ABSTRACT

STAMM, LINDSEY BROOKS JERRIM. Meniscus-Directed Assembly of Biologically
Active Coatings of Cells, Microparticles, and Nanoparticles. (Under the direction of Dr.
Orlin D. Velev.)

Convective assembly principles and techniques were used in two complementary
studies for depositing close packed yeast-coated surfaces and gold nanoparticle wires.
Convective assembly at high volume fraction was used for the rapid deposition of
uniform, close-packed coatings of Saccharomyces cerevisiae onto glass slides. A
computational model was developed to calculate the thickness profiles of such coatings
for various experimental conditions. Both experimentation and numerical simulations
demonstrated that the deposition process is strongly affected by the presence of
sedimentation. The deposition device was inclined to increase the uniformity of the
coatings by causing the cells to sediment toward the three-phase contact line. In
accordance with the simulation, the experiments showed that both increasing the angle of
the device and decreasing the angle between the slides increased the uniformity of the
deposited coatings. Finally, the “convective-sedimentation” assembly method was used
to deposit composite coatings of live cells and large latex particles as an example of
biologically active composite coatings. These coatings were allowed to proliferate and
demonstrate a proof-of-concept of a self-cleaning surface.

Two methods were developed for the deposition of micro- and nanoparticles into
linear assemblies that could be used in biosensors and biomaterials. In capillary-guided
deposition, a capillary is withdrawn across a wettable substrate, resulting in the assembly

of a particle line. We characterized the effects of particle concentration and withdrawal



speed and correlated them to structure of the deposited assemblies. The particles are
assembled into one of three different structures, depending on the particle volume
fraction and deposition speed. We demonstrate that the metallic nanoparticle lines are
Ohmically conductive. Using wedge-templated deposition, linear assemblies were
deposited from sessile droplets on moderately hydrophobic surfaces. The particles
convectively assemble at the freely-receding three-phase contact line and are pulled into a
line against the wedge. The deposited lines can be long and narrow with a few breaks or
significantly wider and shorter but unbroken. These methods could be used for

engineered patterning of nanoparticle structures on surfaces.
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Chapter 1. General Background on Patterning of Biomaterials

This dissertation is the culmination of my work in developing structures
consisting of biomaterials. The primary focus of my research has been to develop
techniques to deposit these materials in one- and two-dimensional structures and to
understand the mechanisms underlying the deposition processes. This general overview
sets the stage by summarizing the biological inspiration for many structured biomaterials,
discussing the principles of convective self-assembly and the use of this technique to
deposit biological particles, and reviewing the recent work in the deposition of one-

dimensional structures.

1.1 Biological Inspiration for Structured Materials

Nature is the source of inspiration for a vast number of structured and composite
materials that have been developed in recent years. To quote Leonardo da Vinci, "Where
Nature finishes producing its own species, man begins, using natural things and with the
help of this nature, to create an infinity of species."[l] It is through the study of many
natural species that an understanding has been developed and used to create many
nanostructured materials.

These materials frequently use micro- and nanoscale structure to enhance the
properties of the components.[Z] For example, superhydrophobic materials are frequently
created from components that are less hydrophobic than the resultant material, just as
weak components, with the proper structure, can be used to construct a material with

much stronger mechanical properties.®! Although innumerable micro- and nanoscale



structures exist in nature, 1 will be focusing on superhydrophobicity, optical properties,

structural properties, adhesion and self-healing.

1.1.1 Superhydrophobic Properties

Superhydrophobic properties have been discovered on many different species
spanning both the plant and animal kingdoms. These properties have been found on the
leaves of a number of plants including lotus,*® cabbage,!” Indian cress,/"® and lady’s
mantle,®*® among many others.*®* All of these plant leaves exhibit surface roughness
on several length scales, which is responsible for the water repellency.*%#! Water
striders are able to stand and move across the surface of water due to the structure of their
legs. The legs are covered tiny hairs (microsetae) that have nanogrooves, making them
superhydrophobic.®*?* The wings of cicadas, as well, have been studied for their
superhydrophobic properties.*®*! The difference in the structure of cormorant feathers to
that of other water birds was investigated, and it was found that the water birds had a
network of barbs and smaller barbules that greatly increased the water-repellency of their
feathers, while the cormorants did not.™ That same structure has also been found in
pigeon feathers.'® The Stenocara beetle in the Namib Desert has patterned hydrophilic
and superhydrophobic patches on its wings. These serve to collect small droplets of dew
and thereby capture water for the beetle to drink.!*”

All of these natural superhydrophobic surfaces have hierarchical structures that

enhance their water-repellency. Artificial superhydrophobic surfaces have taken



inspiration from these various natural surfaces and have used various means to create
structures with multiple length scales on their surfaces. Superhydrophobic surfaces have
been created by using a series of tall posts, upon which a water droplet would
rest,>7 91418221 fractal  surfaces, ™  roughened  surfaces!® and  composite
surfaces." 1011920 Additionally, the Namib desert beetle has been used as the inspiration
for the development of substrates patterned with hydrophilic and superhydrophobic

regions by depositing hydrophilic polyelectrolyte on a superhydrophobic surface.!*”!

1.1.2 Optical Properties

The optical properties of various natural structures have been studied to provide
inspiration for light-guiding components, antireflective coatings, as well as for
technologies requiring specific wave frequency bands.**! Optical properties include the
iridescence of plants,” insects,’*?*! and various animals;'*® antireflective surfaces on

[24]

insects;!**? structural coloring of insects,**?"% pirds,* and plants;** polarized

2] and UV absorption of Edelweiss flowers.””! For

colored reflection of insects;
example, the microstructure of butterfly wings have been studied for their unique optical
properties,**?® as well as their hydrophobicity,'*'*! and there has been some work on
replicating their reflection of light, but only over small areas.!”® Also, the iridescent

cuticle of a scarab beetle has a liquid crystal-like structure that has been replicated using

titania films.[®!



1.1.3 Structural Properties

The deep-sea glass sponge Euplectella has a cylindrical structure with a square
lattice of bundled silica spicules. These spicules consist of silica nanospheres surrounding
a protein filament.®* This hierarchical structure imparts a much greater strength to the
structure than would otherwise be present.”! Both the structural® and the optical

propertiest®!

of these structures have been explored, as a possible source of
bioinspiration.

Mollusk shells have an inner layer of nacre (mother of pearl), which is
constructed of the aragonite form of calcium carbonate and biopolymers. The
components layered and structured on multiple length scales in such a way that the
resultant structure is extremely tough.2*°323% Artificial nacre can be developed by
sequentially depositing layers of polyelectrolyte and clays, with structural properties
approaching those of natural nacre.®® The physics of ice formation has also been used to

develop porous, layered materials to mimic nacre.®”

1.1.4 Adhesive Properties

The surface of a gecko’s foot consists of a series of microscopic hairs (setae),
when then split into many smaller pads (spatulas). These spatulas adhere to surfaces via
van der Waals forces.**®l In order to mimic this surface, patches of patterned
multiwalled carbon nanotubes have been constructed to have large adhesion forces.*®

Another approach has used arrays of polypropylene fibers to achieve a similar result.



Figure 1.1. Natural and artificial hierarchically structured materials. (a) The rough
surface of a lotus leaf, N. nucifera, characterized by papillose epidermal cells and
epicuticular wax crystals, which make the surface superhydrophobic. Scale bar is
20 um. $b7) The nanostructure of a butterfly wing, P. ulysses, resulting in an iridescent
blue color.”*! (c) The cage structure of the sponge, Euplectella sp., showing the lattices
constructed of spicule bundles, increasing the mechanical rigidity and stability of the
structure. Scale bar is 5 mm.” (d) A series of pillars mimicking natural self-cleaning
surfaces, made by plasma-etching on a silicon wafer, resulting in a superhydrophobic
surface.”! (e) A superhydrophobic polystyrene film composed of microspheres and
nanofibers.** (f) A porous, layered structure of alumina made via ice formation,
imparting much greater mechanical strength to the material. Scale bar is 500 pm."!



1.1.5 Self-Healing Properties

Another source of recent interest has been the mimicry of the way organisms
heal,*“” frequently via bleeding and clotting.*" To mimic bleeding, a number of studies
have contained repair components in hollow fibers®*®*l or microcapsulest***! so that
upon rupture, the components release and repair the material. To mimic clotting,

nanoparticles dispersed in polymer films have been used to deposit at the damage site.!"

1.2 Convective Assembly

Convective assembly was first researched and developed as a deposition
technique for two-dimensional colloidal crystals by Denkov, et al." For a suspension of
colloidal particles on a substrate with a vanishing contact angle, evaporation results in the
pinning of the three-phase contact line. When this occurs, the particles begin to collect at
the three-phase contact line and arrange into a close-packed, ordered structure, as shown
in Figure 1.2.

The pinning of the three-phase contact line results in the thinning of the liquid
film near the contact line as the liquid evaporates. The onset of the colloidal crystal
formation occurs when the thickness of the liquid film becomes smaller than the diameter
of the suspended particles.*>*?] At that point, the deformation of the menisci between
particles results in attractive capillary forces between the particles that result in a close-

packed structure.[*®!



Substrate

Figure 1.2. (a) Optical micrograph showing the hexagonal packing of the colloidal
crystal and the transport of additional particles to the growing crystal front.[*"!
(b) Schematic showing the formation of a colloidal crystal in a thin film via convective
assembly.[*’]

Capillary forces are defined as the interactions between particle surfaces caused
by fluid interfaces. Attractive immersion capillary forces occur when there is an overlap
of the menisci around two similar particles that are partially immersed in a thin liquid
film. The deformation of the liquid film caused by the particles protruding from the
surface thus results in the attraction and eventual adhesion of the two particles.l®*? The
evaporation from the thin liquid film that causes the attractive capillary forces between
the particles also engenders a flow of liquid toward the pinned contact line to compensate
for the evaporated liquid. Suspended particles are pulled along with the liquid, thus

convectively transporting them to the pinned contact line.[***® The flow of particles then

allows for the crystal to grow as evaporation of the thin film continues.



This has been characterized by balancing the flux of solvent evaporating from the

system and the flux of solvent transporting particles to the growing crystal:**>

__ Blije
* h(l-¢)(1-9)

where v¢ is the crystal growth rate, g is the coefficient of proportionality, | is the drying
length, je is the evaporation flux, ¢ is the concentration of the suspension, h is the height
of the crystal, and ¢ is the porosity of the crystal. The value of the coefficient of
proportionality, S, is dependent upon the particle-particle and particle-substrate
interactions; it varies between O and 1 and approaches 1 for weakly interacting
systems.®?

A variety of experimental setups have been used for convective assembly of
particles onto substrates. Experiments were initially performed using a cell in which the
particle suspension was placed on a horizontal hydrophilic substrate, resulting in the
formation of a colloidal crystal.*>#¢°554 More recently, a stationary substrate has been
angled and had a droplet of suspension placed upon it.®***! In other studies, a substrate
has been placed vertically in a vessel containing a particle suspension and left until
evaporation has deposited a crystal on the substrate.*®*® By vertically withdrawing a
substrate from a particle suspension,®**¥ the deposition technique was developed into a
continuous process.

