperature. Here the RGD/RAD was being covalently bound to the PAH coating
on the imaging particles in the lithographed region, which was the area that does not
contain nanoparticles and was masked off during the nanoparticle coating process. After
2 hours, the reaction was quenched by adding 2 mL of 10 mM hydroxylamine in EDC
activation buffer (pH 6.00). Next, the RGD/RAD modified nanoparticles coated PSL
imaging particles were rinsed by centrifugation. The solution was centrifuged at 5000
rpm for 30 minutes. The supernatant was removed and the multi-functional assembly
particles were redispersed in 5 mL of DI water. This process was repeated 2 times. After
the last centrifugation step, the supernatant was removed and the multi-functional
assembly particles were redispersed in 1 mL of 0.1M PBS (pH 7.4) at 37 °C. The multi-
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functional carrier assembly particle solution was stored in the refrigerator until further
use.

E.2.5 FESEM Particle Sample Preparation
Approximately, 2 µL of particle assembly samples (< 0.01 % solids) were
atomized onto a silicon wafer and left to air dry. FESEM images were taken at a gun
power of 1-2 kV and working distances between 3 and 6 mm.

E.2.6 Cell Culture
Murine NIH/Swiss 3T3 mouse fibroblast cells (ATCC, CRL-1658) were cultured
at 37°C in 5% CO2 incubator using growth medium containing 89% DMEM, 10% FBS,
1% antibiotic. Cells cultured in T-75 flasks were subcultured at a seeding density of
5x105 cells/mL (subconfluence) into single well of a six-well plate. Cells used for
imaging were grown on 25 mm glass coverslips (VWR, USA) or 25 mm silicon wafer
pieces. Glass coverslips were autoclaved and placed at the bottom of a single well of a
six-well plate. The silicon wafer pieces were piranha etched, autoclaved, oxygen plasma
cleaned and placed at the bottom of a single well of a six-well plate. Each well contained
2.0 mL of medium. Cells were plated one day before experiments to allow for cell
attachment and spreading.
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E.2.7 Cell Adhesion Assay (Type I)
The 3T3 cells were split onto glass coverslips that contained electrostatically
adsorbed sulfate-functionalized PSL particles. The surface of the PAH coated PSL
particles was covalently modified with RGD or RAD using EDC chemistry. The 3T3
cells were incubated with the particles for 24 and 48 hours to allow for cell attachment,
spreading, and growth. Adhesion of 3T3 cells to lithographed RGD or RAD molecules
on the surface of the PSL particles was evaluated by confocal microscopy. Cells were
fixed with 3.75% paraformaldehyde and stained with appropriate dyes for imaging.
Alexa Fluor-568 phalloidin (Molecular Probes, USA) was utilized for F-actin
visualization and DRAQ5TM was utilized for nucleus imaging.

The samples were

mounted on glass slides using Prolong Antifade solution (Molecular Probes, USA). The
preparations were then visualized with Confocal microscopy.

E.2.8 Cell Adhesion Assay (Type II)
The 3T3 cells were subcultured onto glass coverslips (and/or oxygen plasma
cleaned silicon wafer pieces) in 6-well plates. All media was removed and 200 µL of
multi-functional assembly particles in 100 mM PBS were added to the center of the glass
coverslip (silicon wafer). An additional 2 mL of media was added to the center of each
glass coverslip. The samples were incubated for 24 and 48 hour assays before imaging
for adhesion of the RGD/RAD modified lithographed region to the 3T3 cells with
FESEM. Cells were fixed with 2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.2)
and buffer washed 3 times with 0.1 M cacodylate buffer (pH 7.2). Cells underwent a
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secondary fixation with 1% osmium tetroxide in 0.1 M cacodylate buffer and were buffer
washed 3 times with 0.1 M cacodylate buffer. Samples were then dehydrated through a
gradient series of ethanol (25%, 50%, 70%, 85%, 95%, and 100% (3 times)) for 5
minutes at room temperature. The samples were then dried at their critical point with
bone-dry liquid carbon dioxide (4 times 3 minute exchanges plus an 8 minute vent). The
samples were then visualized with FESEM.

E.3 Results and Discussion

E.3.1 Fabrication of a multri-functional vector.
The particle lithography technique23 was applied to create two classes of multifunctional precursor carriers in order to demonstrate localized targeting using a RGD
peptide sequence for an in vitro 3T3 cell culture model.

Particle lithography is a

technique that consists of adhering particles to a surface, such that the surface masks the
contact point of the particle and the surface. When polyelectrolytes or nanoparticles (or
small molecules) are introduced, they adsorb over the entire particle, except where the
surface masks the particle at the contact point. The first class of carriers, type I, is
schematically shown in Figure E.1a and E.1b where ~98% of the surface of the imaging
particle is chemically modified using the particle lithography technique with RGD
peptide targeting ligands and the lithographed region contains electrostatically adhered
fluorescent nanoparticles. The second class of carriers, type II (Figure E.1c and E.1d), is
the complement to type I, such that the lithographed region is chemically-modified with
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the RGD peptide sequence, and the rest of the particle is coated with electrostatically
adhered fluorescent nanoparticles.

Figure E.1: Schematic of the type I and type II classes of multi-functional carriers. (a)
An imaging particle (green) is coated using the particle lithography technique with
targeting ligands (RGD) using a glass substrate for the Type I assembly. (b) The
modified imaging particle is sonicated off the glass substrate surface and the lithographed
region contains electrostatically adsorbed fluorescent nanoparticles (red). (c) An imaging
particle (green) is coated using the particle lithography technique with fluorescent red
nanoparticles using a glass substrate for the Type II assembly. (d) The coated imaging
particle is sonicated off the glass substrate surface and the lithographed region is
covalently modified with targeting ligands (RGD). The thin layer of blue coating around
the core imaging particle represents a polyelectrolyte layer coating.

Figure E.2 shows an FESEM image of a precursor to the assembly in Figure E.1b
of 3.0 µm silica particles coated with 84 nm sulfate-functionalized PSL nanoparticles
using the particle lithography technique25 in an ionic strength of 30 mM KCl. The
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diameter of the lithographed regions is approximately 960 nm, which closely matches the
value of 1000 nm that is predicted from a simple geometric calculation.23, 25

Figure E.2: An FESEM image of 3 µm lithographed silica particles. Silica particles were
coated with PAH and then the particle lithography technique was performed using 84 nm
sulfate-functionalized nanoparticles in an ionic strength of 30 mM KCl. The diameter of
the lithographed regions is approximately 960 nm.

Both type I and type II classes of multifunctional carriers are envisioned to be
essential developments for focused drug delivery and diseased tissue imaging. The main
objective of this work was to illustrate the robustness of this inexpensive technique for
assembling colloidal carriers with multi-functional regions. Layer-by-layer assembly can
be applied at any point during the particle lithography process. For example, the core
fluorescent PSL imaging particles can be coated with cationic polyelectrolytes to provide
an appropriate surface for chemical modification with targeting ligands. The nanoscale
precision and control over the diameter of the lithographed region has been previously
shown with FESEM analysis (Figure E.2).25
We used fluorescent confocal microscopy to demonstrate the presence of the
lithographed region on the surface of the core imaging PSL particle.

Confocal
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microscopy with a high numerical aperture objective (NA = 1.3) has a spatial resolution
of ~200 nm and is relatively straightforward to use. PAH-coated, sulfate-functionalized,
fluorescent nile red particles (4.0 µm) were coated with 160 nm sulfate-functionalized
fluorescent yellow-green particles using the particle lithography technique to create type
II carriers. This assembly was fabricated on a flat glass coverslip surface and fused for
15 minutes in a standard steam autoclave before being imaged with confocal microscopy.
The particle assemblies remained attached to the glass coverslip for ease of imaging, such
that the microscope objective images directly through the glass substrate where the
lithographed patch is adhered. The images in Figure E.3 demonstrate that the core and
coating particles remain fluorescent and electrostatically adhered to the glass surface.
This observation is important because it supports the fact that the particle lithography
process does not alter the chemical properties of the nanoparticles or imaging particles.
Since the particle assemblies were still adhered to the glass coverslip surface, we could
easily visualize the presence of the lithographed region as the light red fluorescent core of
the particle. The fluorescent image in Figure E.3d shows the lithographed region with a
patch size of approximately 1.5 µm.
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Figure E.3: Confocal microscopy image at 60× oil magnification of a 4 µm sulfatefunctionalized fluorescent nile red particle PAH coated and lithographed with 190 nm
sulfate-functionalized fluorescent yellow-green nanoparticles. Image of the lithographed
particle assembly (a) excited with the blue laser, (b) excited with the green laser, (c) the
DIC image, and (d) an overlap of (a) and (b).
A similar assembly to that shown in Figure E.3 was imaged with a three
dimensional analysis using z-stacking in confocal microscopy.