Previous research in our group has improved upon this vertical withdrawal

technique by trapping a droplet of a concentrated suspension between two plates. A linear



motor, as shown below in Figure 1.3, moves the top plate along the horizontal bottom
substrate upon which the particles will be deposited. As with previous experiments
involving convective assembly, the three-phase contact line pins, resulting in the
nucleation of a colloidal crystal at that point. The meniscus was withdrawn at a constant
rate by pushing the top plate with a linear motor. By using concentrated particle

suspensions in addition to withdrawing the meniscus, cm-scale colloidal crystal were

formed in minutes instead of hours or weeks.[*”]
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Figure 1.3. Schematic showing the rapid convective assembly apparatus, in which the
top plate is moved along the substrate using a linear motor. The inset shows the
evaporation of liquid from the growing colloidal crystal and the convective transport of
liquid and particles to the growing crystal front.[*”

Control and understanding of the convective assembly process has increased as
the effects of various parameters have been understood. The number of particle layers
has been found to be affected by the slope of the meniscus,®®®? the particle

concentration,”*”* and the withdrawal rate.°*6! |t has also been determined that



particle ordering is highly dependent on the temperature of the system.”>®? While the

relative humidity has been shown to have no effect on the deposited crystals,”

increasing the evaporation rate does seem to improve the crystal quality.%®"
Additionally, it has been shown that significant ordering is present only when the
particles and the substrate have the same charge because of a higher particle mobility

near the growing crystal front.l?!
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Figure 1.4. SEM images showing colloidal crystals formed via convective assembly.
(a) Hexagonal packing of latex particles.l’? (b) Cross-section of a colloidal crystal.['™
(c) A square lattice of templated gold nanoparticles formed by the latex microspheres that
were simultaneously deposited with the nanoparticles. Scale bar is 500 nm."
(d) Colloidal cr?/stal showing the arrangement of two sizes of latex particles deposited
simultaneously.™

The degree of control that can now be exerted over the process has allowed for

the development of a number of intriguing uses for convective assembly. Colloidal
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crystals have been used as templates for the deposition of other porous materials. The
material of interest, if in particle form, can be deposited concurrently with the large
colloidal particles or may be deposited following crystal deposition. The larger particles
used as a template can then be removed, leaving a porous structure behind.® " Multiple
particle sizes have been deposited separately in successive layers™ and also
simultaneously.®®¢77%"" As can be seen in Figure 1.4, the smaller particles are clustered
around the bases of the larger particles; this phenomena is known as size-selective

segregation.t’’!

1.3 Convective Assembly of Biological Particles

Convective assembly has been used to deposit proteins, bacteria, and viruses by
several different methods over the last 15 years with a variety of motivations for such
arrays. Proteins have been deposited in two-dimensional arrays for the potential
applications of the development of immunoassays,”® sensors and biosensors,!®%
electrical devices,/®®! and catalytic materials,®® in addition to structural analysis of the
proteins.[’®8982 Bacteria have been deposited in such arrays for use in surface enhanced
Raman spectroscopy,® and anisotropic viruses, such as tobacco mosaic virus (TMV),
have been assembled into arrays because of the unique optical and electrical properties
engendered by the shape of the particles.

A number of methods have been used to deposit proteins using convective

assembly. As previously discussed, convective assembly takes place when evaporation
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decreases the thickness of the thin liquid film until lateral capillary forces can pull the
particles together. This thin liquid film can exist on either a solid substrate or on a liquid
layer.®®! Initial research used liquid surfaces for the alignment of protein
molecules,®*""#87 and more recent work has led to the deposition of well-ordered

protein arrays on solid substrates.®**"

1 mg/ml at 5.3 pmis 1 mg/ml at 1.6 pm/s
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Figure 1.5. Biological particles deposited using rapid convective assembly. (a) &
(b) Monolayer and multilayer of ferritin molecules.®”! (c) Multilayer of E. coli and silver
nanoparticles. (d) Film of TMV, oriented in the direction of deposition.®*

1.3.1 Assembly on Liquid Surfaces

The first of the methods researched to deposit proteins in a two-dimensional array

used a mercury trough. A droplet of ferritin solution was placed on a mercury surface.
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The solution spread across the surface of the mercury, completely wetting it, to the walls
of the trough.""#") As evaporation occurred, the thickness of the wetting film decreased,
resulting in lateral capillary forces that pulled the protein molecules in a hexagonal
array.® The dried array could then be transferred to a solid substrate for analysis. These
studies resulted in the formation of close-packed, ordered arrays of particles, but they
showed only the coating of very small areas (~1 um?). This technique was also used for
the assembly of polio virus particles.l’”

Perfluorinated oil (F-oil) was also used as a liquid substrate for the assembly of
arrays of protein molecules.®* A Teflon ring was pressed against a glass plate, and a
layer of F-oil was injected and then topped with a layer of ferritin solution. By then
removing the majority of the oil layer, the evaporation rate of water from the solution was
increased. After a couple of days, the water and oil evaporated completely, leaving
behind groups of hexagonally packed ferritin molecules that lacked long-range ordering.
Larger latex particles were also deposited using this technique, and observations

confirmed that convective assembly was responsible for the alignment of particles.>”

1.3.2 Assembly on Solid Substrates

In order to deposit proteins directly onto solid substrates in an ordered array, it
was necessary to form stable films that were thinner than the protein diameter so that
lateral capillary forces would align the protein molecules into an ordered array. By

mechanically spreading the protein solution over the surface, a wetting film can be
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formed with the necessary stability for convective assembly to occur.®” This was
accomplished by depositing the protein solution at the contact area between a horizontal
silicon wafer and a vertical platinum plate. By moving the silicon wafer at a constant
velocity, the contact line of the protein solution pinned and was dragged along the plate
to form the thin, wetting film. The resultant ferritin arrays were hexagonally ordered but
shown only for very small areas.[®!

More recently, the rapid convective assembly technique developed in our research
group (Figure 1.3) has been used to deposit biological particles on silicon wafers and on
glass. As discussed earlier, a droplet of concentrated suspension is trapped between a
horizontal slide and an angled slide. By laterally moving the top slide, the contact line
pins and forms a thin film in which convective assembly occurs.l*’} Ferritin molecules
were aligned into ordered monolayer and multilayer arrays by controlling the protein
concentration and the withdrawal rate.’®® Bacterial cells (E. coli or Staphylacoccus
cohnii) were deposited concurrently with silver nanoparticles to form very thick
multilayers of cells and particles.) TMV, as well, has been deposited in thick, well-

ordered films using this rapid convective assembly technique.’®*

1.4 Deposition of Linear Arrays
Using the same rapid convective assembly apparatus previously developed in our
research group,l*”? TMV was deposited onto glass substrates not only to form films,®*

but also to form aligned fibers.[®® The structure of the TMV films formed on the substrate
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could be controlled by withdrawal rate of the meniscus and by the substrate contact
angle. Lowering the meniscus withdrawal rate served to increase the thickness of the
fibers and decrease the degree of branching. By using a hydrophobic substrate, the fibers
formed were much more organized than those deposited on hydrophilic surfaces. On the
hydrophobic substrates, dewetting of the thin liquid film resulted in fingering
instabilities, where TMV was bundled into large fibers. By attaching gold nanoparticles
to the surfaces of the virus particles and then using silver enhancement to deposit a layer
of silver over the gold nanoparticles, the TMV fibers became electrically conductive
wires.® This same technique has also been used to deposit lines of bacteriophage M13
as a surface upon which to culture mouse fibroblasts into patterned lines.®

In addition to depositing arrays of virus particles for use as templates for the
deposition of metal or cells, a number of techniques have been used to deposit arrays of
nanoparticle lines. Patterned self-assembled monolayers (SAMs), dip coating,®**"]
patterned polydimethylsiloxane (PDMS),*%%! and droplet printing,™***** as well as

lithography, %1% DNA templating,!**” and dielectrophoresis (DEP)!'®! have all been

used to deposit nanoparticle lines.

1.4.1 Patterning using SAMs
Several techniques have been developed that use SAMs to either encourage or
discourage adhesion of particles in particular regions of the substrate. These regions were

patterned such that the techniques resulted in the deposition of arrays of particle lines.
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To encourage adhesion, microcontact printing!:®®! was used to deposit a SAM on a
gold-coated silicon substrate in a pattern, and the remaining regions of the substrate were
coated with an adhesion-resistant SAM. Polyelectrolyte layers were then deposited onto
the stamped, adhesive regions, and upon exposure of the entire substrate to a suspension
of latex microspheres, the particles adhered to the polyelectrolyte layers to form an array
of microparticle lines.

By inking a PDMS stamp using solvents that dewetted on its surface, the ink
solution was contained in the recesses of the stamp. After removing the excess solvent,
the stamp was brought into contact with a glass slide and baked to transfer the pattern to
the substrate. Silane SAMs were deposited using this method, and then CdSe
nanoparticles were preferentially deposited on the silanes. Additionally, TiO,
nanoparticles have been directly deposited using this technique.!®”

Using diffraction gratings, PDMS stamps were first molded and then were used to
deposit hydrophobic, passivating siloxane molecules on a silicon substrate. By exposure
to a metallization precursor and then an electroless plating solution, metal was deposited
on the unstamped regions of the substrate. The resultant array of lines deposited was
rough and of varying width."°%

By using electric field induced oxidation™"%®! by atomic force microscopy
(AFM) after the SAM was deposited onto a silicon wafer, the organic monolayers were
removed and the silicon surface was changed to SiO,. The AFM tip was used to pattern

the substrate in a series of parallel lines. The patterned substrate was then exposed to a
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silver nanoparticle suspension, and the particles deposited on the SiO, surfaces, forming

an array of nanoparticle lines.l*”

200 pm

Figure 1.6. Arrays of nanowires and nanoparticle lines. (a) Parallel wires formed by
silver enhancement of TMV fibers deposited via meniscus dewetting using the rapid
convective assembly apparatus. Scale bar is 500 pum.P®®! (b) Latex microsphere lines
formed in the troughs of wrinkled polyelectrolyte films. Scale bar is 2 um.® (c) Gold
nanoparticle lines formed using slip-stick motion via dip coating.’® (d) Lines of latex
microspheres deposited on polyelectrolyte layers patterned on a substrate using SAMs.
(e) Lines of gold nanoparticles formed by depositing the particles on a PDMS stamp and
then transferring the dried particles to the substrate.”® (f) Array of parallel gold
microwires formed on the surface of a glass substrate using DEP. Scale bar 50 pm.!%!

1.4.2 Dip Coating
Dip coating has been used for many years to deposit films and particles onto
substrates by withdrawing the substrate from a vessel containing the suspension to be

deposited. As the substrate is withdrawn, a thin film becomes entrained on the
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surface,'® and as the withdrawal rate of the substrate increases, so does the thickness of
the deposited film.M%* The early research on dip coating focused on understanding the
proceduret*>*®! and studying the deposited film structure;™****4 recent work has used
dip coating to deposit particles in patterns on a substrate. Using dip coating in
conjunction with dewetting of the substrate,® patterning of the substrate,’”! or stick-slip
motion®*95% resulted in the formation of arrays of particle lines.

When substrates with contact angles from <10° to >60° were withdrawn from a
vessel containing a dilute Langmuir-Blodgett film of nanoparticles, the particles were
transferred onto the substrates. Fingering instabilities in the drying front, resulting from
the presence of a water-soluble polymer, caused the nanoparticles to aggregate into more
concentrated regions. As additional particles were transferred to the substrate, the
dewetting continued, resulting in the formation of nanoparticle lines parallel to the
direction of deposition.*

Multilayer polyelectrolyte films were carefully stretched and retracted, resulting
in wrinkling of the film into parallel lines. These films were then drawn out of a particle
suspension, with troughs of the wrinkled film parallel to the direction of substrate
withdrawal. The particles deposited into the troughs, forming an array of nanoparticle
lines.l*"]

When a moderately hydrophobic substrate was pulled up out of a Langmuir-
Blodgett monolayer of nanoparticles, a stick-slip motion was observed, resulting in the

deposition of a series of lines parallel to the meniscus.®® By withdrawing a substrate
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with limited wettability from a dispersion of silver nanowires, parallel lines of nanowires
were deposited via the stick-slip motion. These lines, also parallel to the meniscus, were
electrically conductive.® Similarly, lines formed when gold-coated silicon wafers were
withdrawn from a latex microsphere suspension. These lines were parallel to the

meniscus and formed due to stick-slip motion.!**!

1.4.3 Patterning using PDMS

A number of techniques used PDMS to pattern nanoparticles onto a substrate.
Several of these techniques deposited the particles onto the PDMS and then onto a
substrate®® %! or used the PDMS template as the substrate,® in addition to a number of
techniques that deposited SAMs and then particles onto the substrate.

In order to deposit nanoparticles on a PDMS stamp, the meniscus of a colloidal
suspension was withdrawn over the surface, resulting in the deposition of particles into
the recesses of the stamp via convective assembly. The PDMS stamp was then brought
into contact with the substrate, and the dried particles adhered to the substrate, resulting
in the deposition of arrays of nanoparticle lines.[*

Similarly, a meniscus was withdrawn over a patterned, hydrophobic PDMS
template. The liquid meniscus pinned and deformed around the vertical structures of the
template. Capillary forces and particle flow towards the contact line engendered by

evaporation seemed to cause the deposition of particles around the vertical structures.
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This resulted in patterns dependent upon the patterned template, including arrays of

particle lines.™!

1.4.4 Droplet Printing

Using ink jet technology™® or modified drop-on-demand printing,*** uniform
microdroplets of gold nanoparticle suspension were deposited in continuous lines on a
substrate. Using laser irradiation, the lines were cured to form continuous, conductive

arrays of lines. [0

1.4.5 Patterning using Lithography

A patterned substrate was prepared by photolithography and then chemical
etching of a silicon substrate, resulting in stripes of SiO,. A droplet containing silica
nanoparticles was placed onto the substrate and allowed to dry. The particles were
convectively transported to the regions between the SiO, stripes and were there
assembled into close-packed structures via lateral capillary forces.**?

Silanes were patterned onto a silicon substrate using lithography to form linear
hydrophobic and hydrophilic regions. A nanoparticle suspension was quickly withdrawn
from the container holding the substrate, and once the liquid level dropped lower than the
substrate surface, the liquid dewetted from the hydrophobic regions. This resulted in the
deposition of the nanoparticles onto the hydrophilic sections of the substrate, forming an

array of lines.[%!
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1.4.6 DNA Templating
Droplets of a DNA solution were placed on a glass substrate, and an air flow was
used to drive the flow of fluid in one direction. Metallization of the DNA samples using

electroless deposition resulted in the formation of palladium wires.**

1.4.7 Dielectrophoresis

A gold nanoparticle suspension was contained in an experimental cell containing
two electrodes. When alternating current was applied, the particles began to aggregate
and form microwires between the electrodes via positive DEP, in which the particles are
attracted to the regions of high field intensity.**") While the technique can also be used to
form wires in the bulk of the suspension, arrays of microwires were deposited onto the
glass substrate by using a higher frequency and decreasing the electric field as the wires

grew.r%!

1.5 Deposition of Individual Lines

While there are numerous techniques to deposit arrays of nanoparticle lines, fewer
techniques have been used to deposit single lines of nanoparticles on a substrate. The
methods for deposition are quite varied, using SAMs,™® micropipettes,****2% fountain
pen nanolithography,*#*'??1 and electro-hydrodynamic printing.[*23*24!

SAMs that were modified to form a pattern were used to deposit silica

microparticle lines. The SAMs were deposited on silicon substrates that were then
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modified with a diamond tip or an atomic force microscopy (AFM) probe to form a line
of silanol groups. The patterned substrate was then immersed in a suspension containing
the silica microparticles, which bound to the silanol regions of the substrate, forming

single lines of particles.!**®]

Figure 1.7. Single micro- and nanoparticle lines. (a) Silica microparticle line formed by
modifying the SAM deposited on the substrate and then immersing the substrate in a
particle suspension.® (b) Line of silver nanoparticles formed via electro-hydrodynamic
printing.?®! (c) Gold nanoparticle line formed via fountain pen nanolithography. 2%
Gold nanoparticle lines have been deposited using a micropipette that was held
vertically above the substrate, such that the nanoparticle suspension was able to wet the
substrate. By moving the substrate laterally, a line of gold nanoparticles was drawn.!***!
In one technique, a laser was used to sinter the nanoparticles following deposition,
resulting in an electrically conductive line.**¥) In another variation, following deposition
of the nanoparticles, a droplet of deionized water was placed upon the line and then
placed on a hotplate. Dewetting caused by thermocapillarity and convection resulted in
the reduction of the line width.*’!

Fountain pen nanolithography!?®! was also used to deposit lines of nanoparticles.

A cantilevered micropipette was brought into contact with a substrate, and the
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nanoparticle suspension flowed out of the tip. Once the suspending liquid evaporated, a
line of nanoparticles was left on the substrate. Using this technique, lines of green
fluorescent proteint*?! and electrically conductive lines of gold nanoparticles™*?? have
been deposited.

Individual lines of silver nanoparticles™®! and alumina nanoparticles™***! were
deposited on substrates using electro-hydrodynamic printing. The jet from which the
nanoparticle suspension was ejected serves as the anode, and the suspension travels
toward the nearest ground electrode, which in this case is a pin underneath the substrate.
By laterally moving the substrate, a line of nanoparticles was deposited on the substrate.
The silver nanoparticle lines were thermally cured and then found to be electrically

conductive.[**!

1.6 Topical Layout of the Dissertation

As discussed in this introduction, many biomaterials have been developed to
mimic the structure or functionality of natural materials, and many other materials have
gone beyond this to create new structures using colloidal techniques to deposit
biomaterials. Chapters 2 and 3 build upon these ideas, using rapid convective assembly to
deposit live yeast cells. Chapter 2 discusses the development of a new technique,
convective-sedimentation assembly, to uniformly deposit large particles and cells in
close-packed arrays in the presence of sedimentation, and details a model of the process

to understand the deposition phenomena. Chapter 3 uses this convective-sedimentation
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assembly technique to deposit arrays of yeast cells and large latex particles and shows the
proof-of-concept of a self-cleaning surface.

Chapters 4 and 5 discuss the development of two novel techniques for the
deposition of single lines of gold nanoparticles. Chapter 4 covers the development of a
technique using a capillary to draw lines of gold nanoparticles, and components of both
convective assembly and dip coating are present the process. The lines have been
characterized and found to be electrically conductive. Chapter 5 discusses a technique
that uses a vertically placed wedge on a substrate as a template for the formation of a
gold nanoparticle line from a droplet via convective assembly. The gold nanoparticles
used to develop these techniques are a model system for peptide-capped gold
nanoparticles.?®! These nanoparticles, which have an affinity for heavy metal ions,**"

when assembled in a line, could feasibly be used to develop a sensor.
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Chapter 2. Deposition of Coatings from Live Yeast Cells and Large
Particles by “Convective-Sedimentation” Assembly

2.1 Introduction

Close-packed and uniform films and coatings composed of colloidal particles
have a wide variety of potential applications. One facile and simple process to organize
and deposit the particles in a liquid film into crystalline and close-packed structures is

convective assembly from drying menisci.!'?! A wide variety of particle types have been

[1-6] 8]

deposited by this method, including colloidal latex,!"® gold nanoparticles,* anisometric

zeolites,””! and colloidal silica.l""'"! Many different applications for such coatings are

being developed, including antireflective coatings,!'"! SERS enhancement substrates for

[7,12]

sensors, materials for surface-assisted desorption/ionization mass spectrometry,!'’)

[ 5] [7,16,17] 18-20]

biosensors,!'" catalysis,!"”) macroporous films, and photonic crystals.!

Live microbial and animal cells present an interesting object for colloidal
assembly as "particles of a kind."*'! A large number of cell deposition techniques have
been investigated in recent years, and the resulting cell films represent interesting
biomaterials. Most of the cell deposition techniques reported involve patterning,
[22]

electrodes or templating. Such methods include the use of electroactive substrates,

dielectrophoresis between microelectrodes,'!! modulated magnetic fields,*” inkjet and

[24,25 27-29]

laser printing,****! optical trapping,”*® biologically-friendly lithography,! covalent
bonding to alkanethiols,”” encapsulation with a polyelectrolyte,®") laminar flow

patterning®?! and droplet templating.®®) Several methods use polydimethylsiloxane
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(PDMS) to pattern substrates for cell growth.[34'37] Recently, it has been demonstrated
that the convective assembly method can be used for deposition of cells,”® and the
related “drawdown method” has been used to deposit cells and particles in unpatterned
centimeter-scale patches on a substrate.””!

The process of convective assembly of two-dimensional (2D) colloidal crystals
begins when the contact line of a receding liquid surface pins and the thin liquid film
becomes thinner than the diameter of the particles. The menisci formed around the
particles give rise to attractive capillary forces, and as the liquid evaporates, the particles
are pulled together to form two-dimensional crystal nuclei.!"*! A flux of liquid from the
bulk of the suspension to the drying front of the crystal compensates for the fluid loss due
to evaporation, which results in convective transport of particles to the drying front,

propagating the crystal growth.!'?) A mass balance allows to correlate the crystal growth

rate, v., to the evaporation rate and particle volume fraction:

Bl
© h(-e)(-¢)

where £ is an interaction parameter, j. is the rate of evaporation,/ is the drying length, ¢ is
the volume fraction of the particles in suspension, /4 is the height of the deposited
colloidal crystal, and ¢ is the porosity of the crystal.**!

Prevo and Velev reported a modified convective assembly method that allows
rapid and controllable deposition of particulate coatings from miniscule volumes of

suspension.”? A small liquid body containing particles at high volume fraction is trapped

between two plates, and a linear motor pushes the top plate along the long axis of the
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bottom plate, thereby dragging the meniscus with it. Formation of the colloidal crystal
occurs in a thin film on the bottom plate by conventional convective assembly. The use of
a high volume fraction of particles serves to decrease drastically both the volume of the
suspension and the time necessary for deposition of the colloidal crystal.’

We report here how a modification of the above method for convective assembly
at a high volume fraction can be used to deposit rapidly close-packed yeast cell coatings
on glass plates. The cells are much larger than the other types of particles deposited
previously using this method, which affects the deposition process by the presence of
sedimentation. The goals of this investigation are to investigate the fundamentals of the
effect of cell size on the deposition process and develop means of controlling of the
convective assembly procedure to obtain large uniform coatings. We first present a model
simulating the cell deposition process that allows identifying the conditions that control
the coating uniformity. We then investigate the effect of these parameters on the

deposition of coatings from cells and mixed cells and particles.