The image seen in

Figure E.4 shows a confocal microscopy overlap image (red and green laser excitations)
at a height of 8 µm in the sample of 4 µm sulfate-functionalized fluorescent nile red
particles PAH coated and lithographed with 190 nm sulfate-functionalized, fluorescent
yellow-green nanoparticles in deionized water.

The individual 190 nm sulfate-

functionalized fluorescent yellow-green nanoparticles are clearly visible on the surface of
the core fluorescent nile red particles. Each individual nanoparticle was able to be
observed because the z-stack image was taken above the top of the particle assemblies
and because the assemblies were not autoclaved, such that the individual nanoparticles
adhered to the core particle surface remained separated and did not fuse together to make
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a more uniform coating layer. If the assemblies were fused, then the z-stack image taken
from above the assemblies would show the surface appearing as a slightly blurred green
color.

Figure E.4: Confocal microscopy image at 60× oil magnification of 4 µm sulfatefunctionalized, fluorescent nile red particles PAH coated and lithographed with 190 nm
sulfate-functionalized fluorescent yellow-green nanoparticles. The image of the
lithographed particle assembly is excited with the blue and green lasers.

A precursor similar to the type I assembly was created using 4.0 µm sulfatefunctionalized PAH coated PSL imaging particles lithographed with 200 nm sulfatefunctionalized nanoparticles and electrostatically adhered in the lithographed region with
43 nm carboxyl-functionalized fluorescent orange nanoparticles. This assembly was
imaged using confocal microscopy and the lithographed region can be clearly seen as the
fluorescent red patch in Figure E.5b and E.5c. In addition, the flattened lithographed
region is visible in the DIC image as marked by the arrow. The fluorescent particles
adhered to the lithographed region appear as a single fluorescent patch because the
multiple nanoparticles are tightly packed from being adhered in an ionic strength of 30
mM KCl. Based on the fluorescent patch, the size of the lithographed region was
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estimated to be 1000 nm, which is in agreement with the FESEM and confocal
microscopy results from Figures E.2 and E.3.

Figure E.5: Confocal microscopy image of a type I assembly consisting of a 4.0 µm
sulfate-functionalized, PAH-coated PSL imaging particle lithographed with 43 nm
sulfate-functionalized nanoparticles and 200 nm carboxyl-functionalized fluorescent
orange nanoparticles that were electrostatically-adhered in the lithographed region.
Image of the type I particle assembly with (a) DIC showing a subtle flattened
lithographed region to the upper left of the particle center, marked by the blue arrow, (b)
excitation with the green laser, and (c) the overlay of (a) and (b). Similar images were
taken with multiple samples.

The results from confocal microscopy and FESEM confirm the presence of a
lithographed region fabricated using the particle lithography technique. The size of the
lithographed region patch can be estimated using confocal microscopy and accurately
sized using FESEM. After the multi-functional carrier had been fabricated, the next step
involved the chemical modification of the lithographed and non-lithographed regions
with targeting ligands for the type I and II colloidal carrier assemblies, as well as showing
the assembly’s specificity with cell adhesion assays.
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E.3.2 Ligand-specific interactions by RGD peptide-modified PAH coated particles
A 3T3 fibroblast cell line was chosen as a model system to investigate the
interaction between the integrin αvβ3 cell surface receptors with RGD modified
lithographed particles. This 3T3 fibroblast cell line has been commonly used in the
literature to study integrin-mediated cell adhesion to RGD peptide-modified surfaces.17,
26-28

In this study, it was hypothesized that the covalent attachment of RGD to the non-

lithographed or the lithographed regions on the multi-functional carrier would promote
integrin-mediated cell adhesion and spreading.