2.2 Materials and Methods
2.2.1 Preparation and Characterization of Yeast Cell Suspension

A 10 wt% suspension of yeast cells was prepared by dispersing 0.5 g of
Fleischmann’s active dry baker’s yeast, Saccharomyces cerevisiae (ACH Food
Companies, Memphis, TN), in 4500 uL of deionized water obtained from an RiOs 16

reverse-osmosis water purification system (Millipore Corporation, Bedford, MA). The
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yeast cells were sprinkled over the room temperature water and allowed to reside for 5
min. The vial was then manually agitated to suspend the yeast cells in the water and was
allowed to sit for 30 min. Following the cell hydration, 0.25 g of anhydrous dextrose
(Fisher Scientific Chemical Division, Fair Lawn, NJ) was added to the suspension.

The pH of the suspension was measured using a compact pH meter (HORIBA
Instruments, Irvine, CA) and was adjusted to 8.0 using cell culture tested 1.0 N NaOH
(Sigma-Aldrich, St. Louis, MO). The pH was then adjusted every 30 — 45 min for several
hours using small aliquots of NaOH until it stabilized at 8.0. Immediately prior to
deposition, the cell suspension was sonicated gently (Branson Ultrasonics Corporation,
Danbury, CT) for 15 — 20 s to break up aggregates.

The cell dispersions showed some degree of aggregation as the cells resist
changes in the pH of the suspension away from the isoelectric point of 4 because of the
—COOH groups and the other protonated macromolecules on their surface. The
aggregation state of the yeast cells in these suspensions was determined by optical
microscopy. Following 20 s of sonication, samples of the suspensions were taken prior to
and following pH adjustment (i.e., at a pH of ~4.3 and of ~8.2). 10 pL of the suspension
were diluted in 500 pL of deionized water, mounted on microscope slides and digitally
photographed using an Olympus BX61 optical microscope. The percentage of aggregated
cells was decreased by both by the sonication and by repeatedly adjusting the pH of the
suspension away from the isoelectric point, resulting in less than 25% of the cells being

in aggregates.
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2.2.2 Deposition of Cell Coatings

Fisherbrand 25 mm x 75 mm glass microscope slides (Fisher Scientific) were
cleaned by overnight immersion in a NOCHROMIX solution (GODAX Laboratories,
Cabin John, MD). The slides were carefully rinsed with deionized water and dried in an
oven at 70°C for 45 min. Two clean glass slides were attached to the deposition device. It
was important that the edge of the top slide lie flat on the bottom slide to ensure the
formation of a uniform meniscus. A volume of 12 puL from the cell suspension was then
injected between the two slides and spread to form a uniform meniscus. The linear motor
pushing the top slide was operated at 21.1 pum/s while the cells were deposited onto the
substrate in 15 — 45 min. The suspension was deposited at the ambient lab temperature of

22 +2.5°C, and an ambient relative humidity of the lab ranging from 30% to 60%.

2.2.3 Coating Characterization and Modeling

To determine the uniformity of an entire coating, images were taken using a low-
magnification Olympus SZ61 microscope equipped with a digital camera. An Olympus
BX61 microscope with a CCD camera and 5x to 50x objectives were used for collecting
high-magnification images of the cell structure using bright field, phase contrast, or
oblique lighting. Images of the coatings were analyzed using digital image processing.
Adobe Photoshop 7.0.1 was used in to measure the surface fraction of the cell coverage
and the uniformity of the layers. A Leica TCS SPI laser scanning confocal workstation

attached to a Leica IMBE inverted microscope with a Hamamatsu cooled color CCD was
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used to collect Z-stacks of images for three-dimensional rendering of the coatings. Active
dried S. cerevisiae from MP Biomedicals (Solon, OH) was used for confocal imaging
because the cells are fluorescent. A 488 nm Argon laser was used to view coatings with a
40x oil immersion objective. The various deposition mechanisms at work during

convective-sedimentation assembly were modeled using Maple 9.00.

2.2.4 Deposition of Mixed Yeast Cell-Latex Coatings

The yeast cell suspension for mixed coatings was prepared as described above.
Sulfate latex microspheres (10 um) (Interfacial Dynamics Corporation, Eugene, OR)
were washed and concentrated using a Fisher Marathon micro A microcentrifuge (2700 g
for 5 min). The two suspensions were mixed in a proportion such that the number of cells
in the suspension would approximately equal the number of particles. The combined
suspension was sonicated to reduce cell aggregation before deposition. The suspension
was injected between the slides and deposited with the device at a forward inclination of
30°. To confirm the viability of the yeast cells, FUN 1 cell stain (Molecular Probes,
Eugene, OR) was incubated with the cells for 30 min in a final concentration of 20 uM.
The cells were then viewed in the fluorescence microscopy mode of the BX61. The live,

vital cells metabolized the dye, and thus were no longer uniformly fluorescent.
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2.3 Results and Discussion

The process of assembly of cells by convective evaporation is different from the
assembly processes of conventional colloid particles because the morphology of cells is
variable, they can interact in dense suspensions, and the size of the cells used in this study
was an order of magnitude or more larger than the particles previously deposited using

[6811) The greater tendency toward-sedimentation turned out

this method (12 nm — 1 um).
to be a major factor affecting the process and specifically the uniformity of the coatings.
In order to understand the effect of these factors and design processes where the cells can
be deposited with maximal efficiency and uniform thickness we performed numerical
evaluation of the parameters affecting the deposition process and their effect on the
coating uniformity.

The sedimentation rate, Vs, of the large particles was estimated using the Stokes

equation™”’

2r, izl (pcell = Psusp )g
9t

V =

s

where 7. 1s the radius of a cell, p..; is the density of a cell, pu, 1s the density of the
suspension media, g is gravitational acceleration, and g4,y is the viscosity of the
suspension. The major assumption in the Stokes equation is that the particles are
noninteracting hard spheres in a diluted suspension. The concentration of yeast cells in
the suspensions being deposited in our experiments,~however, is relatively high at 10

wt%. The viscosity of the suspension was adjusted to account for the high concentration
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of particles by using literature data for the relative viscosity vs. concentration of yeast
cells!*! (the relative viscosity of our suspension was 1.4). The sedimentation rate of the
cells in the suspension may also differ from the Stokes rate because of cell-cell
interactions; at the experimental pH, the cell surfaces are negatively charged due to the
presence of carboxyl and phosphate groups, so, electrostatic repulsion forces
predominate.[*>**!

The sedimentation rate of the cells estimated from the Stokes equation was 1.16
pum/s. This is nearly 10% of the withdrawal speed, which was maintained at 21.1 pm/s for
all experiments, while depositing a coating of length from 10 mm to 25 mm. Clearly, a
significant amount of the cells in the liquid meniscus will sediment on the bottom slide
during coating deposition. Thus, we define "convective-sedimentation assembly" as the
process of depositing large particles or cells by evaporative convective assembly in the
presence of sedimentation (Figure 2.1). The process involves a combination of multiple
effects and complex particle transfer and deposition mechanisms. We developed a

computational procedure that takes into account the effects involved and simulates the

deposition process. The procedure and the results of the calculations are described below.
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Figure 2.1. Schematic of the convective-sedimentation assembly process. The bottom
slide remains in place while the top slide is translated to the right by a linear motor at a
rate, v,.. Sedimentation, evaporation, and convection act on the cells during the deposition
process.
2.3.1 Convective-Sedimentation Deposition Model
2.3.1.1 System Geometry

The deposition takes place at the edge of a long meniscus of water trapped
between two plates. The geometry is translationally invariable in the meniscus direction
and there is no redistribution of material parallel to the meniscus edge. Neglecting the
effects of the two sides, which only slightly affect the deposition at the edges of the
plates, we consider a slice with a width of a single cell diameter perpendicular to the
edge. Because the plates in the experiments are hydrophilized, the water-glass contact
angle was assumed ~ 0°. The meniscus of the entrained liquid was assumed cylindrical**!

and tangent to both plates (Figure 2.2a). To test the validity of this assumption, we

calculated the Bond number, which is the ratio of gravitational forces to surface tension:
2
»
Bo = PE
o
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where p is the density of the suspension media, g is gravitational acceleration, r is the
characteristic length, and o is the surface tension. The characteristic length could be
either the radius or the diameter of the meniscus. Thus, the estimated Bond number is

%3] 50 the assumption

between 0.2 and 0.3, indicating that surface tension predominates,
that the meniscus is cylindrical is reasonable. The meniscus geometry is then described

by a system of four equations, the parameters in which are defined in Figure 2.2b.

Vv, =—w/r2—(x—ax)2 +a,

x,=d

X

y;=(c,—x)tan($+0)
y,=—xtanf+e,

The experimentally variable parameters are the angle between the two plates, 4,
and the angle of the bottom plate with the horizontal, €. These two angles, together with
the volume of the liquid body, defined the geometry of the system (Figure 2.2b). To
calculate the values of all parameters, an initial estimate of the radius of the meniscus was
made based on the known physical parameters of the system. This radius was used to
determine the initial locations of points A, B, C, D, E, and P, as well as the lines y;, x, y3,
and y,. The set of simplified equations ignores the unshaded area in Figure 2.2b, but this

small volume may not significantly affect the results.
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Figure 2.2. (a) Three-dimensional drawing of the physical system, with the position and

shape of the meniscus. (b) Definition of the geometrical parameters used in the deposition
model.

The target function in the iterative procedure for calculating the exact radius of
curvature and meniscus shape was the side area of the slice, Ay, It was determined
independently by dividing entrained volume by the width of the slide wy;z.. The surface

area was also calculated by integration over the shaded areas A; and 4, in Figure 2.2b:

D, c, )
A, = jo (y,(x)=y,(x))dx and A, = ij (,(x) = y,(x))dx. The value of the radius, r,

was varied until (4; + 4;) became equal to Ayy.
2.3.1.2 Model Components and Assumptions

Several assumptions were made to simplify the calculations. The cells were

assumed to be spherical and well dispersed particles of uniform density. The evaporation
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rate was assumed constant over the entire deposition time span and over the surface of
the meniscus, while the evaporation from the exposed sides of the entrained volume was
neglected.

The process included three distinct mechanisms for cell redistribution:
convection, sedimentation, and evaporation. The convection and evaporation components
of the model describe the action of convective assembly, where the cells were pulled
forward and then deposited at the front of the meniscus. In order to account for the
sedimentation component, we also had to consider the effect of the liquid flow mixing
and recirculation opposing the sedimentation, which would otherwise lead to a permanent
vertical gradient in cell concentration. When we simulated cell deposition without any
mixing in the liquid bulk, we obtained significant deviations from the experimental
results. Further, simulations of the fluid flow in the liquid body demonstrated that a
significant degree of fluid mixing and recirculation within the entrained volume was
present as a result of the mechanical withdrawal of the meniscus and the convection of
fluid caused by evaporation. To evaluate the impact of the circulation, basic modeling of
the flows in the system was completed using FEMLAB. The simulation took into account
the evaporation of the liquid and the movement of the bottom plate with regard to the
meniscus but without cells in the entrained volume.