To test this hypothesis, peptides

containing the RGD and RAD motifs were covalently coupled to the PAH-coated
surfaces of the type I and II multi-functional carriers through the use of carbodiimide
chemistry. The RAD motif gives a non-specific variation in the integrin binding site and
serves as a control to the strongly-adhering RGD motif for the inhibition of cell
attachment and spreading.

E.3.2.1 Type I Assembly Adhesion Assay
The first studies performed were 24 and 48 hour cell adhesion assays in which
3T3 fibroblast cells were incubated on glass coverslips containing RGD or RAD
lithographed particles (fluorescent yellow-green) electrostatically adhered to the glass
coverslip surface. The ligand-modified core imaging particles were randomly distributed
at an area fraction of ~25%. After incubation, the cells were rinsed a minimum of four
times with 0.1 M PBS at 37 °C, fixed, and stained for visualization of the actin filaments
and the nucleus. Figure E.6 summarizes the confocal microscopy results for the 24 and
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48 hour adhesion assays with RGD and RAD modifications. After 24 and 48 hours, the
3T3 cells have adhered to the RGD and RAD modified particles and spread.
After 24 hours, on average the 3T3 cells had adhered to 30 ± 11 (n = 5) RGD
lithographed particles, which were adhered to the glass substrate. In order to determine
whether the cells remained attached to the particle surface or if the cells had endocytosed
the particles, a three dimensional analysis using z-stacking with confocal microscopy was
used. Figure E.6a represents the middle slice of an xyz image for the 24 hour adhesion
assay study. The yellow cross hairs indicate the position of the xz and yz slices, which
are located to the right and on the bottom of the Figure E.6a, respectively. The slices
show that the cells are attached to the focal points on the imaging particle surface, and
thus it is not a purely focusing adjustment that alters the position of the particles
compared to that of the cells. The xz and yz slices indicate that the imaging particles are
not located in the same plane as the nucleus/actin cytoskeleton and thus remain adhered
to the cell surface via integrin-RGD interactions and were not taken up within the cell.
The actin cytoskeleton (red) illustrates that the cellular membrane has spread upon
adhesion to the RGD modified lithographed imaging particles.
After 48 hours of incubation, the 3T3 cells have internalized the RGD-modified
lithographed particles via receptor-mediated endocytosis. Figure E.6b xz and yz sliced
images show that the actin cytoskeleton (red) surrounds the RGD-modified particles
(green) and the particles are within the same plane as the nucleus. Schraa and co-workers
have also demonstrated in vitro receptor-mediated endocytosis of RGD modified proteins
incubated with human primary umbilical vein αvβ5 integrin receptor expressing
endothelial cells.29 The combined 24 and 48 hour RGD adhesion study results indicate
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that our multi-functional carrier assembly can specifically adhere to the cell surface via
receptor-ligand interactions and be successfully internalized within the cells. The fact
that the particles had a single nanoscale region that had no RGD modification is not
important at this point.
Integrins exist in different affinity states with respect to their ligands and can
enter a high-affinity state or activated state in response to an agent.30 As expected, the
3T3 fibroblast cells bound successfully to the RGD motif modified on the surface of the
imaging particles that were electrostatically adhered to the glass coverslip surface. Upon
binding, the integrin receptors were likely activated and thus initiated adhesion and
plasma membrane spreading (branched cytoplasm). The observed cell attachment and
spreading after 24 hours suggests that the RGD activity was retained after chemical
coupling to the imaging particle. This adhesion and spreading was also observed to be
independent of the number of particle assemblies available for binding.

The cell

adhesion and spreading resulted in the particle assemblies clustering together.