The streamlines of the simulated flow plotted in Figure 2.3 demonstrate that
mixing occurs within the entrained volume, with the highest rates at the meniscus. The

velocity vectors in the inset show a large vortex near the meniscus and decreasing
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velocity away from the meniscus. When the sedimentation rate was compared to the
value of the velocity field at a height of 10 um along the length of the entrained volume,
the sedimentation rate exceeded the velocity field for 28% of the entrained volume. Thus,
the velocity of the fluid appears high enough to keep the cells well mixed in most of the
fluid volume. Only the particles within two cell diameters of the surface were affected by
sedimentation; the cells in the bulk of the entrained volume were well mixed at all times.
Thus, in the further modeling, the concentration of cells within the entrained volume was

kept uniform at all times.

(b)

(a)

Figure 2.3. FEMLAB simulation of the fluid flow within the entrained volume.
(a) Streamlines of the flow. (b) Velocity vectors showing circulation near the meniscus.
Size of the arrows indicates relative magnitude of the vectors.
2.3.1.3 Algorithm of the Simulation

The simulation algorithm calculated the number of cells deposited at any given

moment on the bottom slide below the moving meniscus. The bottom surface is split into

an array of "bins" into which the cells are deposited (Figure 2.4a & d). Each bin in the
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array has a width equal to one cell diameter. The meniscus motion is modeled by moving
at each time interval the bottom surface, with the array’s bins, relative to the entrained

volume. The array was shifted to the left at time intervals, ¢, based on the withdrawal

2 7 cell
1%

w

speed, v, and the bin width: ¢ = . The movement of the bottom slide served to

simplify the calculations and was physically equivalent to the motion of the top slide with
the attached meniscus in the experiments. Since the system is well mixed, the total
number of cells in the entrained volume was decreased by the number of cells deposited
in the bins at each time increment following the algorithms describing the three
deposition mechanisms (see below). The time then advanced one unit, and the array
index increased by one. Before the next step, the entrained volume was decreased
proportionally to the evaporation rate, and the geometry of the entrained volume was
recalculated. The entire procedure continued iteratively until either no cells remained or

the entrained volume had been entirely evaporated (Figure 2.4).
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Convection

Figure 2.4. (a) — (¢) Illustration of the algorithms taking into account the three deposition
mechanisms: (a) Sedimentation, in which the cells drop straight down onto the plate.
(b) Evaporation, during which the cells in the evaporating portion of the entrained
volume, A4, , — A4,, are deposited in the bin directly under the meniscus. (¢) Convection, in
which cells are pulled into the thin film in front of the meniscus and are deposited there.
(d) — (f) Schematic sequence of the algorithm of the combined three-mechanism model:
(d) Initial condition of the entrained volume and the array representing the bottom plate.
The decreased meniscus volume following evaporation is indicated by the dashed line.
(e) Time has increased by a single interval, evaporation has occurred, and cells have been
deposited. (f) The bottom array has advanced, corresponding to the moving of the top
slide and thus the meniscus. The bin width in all frames has been increased for ease of
visualization.

2.3.1.4 Sedimentation Algorithm
The FEMLAB modeling of fluid velocity points out that the particles remain
uniformly distributed in the bulk of the entrained volume until they approach the

substrate. The height from which cells will sediment onto the substrate was calculated
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using the Stokes sedimentation rate as 4 =V ¢. All cells contained in the boundary layer

of height / will be deposited onto the substrate (Figure 2.4a). The number of cells landing
into each bin in a time interval, ¢, can then be determined as the deposition flux:

nhl

volume

n. . L=
sediment, bin
Az

int < sediment
where 7 is the number of cells in the bulk, /,,/m. 1s the length of the entrained volume,
and Zediment 1S the number of bins under the entrained volume. The cells that had
sedimented were divided evenly among the bins currently under the entrained volume.
The primary parameters used in the numerical evaluation of the sedimentation are listed

in Table 2.1.

2.3.1.5 Evaporation Algorithm

The evaporation rate was assumed constant for the entire deposition process and
over the entire meniscus. As the liquid evaporated, the entrained volume decreased, and
thus its geometry had to be recalculated. The numerical relationship between the radius of
curvature, 7, and the entrained volume, V, plotted in Figure 2.5, could be approximated
well by r=a V*, where a varies from 0.06 to 0.14, depending on the values of §and .
Keeping in mind that the entrained volume is the area, 4;,, multiplied by the width of the
slide, it is reasonable that ¥ would decrease with +°. This relationship was used to
determine r at each volume instead of recalculating it using the iterative procedure

described above.
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Figure 2.5. Relationship between the meniscus radius and the entrained volume as
evaporation progresses. The fitting equation and parameters are included in the plot.

In addition to decreasing the entrained volume, evaporation also results in the
collection and deposition of the cells in the vicinity of the meniscus. To simulate this
effect, the cells collected at the air-water meniscus are deposited into the bin directly
below it (Figure 2.4b). The number of cells deposited by evaporation is calculated by the
change in the area of the (single slice of the) entrained volume. The deposition flux at a

. . . A_—A .
given time, ¢, is: n, =n—="——L where the parameters used are defined in Table 2.1.

evap
t-1
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Table 2.1. Summary of the primary parameters used in the calculations.

Symbol Equation Denoted Parameter
Sedimentation
Vi 2,2 ( ) Sedimentation rate
V — rcell pcell _psusp g
’ 9 /u susp
T . 25, Time step for progression of the array
v,
H h=V 1 Height from which sedimentation occurs
Zsediment Z Number of bins under entrained volume
Zsediment = _;; e into which sedimentation occurs
cell
sediment, bin nhil,, Deposition flux due to sedimentation
nsediment, bin —
147‘}7[ Zsediment
Evaporation
Je — Evaporation flux
Hevap . A, —A, Deposition flux due to evaporation
evap A »
Convection
Litm vod o (1-g)(1-c,) Length Qf the thin film in which
L, = convection occurs
ﬂ J e Ci
Nitm vod? (1-¢) Number of cells deposited by
N, =———— convection at a given time
num V w )
cell "Vslide
Zeony L, Number of bins in the thin film
if Zeom< 200, z,, = —1"
cell
else zeom = 200
Aeony N i Deposition flux due to convection
conv z
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2.3.1.6 Convection Algorithm

Convection, which drags the cells inside the film to the end of the meniscus for
deposition in a close-packed layer, has a significant effect on the structure of the coating.
This is modeled by distributing the cells deposited by convection into the bins at the edge
of the meniscus where a thin liquid film is formed in the actual system (Figure 2.4c¢).

The material flux balance first derived by Dimitrov and Nagayama,! modified
for the cell system, defines the length of the thin film in which deposition by convection

occurs:

_ vw dcell (] - 8)(] _ci)
" picc

where ¢ is the porosity of the cell layer, ¢; is the concentration of the bulk suspension at
that particular time, £ is the coefficient of proportionality that depends on particle-
particle and particle-substrate interactions (varies from 0 to 1 being highest for
noninteracting particles in dilute suspensions), and j, is the evaporation flux. The value of
€ was determined from the initial layer thickness measured from experimental data where
sedimentation did not yet affect the coating. The value of the coefficient of
proportionality, f was chosen empirically as 0.5, reflecting that the large yeast cells have
high friction with the substrate and that the suspension was highly concentrated.

The particle flux is described by two equations:h, j, =v h(l-¢) and
J, =N,V,v,, where hyis the liquid film thickness, j, is the particle flux, v. is the rate of

p p p’

crystal growth, £ is the height of the particle layer, N, is the number of particles per unit
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volume, V), is the volume of one particle, and v, is the macroscopic mean velocity of the
suspended particles.”! By combining these two equations we obtain:

v.h(l-¢)
1%

p

hf N P vp =
It is difficult to determine v, experimentally, so a new variable, Ng,, was defined

as the total number of particles deposited in the thin film per unit of time:

N,
/tlm_Nv

hz_pp

Since the deposition process occurs at steady state, v_=v_, it is also reasonable to

assume that sy~ h. The thickness of the layer, 4, for this situation is the diameter of one
cell. Combining all above, we arrive at the following equation for the balance in a one

cell thick slice of the meniscus:

_ Vw dczell (] - 8)

Silm
V Wslide

cell
The value of N, remains constant for the entire deposition process, but the value
of Ly, changes with the concentration, ¢;. The number of bins that Lg, consists of, zcon,
is calculated by dividing Lg,, by the cell diameter. Thus, the deposition flux was

calculated as follows:

_ Y fim

conv

conv
The number of bins, z..,, increases rapidly as the concentration decreases, as the

balance points out that the length of the film is inversely related to the particle
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concentration. Extremely high values for the film length are not physically realistic as too
long films will break and dewet. A value of z.,,, = 200 was set as the maximum number
of bins, allowing a maximum drying length of 1000 um, a reasonable value considering
reported values of 1400 — 2600 um for latex particles.m For z.ony < 200, the calculated
number of cells, n.., is placed into z,,, bins directly in front of the meniscus. For z.o, >
200, neony 1s placed into only the first 200 bins in front of the meniscus. The parameters

used to calculate the convection are listed in Table 2.1.

2.3.1.7 Model Component Analysis

The convection, evaporation, and sedimentation mechanisms affect the deposition
process and the uniformity of the coating in different ways. To evaluate how the interplay
of the deposition mechanisms affects the uniformity of the coating, the effect of each
mechanism on a profile was evaluated individually. The results of this analysis are
plotted in Figure 2.6.

When convection is the primary deposition mechanism, the coating thickness is
nearly constant, which is exactly the case for all our earlier studies with microparticles[(’]
and nanoparticles.[g’“] Decreasing the rate of convection does not significantly change the
coating profile because a small number of cells is spread thinly over a uniform number of
bins for the majority of the coating. When sedimentation is the primary effect, the peak is
very high, and the profile has a very steep slope. However, if the effect of sedimentation

is decreased while still keeping it the primary component, the curve levels out and the
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peak drops down significantly because a larger number of cells are deposited into a non-

uniform number of bins at each time.

254

Sedimentation, increased effect
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Figure 2.6. Simulated effect of the processes taking place during the deposition on the
coating. When sedimentation is the leading effect, a sharp peak is seen in the profile; as
the effect of sedimentation is decreased, the peak shortens, improving the coating
uniformity. When convection is the primary effect, the coating is relatively flat and
uniform, and as the effect is decreased, a small peak appears at the end side of the
coating. For evaporation as the primary effect, a small peak is present, and as the effect is
decreased, the peak shortens, improving the coating uniformity. A fit of a real
experimental profile is included in black for comparison.

When the deposition flux due to evaporation is the primary effect, a lower peak
results, leading to a coating that closely resembles the profile fitted to the experimental
data. When the effect of evaporation on the deposition flux is decreased to a moderate
value, the height of the peak drops, and the direction of curvature of the profile changes.
The uniformity of the coating thereby improves. For large spheres, coating quality has

been found to increase with an increase in the evaporation rate.* However, in Figure

2.6, evaporation refers only to the deposition flux due to evaporation; the evaporation rate
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itself is not changed. From our analysis, we can see that a lower sedimentation rate and
fewer cells deposited by evaporation would result in a more uniform coating, which could
be accomplished by changing the suspending media and increasing the deposition rate to

increase the effect of the vortex.

2.3.2 Convective-Sedimentation Deposition

The experimental deposition of large-scale cell layers matched the expectations of
the simulation. The cell coatings were near single layer and uniform throughout most of
their middle section. An example of a coating from cells deposited by convective-
sedimentation assembly is shown in Figure 2.7a. A three-dimensional rendering of a
coating structure observed by confocal microscopy is presented in Figure 2.7b. The
images collected in the Z-stacks showed that the majority of the cells were within 5 pm
of the surface, and the remainder were within 10 pum of the surface, indicating that the
cell coating is packed mostly into a single layer. Dispersed islands of cells in a second

layer are seen in several locations as bright spots.

60



Figure 2.7. (a) Optical micrograph of a nearly complete monolayer of yeast cells.
(b) Three-dimensional rendering of a dense yeast cell coating using confocal microscopy.
A few cells deposited in a second layer are observed. Both scale bars are 50 um.

The sedimentation process concurrent to the convective assembly was likely
resulting in thickening of the layer of deposited cells. It appears that sedimentation causes
the coatings deposited to be of nonuniform density overall because more cells have
sedimented onto the layer at the back end of the coating than at the front edge. The

change in the thickness of the layer becomes observable partway along the length of the

coating (Figure 2.8d — ).

61



Figure 2.8. Examples of the effect of device inclination on the coating uniformity. (a) —
(c) Schematics of device alignment at (a) backward inclination, (b) no inclination, and
(c) forward inclination. (d) — (f) Micrographs of coatings deposited at the corresponding
inclinations. All scale bars are 5 mm.

One way to affect the sedimentation and potentially to improve the uniformity of
the coating is to incline the deposition set-up and thus change the trajectories of the
settling cells. Inclining the entire device should change the point at which the coating
thickness changes, assuming that mixing within the meniscus does not significantly
change the direction of sedimentation from the vertical. By moving that point of
thickness change to the front of the coating, the uniformity of the coating should improve,
while moving this point backward should decrease the uniformity. To test this hypothesis,

the effect of sedimentation direction and of inclination of the deposition device on the

coating uniformity was investigated. The device was inclined backward (Figure 2.8a), in
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which case the cells sediment farther down the coating, and thus away from the meniscus,
and forward (Figure 2.8c), in which case the cells sediment toward the meniscus. The
device was angled 0°, 10°, 20°, 30°, 45° and 59° in both forward and backward
inclinations and the resulting coatings were examined by microscopy.

In Figure 2.8d — f, the coating begins on the left, with thinner layers being darker.
The coatings thicken as deposition progresses. The transition from thinner to thicker
coatings is abrupt, defining the point at which the sedimentation begins to contribute
strongly to the thickness. This abrupt thickness change was confirmed using higher
magnification optical microscopy. The inclination has a significant effect on uniformity.
The coating deposited with backward inclination (Figure 2.8d) has a small, uniformly
thin area followed by a larger, uniformly thick area. The coating deposited at no
inclination (Figure 2.8¢) has a small, uniformly thin area where deposition was initiated;
it then thickens, but the thickness varies over the length of the sample, as shown by the
color variations. The coating deposited at forward inclination (Figure 2.8f) has a very
small thin area, followed by a large, uniform thick area that thins as the liquid meniscus
runs out of material. As expected, depositing the coating by inclining the device forward
improved its uniformity, because the thickness increased at an earlier point on the
coating. Backward inclination, which causes thickening at a point farther along the
deposit, decreased the uniformity of the coating. The effect of the inclination angle on the

uniformity of the cell films is modeled and analyzed quantitatively in the next sections.
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2.3.3 Parametric Experiments and Model Evaluation

It is difficult to suppress the cell sedimentation, so two additional experimental
parameters were varied independently to optimize the convective-sedimentation
deposition process and to assess the predictive capability of the model. These parameters
were 6, the angle of the entire device, and ¢, the angle between the two slides. As in the
first experiments, a 10 wt% suspension of live yeast cells, adjusted to a pH of 8, was
deposited at ambient temperature and relative humidity. Initially, & was varied, and the
results were used to fit the model to the data. The angles that coatings were deposited at
were 59°, 45°, 20°, and 10°, both forward and backward, in addition to no inclination.
For this experiment, ¢ was held constant at 19°.

The experiments in which ¢ was varied while & was held constant were performed
at both forward and backward inclinations of 20°. The angles of ¢ at which coatings were
deposited were 11°, 17°, 23°, and 29°. This set of experiments was then used to
determine how well the model fits the data from the ¢ variation based on the parameters
from the @ fit. To reconstruct the profiles of the actual cell coatings, images of the plates
with deposited layers were acquired and analyzed to determine the cell coverage and the
uniformity of the layers. A grid pattern was used to obtain images over the entirety of the
sample. At each position along the length of the substrate, three images were taken across
the width of the sample. The nonuniform side edges of the deposited layer were not

imaged, but the front and back ends of the deposited layer were imaged.
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Figure 2.9. Illustration of the image analysis of a cell coating for development of a
thickness profile. (a) Selection of areas (dotted lines) of the image without cells.
(b) Selection of areas of the image with two layers of cells.

The images collected were analyzed as follows. First, all of the areas in an image
without cells were selected at one time (see Figure 2.9a), and the number of pixels was
counted. Then, all the areas that were two cell layers thick were selected (see Figure

2.9b), and again the number of pixels was counted. The fraction of the area covered was

determined from the total number of pixels in the image as follows:
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where N is the number of pixels for the given condition. The coatings were no more than
two cell layers thick. The fraction covered can be interpreted as the average thickness of
the coating at that position. Thus, a fractional coverage of less than 1.0 would indicate an
incomplete layer, and a value greater than 1.0 would indicate that a portion of the layer is
two cells thick. These data were then used to plot the thickness of the coating as a

function of the distance from the beginning.

2.3.4 Fitting and Model Accuracy

The results of the & variation experiment were used to fit the model to the
experimental data. The first fitting parameter was the evaporation flux. The fitted value
of J,=0.014 um/s is =40% of the flux estimated in the earlier experiments with

monodisperse latex particles.”

This is a reasonable value for a parameter that is
otherwise hard to measure, as we expect evaporation from a thick dense layer of hydrated
cells containing some proteins and buffers to be slowed with regards to the one from
latex spheres in pure water. The second fitting parameter was the deposition flux, neyqp.
We assumed in the model development that all cells at the vicinity of the meniscus would
be carried by the flux in the drying film and deposited into the first bin under the
meniscus. After fitting, we obtain that only 37.5% of the cells are deposited in the first

bin, and the remainder are redispersed in the meniscus bulk. The redispersion can be

correlated to the FEMLAB calculations that show a vortex near the meniscus, which
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would likely redistribute many of the cells entrained in the meniscus, decreasing the flux
(Figure 2.3). The last fitting parameter was the sedimentation rate, V. This parameter
needs fitting as the sedimentation of the cells in the thin boundary layer towards the
substrate is likely slowed down by the proximity of the surface. The sedimentation rate
was found to best match the experimental data at a fitted rate of 0.35 pm/s, which is ~1/3
of the calculated bulk value of 1.16 um/s. This value agrees well with the literature. Since
we are examining sedimentation close to a solid plane the Stokes rate should be corrected
for the additional dissipation in the thin liquid layer between the sphere and the surface.
For yeast cells that should reach the surface in 1 s, based on the calculated rate of 1.16
um/s, the center of the particle is 3.66 um from the surface. Since the ratio of particle
radius to distance of the particle center from the surface is 0.68, earlier theoretical studies
point out that the rate should be decreased by a factor of ~3.036,*"! in excellent
agreement with our fitted value.

Most of the lengths and thicknesses of the coatings calculated from the model are
in good agreement with the experimentally determined profiles (Figure 2.10a). All &
variation profiles show that device inclination leads to more uniform coatings (Figure
2.11a — b). The data have higher variability than the model; however, the experiments
show a greater dependence on € than does the model. The experiments showed that
forward inclination at high angles results in more uniform coatings. Additionally, the
experiments showed that at backward inclination, the peak that results from

sedimentation moves further back along the sample length. The model indicates that

67



backward inclination leads to marginally more uniform coatings; however, these
differences fall within the experimental error for the profiles.

At both forward and backward inclinations for ¢ variation, both data and model
indicated that the coating length decreases and the coating thickness changes more
rapidly as ¢ increases (Figure 2.11c — f). When the forward-inclined coatings are
compared to the backward-inclined coatings, both model and experiment agree that the
forward-inclined coatings are longer. At both inclination directions for 23° and 29°, the
length and height of the coatings calculated using the model matches the experimental
values. Additionally, the lengths of the backward-inclined coatings at 11° and 17° from
the model match those from experiment, although their heights do not. For forward
inclination, both the lengths and heights differ significantly. Even though the model does

not fit well at low ¢, we can draw the conclusion that for each inclination direction,

¢ = 11° with forward inclination yields the most uniform coatings.

68



Model profile
= Experimental data

0.8

0.6

0.4

Thickness (number of cells)

Sample length (mm)

_—
(@)

o
o

w104 = Model profile
7] Experimental data
b .
o o084
e
8 "o
g 06 L]
£
2 .
o 044
c
-
2 .
£ 024
l_
-
-
0.0 : i T . T
Q 5 10 15 20 25

Sample length (mm)

Figure 2.10. Comparison of simulated profiles with experimental data illustrating the
accuracy of the model. (a) Experimental data from a & variation experiment, where
0=0°. (b) Experimental data from a ¢ variation experiment, where ¢ = 29°, with a
forward inclination of 20°.
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In summary, the model captures the key trends found in the experimental data but
fails to predict quantitatively some of the profiles of the deposited coatings. Because the
experiments were performed using a concentrated cell suspension, there are numerous
parameters such as the interactions between the cells and their partial aggregation that are
hard to control and could affect the profiles of some of the coatings deposited. However,
the results clearly point out how the deposition conditions during the convective-
sedimentation assembly can be adjusted so that live cell coatings can be deposited
uniformly. Both the model and the experiments showed that increasing the angle &results
in more uniform coatings. The experimental data show that the coatings deposited at a
forward inclination of 45° and 59° were the most uniform. Both the model and the
experimental profiles indicated that decreasing the angle ¢ between the plates in both
inclination directions improved the uniformity of the coating, with ¢ = 11° at forward

inclination resulting in the most uniform coatings.

2.3.5 Co-Deposition of Yeast Cells and Large Particles

Cell coatings have a wide variety of potential applications, including bioreactor
surface coatings, biosensors, gradient bioassays, cell signaling studies, toxicity studies,
implant coatings, self-cleaning “artificial skin” and others. One of the specific advantages
of the convective assembly is that it can be used to deposit any type of particles

4.148]

suspended in liqui which may include potentially a wide number of cell types in

suspension. A potential problem of such coatings could be the low mechanical stability
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and poor abrasion resistance of the cell layers. One simple solution to this problem is to
co-deposit the cells together with a protective layer of particles.*” A rudimentary system
of this type was demonstrated by co-depositing with the convective-sedimentation
process mixed monolayers of yeast cells and large latex particles (10 um). The large latex
particles were used to create a porous covering that would provide protection from
external perturbations for the yeast cells. Thus, the cells would be protected while still
having access to nutrients and being able to proliferate through the coating of latex
particles. The latex particles and yeast cells were mixed together prior to deposition. The
amounts of the yeast cell suspension and the latex suspension that were used for the
deposition were determined such that the number of yeast cells would be approximately
equal to the number of latex particles. An example of such a composite coating is shown
in Figure 2.12a.