In

addition, it was observed that a minimum of two particle assemblies was required for cell
adhesion and spreading to occur. Similar observations were made by Maheshwari and
co-workers, and they demonstrated that integrin clustering is essential to support cell
adhesion and motility.31 Our in vitro studies show that RGD-modified multifunctional
carrier particles specifically bind to integrin receptors expressed on 3T3 cells.
Although the 3T3 fibroblast cells adhered to the RAD lithographed modified
particles, the cell response was different from that of the RGD modification. After 24
and 48 hours of incubation, the actin cytoskeleton continued to grow and the cells
remained alive. To again determine whether the cells were attached to the particle
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surface or taken up into the cell, confocal microscopy three dimensional z-stacking was
used. Figure E.6c and E.6d represent bottom slices (near the glass coverslip substrate
surface) of xyz images for the 24 and 48 hour RAD adhesion assay studies. The yellow
cross hairs show the position of the xz and yz slices, which are located to the right and on
the bottom of the Figure E.6c and E.6d, respectively. The xz and yz slices show that the
RAD-modified imaging particles are clearly located on a different plane than the nucleus
and the actin cytoskeleton after 24 and 48 hours in the adhesion assay. The RADmodified particles may have been specifically or non-specifically adhered to the cell
surface, but a receptor-ligand binding and integrin activation did not occur because the
particles were not taken up within the cell. The xz and yz slices for the 48 hour assay in
Figure E.6d show only the fluorescent green imaging particles and little or no red actin
cytoskeleton, indicating that the cell may not be adhered to the particles that are adhered
to the substrate surface since the particles and cell are on drastically different focal
planes.
While imaging the 24 and 48 hour adhesion assays for RGD and RAD
modifications, it was observed that RGD-modified particles were always found attached
to or near a cell, whereas the RAD-modified particles were often found randomlydispersed on the substrate surface without any cells present. One hypothesis is that the
non-specific 3T3 cell adhesion to the RAD motif lithographed imaging particles was
mediated though electrostatic interactions. Another possible reason for adhesion is that
protein in the serum media may have aided the non-specific adhesion of the 3T3
fibroblast cells to the RAD-modified imaging particles by conditioning the surface of the
modified particles with serum proteins and allowing the cells to stick by usual cell growth
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mechanisms. It is known that the RGD peptide ligand binds at the interface between the
αV and β3 subunits with the contacts between the aspartic acid group and the β3 subunit,
as well as contact between the arginine (cation) residue and the βA ligand-binding
domain of the β3 subunit which stabilizes the ligand-binding surface.32 The glycine
residue plays an important role in making hydrophobic interactions with the αV subunit
while lying at the α and β subunit interface.32 The single residue change to alanine for
the RAD control modification does not provide the hydrophobic interactions to result in
conformational correct binding and integrin activation of the cell.33, 34 Thus, we believe
that the integrin receptors were not being activated upon binding to the RAD motif and
receptor-mediated endocytosis did not occur.
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Figure E.6: Confocal microscopy images of 3T3 fibroblast cells adhered to RGD and
RAD motif lithographed 4 µm sulfate-functionalized PSL fluorescent yellow-green
particles assembled on glass coverslips. After 48 hours the RGD motif modified imaging
particles were taken up into the 3T3 cells. (a) 24 hour RGD motif assay xyz image from
z-stack taken from the middle slice. (b) 48 hour RGD motif assay xyz image from zstack taken from the middle slice. Note that the particles were taken up into the cell. (c)
24 hour RAD motif assay xyz image from z-stack taken from a bottom slice. (d) 48 hour
RAD motif assay xyz image from z-stack taken from a bottom slice. The cross-hairs
identify the position of xz and yz planes and the images were taken at 60× with oil. The
cell actin cytoskeleton was stained red with Alexa 568 phalloidin, the nucleus was stained
blue with DRAQ5, and the particles were fluorescent yellow-green.
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E.3.2.2 Type II (small lithographed region) Assembly Adhesion Assay.
The second set of studies performed with the type II assembly was a 48 hour cell
adhesion assay in which the 3T3 fibroblast cells grown on silicon wafers were inoculated
with imaging particles lithographed with 200 nm nanoparticles and RGD or RAD motif
modified only in the lithographed (bare patch) region. After 48 hours, the assay samples
were washed four times with 0.1 M PBS at 37 °C, fixed, dried in liquid CO2 and imaged
with FESEM. Figure E.7a illustrates that the RAD-modified lithographed region particle
assemblies were non-specifically adhered to the surface of the cells.