During the deposition process, the yeast cells collected around the larger latex
particles. This can best be seen in the thin section at the front of the sample in Figure
2.12b,c. The clustering of yeast cells around the bottom parts of the latex particle also
occurs with multimodal colloidal particles and is known as size-selective segregation.
The meniscus around the larger latex particles draws the smaller yeast cells closer via

BOS When the sample thickens due to sedimentation, a complete

capillary forces.
monolayer of latex particles deposits on the top of the coating with yeast cells collected

around the bases of the latex particles (Figure 2.12d,e).
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Figure 2.12. (a) Micrographs of a composite coating of particles and yeast cells. The
cells are stained and fluoresce. (b) & (c) Submonolayer coating of yeast cells and
particles. (c¢) Yeast cells cluster around the latex particles. (d) & (e) Complete monolayer
coating of latex particles. Image (e) is taken from the bottom up and shows the collection
of the yeast cells around the bottom part of the latex particles. The scale bar is 1000 pm
for (a) and 50 um for (b) — (e).

To confirm the viability of the deposited cells, FUN™ 1 cell stain was added to a
cell coating, which was then viewed to determine whether the dye had been metabolized.

The presence of nonuniform fluorescence within the cells, where the dye was collected in

the center of cell, confirmed that the cells were able to metabolize. Such coatings
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immersed in media where the cells could grow and divide may function as an “artificial
skin,” where debris and contaminants collected on the top layer of cells are sloughed off
by external flows. As the bottom layer of cells is protected by the large latex particles, it
may remain in place for regeneration of the top cell layer of the coating. By changing the
type of cell used, additional functionality (e.g., contaminant digestion, antibacterial

secretion) could be added to such coatings.

2.4 Conclusions

We investigated the deposition of live cells and large particles using convective
assembly. Sedimentation was found to alter significantly the uniformity of the coatings.
A “convective-sedimentation” assembly method was developed for the rapid deposition
of uniform, close-packed coatings of yeast cells. This method could also be used for the
deposition of other suspensions of robust cells and large particles. A computational
model of the deposition process helped in understanding the various mechanisms
involved in the convective-sedimentation deposition process. Parametric experiments
served the dual purpose of optimizing the deposition process and evaluating the
computational model.

Several conclusions are clear from the investigation of the experimental and
model profiles. The model approximates the experimental trends reasonably well at most

conditions for variation of the angle of the deposition device, 6, and the angle between

the two plates, ¢. Both experiment and model indicated that large forward inclination, 6,
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along with small ¢ yield more uniform coatings. The monolayer composite coatings of
cells and particles have potential applications including bioreactor surface coatings,
biosensors, gradient bioassays, cell signaling and toxicity studies, implant coatings, self-

cleaning “artificial skin” and others.
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Chapter 3. Self-Cleaning Composite Coatings of Yeast Cells and Latex

Particles

3.1 Introduction

The idea of self-cleaning coatings was inspired by the lotus leaf; water droplets
roll off of the superhydrophobic leaves, carrying contaminants with them.*? Much
research has gone into studying the superhydrophobicity of a wide variety of plant
surfaces, ¥ insects,®°*? and feathers."*' The vast majority of these natural surfaces
have structures on multiple length scales, in addition to non-wetting surface chemistry.

Most of the self-cleaning coatings developed to date mimic the super-hydrophobic
structures of the aforementioned natural surfaces.*”1 Water droplets deposited onto
these surfaces immediately roll down, removing dust and dirt particles. Some coatings
have roughened™ 2" surfaces, which serves to increase the contact angle on an already
hydrophobic surface. Other surfaces possess highly structured topographies of posts of
various shapes, sizes, and spacing."®*22"] Electrospinning of hydrophobic polymers
has been used to create superhydrophobic mats of fibers.[?32 polyelectrolyte multilayers
have been deposited with nanoparticles to create roughened surfaces.**3! Textiles,!***"]
as well as polymer films®™® and crystalline calcium phosphate layers,® have been
prepared to be superhydrophobic.

Another approach in the development of self-cleaning surfaces has been the use of

a coating of titania (TiO,) nanoparticles, which have photocatalytic properties and
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chemically decompose organic molecules.***] Prevention of biofouling, as well, is
another approach to self-cleaning surfaces. These surfaces are chemically modified to
minimize bacterial and spore adhesion. %!

Natural skin functions “as a protective barrier against the environment,”**! which
suggests the development of coatings in which the continually regenerating top layer of
cells sloughs off, much as skin functions. Engineering methods for depositing uniform
close-packed cell layers is a first step in a long road to developing skin-mimicking
bioinspired surfaces. The use of rapid convective assembly for the deposition of live cell
coatings with self-cleaning capabilities has not been discussed in the literature, even

though surfaces that repel water, dirt, and chemical and biological species are of intense

practical interest.

3.2 Materials and Methods
3.2.1 Preparation of Yeast Cell and Latex Suspensions

A 10 wt% suspension of yeast cells was prepared by dispersing 0.5 g of
Fleischmann’s active dry baker’s yeast, Saccharomyces cerevisiae (ACH Food
Companies, Memphis, TN), in 4500 uL of deionized water obtained from an RiOs 16
reverse-osmosis water purification system (Millipore Corporation, Bedford, MA). The
yeast cells were sprinkled over the room temperature water and allowed to rest for 5 min,
after which the vial was then manually agitated to suspend the yeast cells in the water.

The cells were allowed to hydrate for 30 min, and then 0.25 g of anhydrous dextrose
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(Fisher Scientific, Waltham, MA) was added to the suspension. The pH was measured
using a compact pH meter (HORIBA Instruments, Irvine, CA) and was adjusted to 8.0
using cell culture tested 1.0 N NaOH (Sigma-Aldrich, St. Louis, MO). The pH was then
adjusted every 30-45 min for several hours until it stabilized at ~8.0.

Sulfate latex microspheres (10 um) (Interfacial Dynamics Corporation, Eugene,
OR) were washed by centrifugation using a Fisher Marathon micro A microcentrifuge
(2700 g for 5 min) and replacing the supernatant with deionized water and then were
concentrated using the microcentrifuge at the same settings. The latex and yeast cell
suspensions were mixed in a proportion such that the number of cells in the suspension
would approximately equal the number of particles. Immediately prior to mixing, the cell
suspension was sonicated gently (Branson Ultrasonics Corporation, Danbury, CT) for
15-20 s to break up aggregates. The combined suspension was also sonicated

immediately prior to deposition to reduce cell aggregation.

3.2.2 Deposition of Mixed Yeast Cell-Latex Coatings

Fisherbrand 25 mm x 75 mm glass microscope slides were immersed overnight in
a NOCHROMIX solution (GODAX Laboratories, Cabin John, MD). The slides were
carefully rinsed with deionized water and dried in an oven at 70°C for 45 min. Two clean
glass slides were attached to the rapid convective assembly deposition device discussed
in Chapter 2, forward inclined at 30°, such that the edge of the top slide lay flat on the

bottom slide to ensure the formation of a uniform meniscus (Figure 2.8c). A volume of
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12 pL of the yeast cell-latex suspension was then injected between the two slides and
spread to form a uniform meniscus. The linear motor pushing the top slide was operated
at 21.1 um/s while the cells and particles were deposited onto the substrate in 15 —
45 min. The suspension was deposited at the ambient lab temperature of 22 + 2.5°C, and

an ambient relative humidity of the lab ranging from 30% to 60%.

3.3 Results and Discussion
3.3.1 Yeast Cell Proliferation

Following deposition of the composite coating, a silicone perfusion chamber,
open from the top, was sealed onto the slide around the coating, and growth medium
(malt extract broth) was added to the chamber. The coating was imaged using a 40x
water-immersion objective at several locations (micrograph and schematics shown in
Figure 3.1a). The coating was covered and was left at room temperature for 24 — 48 hrs.
After incubation, which allowed for significant proliferation of the yeast cells, the points

previously imaged were relocated and imaged again (Figure 3.1b).

3.3.2 Self-Cleaning of Contaminants from the Coating

To simulate the arrival of debris or contaminants, 1 um fluorescent latex particles
were introduced to the surface of the cell coating. A 20 uL volume of this fluorescent
latex suspension was added dropwise over the surface of the coating and was allowed to

sit for 10-20 min to allow the particles to settle. Longer settling times allowed particle

85



aggregation to take place. After the settling period, the coatings were imaged again in
both bright field and with fluorescence at the points previously used (Figure 3.1c). The
coating was then exposed to a spray of growth medium from a syringe until most of the
loose cells and particles had been removed from the coating. Both fluorescent and bright
field imaging were again performed on the previously imaged points (Figure 3.1d).

Most of the cells and fluorescent particles (“contaminants”) have been removed
from the coating (Figure 3.1d). At the same time, the bottom layer of yeast cells, along
with the large, protective latex particles, remains attached to the surface. Thus, the
coating functions broadly similar to skin, in that the top layer of cells catches
contaminants and debris and then can be shed. When the coating was re-exposed to
growth medium, the cells proliferated again and completely covered the surface, the same

way as the cells had proliferated previously.
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Figure 3.1. Images and schematics of cell-particle coatings with rudimentary self-
cleaning properties. (a) Initial coating. (b) Coating after exposure to growth medium for
24 hours, allowing for significant cell proliferation. (c) Coating with fluorescent latex
“contaminant.” (d) Coating following contaminant and cell removal with a stream of
growth medium. All scale bars are 50 um.

3.4 Conclusions

We have demonstrated that the cell-particle composite makes a “self-cleaning”
coating that regenerates itself. This concept could be expanded to include other cell types

able to survive dehydration, either for specific application to a particular environment, or
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for an additional functionality of the cell that could enhance the self-cleaning ability of

the coating.
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Chapter 4. Capillary-Guided Deposition of Linear Assemblies of

Nanoparticles and Microparticles

4.1 Introduction
The deposition and assembly of micro- and nanoparticles into lines has received
much interest in recent years and has resulted in the development of a variety of assembly

techniques. A number of these techniques result in the deposition of a micro- or

nanoparticle line on a substrate. These include dip coating,*™> droplet templating,!**

convective assembly,’®” meniscus withdrawal from a substrate,®® other methods of

evaporation driven assembly,"' the use of Marangoni flow,'? patterning using

[17]

PDMS,™ fountain pen nanolithography,™” dielectrophoresis,*® biomolecule

templating,'®*?°! and particle attachment to self assembled monolayers.?) A handful of

these techniques result in the formation of a nanoparticle line or wire in solution,

n, [22-26]

including spontaneous formation of particle chains in suspensio particle

[24,27] [28]

crosslinking, optical  trapping, alignment in a magnetic field, %!
dielectrophoresis,*®*% and biomolecule templating.?* Other methods break materials
down into lines of nanoparticles,®>*4 use printing methods to deposit lines of
particles,**" and melt nanoparticles into nanowires.*>*®! The electrical properties of the
nanoparticle lines and wires deposited via several of the techniques above have also been

studied.[®41]
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We report a technique that combines both convective assembly at high volume
fraction and dip coating to deposit linear assemblies of gold nanoparticles and latex
microspheres on flat substrates with vanishing contact angles. The goals of this
investigation were to characterize the process depositing the lines and to understand the
phenomena resulting in the deposited structures. Additionally, we characterized the
electrical properties of the gold nanoparticle lines, which may potentially aid in
developing deposition techniques for nanoparticle lines that can find applications in

SENSOrs.