The flattened

lithographed regions (modified with RAD motif) are clearly visible in the images,
indicating that receptor-ligand interactions did not occur. The presence of the type II
particle assemblies on the surface of the cells could be non-specific from electrostatic
interactions, part of the RAD peptide contacting the integrin receptor, as well as from
surface tension present during the sample drying process. Figure E.7b shows that the
RGD-modified lithographed region particle assemblies specifically adhered to the cells
and the actin cytoskeleton had grown over the assembly by receptor-mediated
endocytosis. There was a distinct difference in the 3T3 fibroblast cell growth when RAD
and RGD lithographed region modifications were made to the colloidal assemblies.
When the RGD modification was used, the cells grew over the particles and appeared
morphologically different, as was hypothesized from the confocal microscopy results.
These FESEM images further validate the 48 hour RGD adhesion assay (confocal
microscopy receptor-mediated endocytosis results) for the type I assembly and clearly
demonstrate the effectiveness of our multi-functional colloidal carrier scheme. If the
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particles were fully functionalized with RGD or RAD (i.e. particle lithography was not
used during the functionalization process), then the same adhesion and uptake seen with
the type I and type II assemblies would occur.

Figure E.7: FESEM images of 48 hour adhesion assay with 3T3 fibroblast cells and 4
µm sulfate-functionalized PAH coated imaging particles lithographed with 200 nm
sulfate-functionalized PSL particles and (a) RAD or (b) RGD motif modified in the
lithographed region.

E.4 Conclusions
The particle lithography technique has the ability to create site-specific chemical
modifications on the surface of colloidal and nanoparticles, and was utilized in this work
to prepare a multi-functional targeting and imaging carrier assembly.

The surface

chemistry of the imaging particles in the lithographed and non-lithographed regions were
controlled with nanoscale precision. Confocal microscopy and FESEM imaging analysis
illustrate our successful fabrication of the type I and II multi-functional colloidal carriers.
The lithographed or non-lithographed regions can be easily tailored to include
electrostatically-adhered fluorescent (or even drug) nanoparticles or targeting moieties
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covalently bound to the imaging particle surface. Applying the particle lithography
technique has allowed for a unique fabrication process for a multitude of colloidal
imaging carriers with multiple information regions.
In vitro results showed 3T3 fibroblast cells specifically adhering to clusters of
RGD motif lithographed imaging particles after 24 and 48 hours of incubation. These in
vitro results suggest that localized targeting to the surface cell integrins was
accomplished. Endocytosis of the RGD motif modified particles was observed with
confocal microscopy after 48 hours of incubation. A second set of studies using the type
II colloidal carrier with FESEM analysis, further demonstrated localized targeting to the
surface cell integrins and endocytosis of the RGD motif modified particles, as well as the
non-specific adhesion of the RAD motif modified particles resulting in morphologically
different cytoplasm growth. From the FESEM images it is clear that the 3T3 fibroblast
cells displayed distinct morphological differences in their cytoplasm after non-specific
adhesion to the RAD motif modified on the imaging particles. The change in the cell
behavior was hypothesized to be a direct result of an inactive receptor-ligand interaction.
Our results demonstrate the capability of fabricating a multi-functional colloidal
carrier with site-specific regions of chemical “information” through the application of the
particle lithography technique. It can be envisioned that the proposed multi-functional
carriers have the potential to accomplish two tasks: 1) They can selectively image the cell
surface or tumor endothelium, and 2) the carriers can actively target to deliver therapeutic
agents, by adding locally-placed drug nanoparticles to a specific region on the colloidal
carrier surface, to the endothelial cell via receptor-mediated endocytosis.
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