4.1.1 Convective Assembly

Convective assembly has gotten a significant amount of attention in recent years
as a method for depositing two-dimensional colloidal crystals on a substrate. The process
begins with the pinning of the contact line of a receding liquid surface. As evaporation
proceeds and the menisci between the particles become small enough, capillary pressure
compacts the particles into a close-packed structure.®®*% In order to compensate for
evaporation, suspending liquid from the bulk is transported to the drying front, carrying
particles with it and continuing the crystal growth."” A mass balance correlates the

crystal growth rate to the evaporation rate and the particle volume fraction:

L B¢
" h{l-e)1-¢)

where v is the crystal growth rate, £ is an interaction parameter, j. is the evaporation

rate, | is the drying length, ¢ is the volume fraction of the particles in suspension, h is the
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height of the deposited crystal, and ¢ is the crystal porosity.***) We have reported a
modified technique that uses small volumes of suspension at high volume fraction. The
suspension is trapped between two plates and is withdrawn using a linear motor, dragging

the meniscus behind it.[24

4.1.2 Dip Coating

Dip coating is an alternative method for depositing particle films on a substrate
that has been studied for a number of years. The process involves withdrawing a substrate
from a vessel containing the suspension to be deposited. As the substrate is withdrawn, a
thin film of the suspension is entrained on the substrate.® The film thickness of a
coating at low flow rates on a vertical substrate was first calculated by Landau and
Levich:*®]

(v, )

h, =0.944
o’ (pg)"

where hg is the film thickness, x is the viscosity, vy, is the withdrawal rate, o is the surface
tension, p is the density, and g is gravitational acceleration. Additional research has
provided corrections to several early assumptions,™"*® solutions for angular withdrawal
of the substrate,*®>!! and solutions for coating at higher flow rates.[*! Experiments, as
well, have confirmed the results of these various models!*®*”! and have given additional
information regarding the film structure of sols and colloids during and following

evaporation of the suspending liquid.""*
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In this study, we confine the meniscus by using a capillary that is withdrawn at a
constant rate, resulting the assembly of micro- or nanoparticles into lines. Our goals were
to understand and optimize the deposition process, correlate the effects of the particle
concentration and withdrawal rate on the structure of the deposited lines, and characterize

the electrical properties of the gold nanoparticle lines.

4.2 Materials and Methods
4.2.1 Substrate Preparation

Fisherbrand 25 mm x 75 mm glass microscope slides (Fisher Scientific, Waltham,
MA) were immersed overnight in a Nochromix solution (GODAX Laboratories, Cabin
John, MD) and then rinsed with deionized water from an RiOs 16 water purification
system (Millipore Corporation, Bedford, MA) to thoroughly clean the substrates and give
them vanishing contact angles. The slides were then air-dried.

For the experiments requiring higher substrate contact angles, a variety of
methods were used. By washing the slides with Sparkleen detergent (Fisher Scientific)
and then drying in an oven at 70°C for 8 hours, a contact angle of 19° was achieved.
Microscope slides with a contact angle of 29° were prepared by overnight immersion in
Nochromix, rinsing with deionized water, and drying in a 70°C oven for 8 hours. Higher
contact angles were achieved by first preparing microscope slides with Nochromix as
described in the previous paragraph, exposing the slide to a silane mixture for 10 min,

washing copiously with deionized water, sonicating for 10 s (Branson Ultrasonics
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Corporation, Danbury, CT), and then rinsing again with deionized water, prior to air
drying. The 73° contact angle was achieved using chlorodimethylsilane (Acros Organics,
NJ), and the 78° contact angle was achieved using a 13:2 ratio of chlorodimethylsilane
and dichlorodimethylsilane (Sigma-Aldrich, St. Louis, MO). The contact angles were all

determined using a goniometer.

4.2.2 Particle Preparation

The latex particles used were 0.91 um surfactant-free sulfate latex (Interfacial
Dynamics Corporation, Portland, OR). These were washed and concentrated to 11 -
25 vol% using a Fisher Marathon micro A microcentrifuge (2700 g for 5 min). The
15 nm gold nanoparticles used were synthesized by HAuCI, reduction in the presence of
sodium citrate and tannic acid.®? The particles were washed by centrifuging in Centricon
Plus-20 centrifuge filters (Millipore) at 1500 g for 10 min, removing the supernatant, and
replacing with deionized water. The suspension was then centrifuged again at 1500 g for
10 min. Following inversion of the filter, the concentrated suspension was collected by
centrifugation at 750g for 5 min. The particles were then further concentrated to 2 —
7 wt% using the microcentrifuge at 9500 g for 15 min. The concentrations were
determined via UV/Vis spectrophotometry, which also showed that the absorption peak

remained constant at 524 + 1 nm, indicating that the nanoparticles did not aggregate.
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4.2.3 Capillary Preparation

Fisherbrand glass Pasteur pipets were heated in the flame of a butane burner and
drawn out into capillaries with an outer diameter of 100 — 150 um[53]. The capillary was
broken, such that 5 — 8 cm of the capillary remained attached to the pipet, and all but
1 cm of the undrawn portion of the Pasteur pipet was cut away using a diamond file,

leaving only the capillary.

4.2.4 Imaging

The deposited lines were optically imaged with an Olympus BX61 microscope
with a CCD camera and 4x to 40x objectives in bright field lighting. To record the
deposition process, an Olympus CKX41 inverted microscope with 10x to 40x objectives
was used with a digital camera while the capillary was drawn by hand across the
microscope slide. SEM imaging was performed with a Philips XL series scanning

electron microscope with an accelerating voltage of 2 -5 kV.

4.2.5 Electrical Characterization

Substrates with parallel gold lines were immersed in deionized water for 10 min,
changing the water 4 times. Two electrodes were prepared by attaching two pieces of
copper tape, spaced 5 mm apart, to a microscope slide. This slide could then be placed on

top of a segment of the line. An Agilent 5 % digit multimeter (Santa Clara, CA) and a DC
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regulated power supply (Extech Instruments, Waltham, MA) were used to apply a DC

voltage and measure the resulting current.

4.3 Results and Discussion

The drawn glass capillary was filled with a concentrated suspension of gold
nanoparticles or latex microspheres. For each capillary, it was necessary to rotate and
angle the capillary tip to find the position at which it would release the particle
suspension onto the substrate. Using a linear motor, the capillary was then dragged across

a glass substrate at a constant rate, leaving a film of particle suspension on the substrate

(Figure 4.1).
(a) f capillary
> (b) v, deposited
— -93-—/ particle line
concentrated
colloidal
suspension

substrate with vanishing
contact angle

Figure 4.1. Schematic showing the capillary-guided deposition process. (a) The capillary
filled with the concentrated particle suspension is withdrawn along a substrate. (b) The
contact lines of the suspension pin upon exiting the capillary, resulting in the ordering of
the particles.
4.3.1 Contact Angle Assessment

The use of capillary deposition at contact angles of 78°, 73°, 29°, 19°, and

vanishing was explored by varying the preparation of the glass substrate. We found that

the suspension contacting the substrate while still in the capillary had to pin on the
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substrate in order for any of the suspension to exit the capillary. At nonvanishing
substrate contact angles, we were able to induce pinning in order to get a flow of
suspension, but the resultant structure on the substrate was a disconnected series of
droplets. Thus, pinning of the suspension must occur not only at the initial point of
contact to allow flow, but also along the edges of the deposited line of suspension in
order for the suspension to dry into a continuous structure. A vanishing contact angle,

therefore, is necessary to allow the particle suspension to pin and form a line of particles.

4.3.2 Line Structure

We found that the structure of the deposited line depends on the withdrawal rate.
At low rates (0.5 mm/s), the line is comprised of a series of arcs (Figure 4.2). As
demonstrated in Figure 4.3a — c, there is very little rearrangement of the particles from
their initial positions during the drying process. This is due to the small volume of the
suspending liquid being released with the particles, affording minimal time for

rearrangement during evaporation.
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Figure 4.2. Optical micrographs of a 0.8 wt% gold nanoparticle suspension deposited at
0.5 mm/s showing a series of connected arcs. Deposition direction is from left to right.
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.

Figure 4.3. Time-lapsed images showing drying process of 0.91 um latex particle
suspensions withdrawn by hand. Deposition direction is from left to right. (@) -
(c) 8.2 vol% suspension withdrawn at a low rate of ~4 mm/s. (a) Particle arrangement as
initially deposited. (b) Minor rearrangement of particles occurred during first 0.8 s after
withdrawal of the capillary. (c) Evaporation was complete after 1.7 s. (d) — (f) High
withdrawal rate of ~21 mm/s of a 25 vol% particle suspension. (d) Initial arrangement of
particles. (e) Significant rearrangement of the particles took 1.3 s. (f) Complete
evaporation took 1.9 s. As the capillaries were withdrawn by hand, the withdrawal rates
are inexact.

At high withdrawal rates (=10 mm/s), the deposited structure morphs into two
heavy, parallel lines with a thin section between them (Figures 4.3d — f, 4.4a). As can be
seen in Figure 4.3d — f, there is significant rearrangement of the particles from their initial
positions. This is because significantly more suspending liquid is released, affording the
particles the time necessary for rearrangement. As can be seen from Figure 4.4b — c, the

line at the edges of the capillary path is heavy and highly interconnected.
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Figure 4.4. (a) Parallel lines of gold nanoparticles deposited at 30 mm/s. (b) & (c) SEM
micrographs showing parallel line of gold nanoparticles, which is highly interconnected.
4.3.3 Particle Alignment

The amount of the particle suspension being released at a given time increases
with increasing withdrawal rate of the capillary, which can be explained by dip coating.
Since there is no slip at the surface, as the withdrawal rate of the capillary increases, the
thickness of the liquid layer withdrawn will increase as well. Landau and Levich,[*® as
well as Deryagin and Levi,*¥ studied the problem of the relation of withdrawal rate to
film thickness during dip coating. In deriving a solution, Landau and Levich assumed that
the shape of the film was determined by the surface tension of the liquid. To determine if
this condition had been met, we calculated the Capillary number,! Ca, which is the ratio

of viscous forces to surface tension:

V
Ca:ﬂw
o

where 4 is the viscosity, vy, is the withdrawal rate, and o is the surface tension. For the
derived solution to be valid,*® Ca should be smaller than 10°%; for our system, Ca does

not exceed 3 x 107 for all possible conditions. Since the geometry of the system for
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which the equations were derived varies significantly from the geometry of our system,
we have chosen to use a correlation for the dimensionless film thickness,™ Ty:
T, =0.944(Ca)’t

When we introduced our parameters into the correlation, we found that the dimensionless
film thickness varied from 0.14 to 0.36, increasing with the withdrawal rate. Thus, the
thickness of the liquid film increases proportionally with the withdrawal rate of the
substrate, indicating that it is reasonable to attribute the variations in the film thickness to
viscous flow.1**!

The thickness of the liquid film withdrawn from the capillary onto the substrate
dictates the structure of the line. Particle rearrangement during the evaporation of the
suspending liquid is due to convective assembly, resulting in collection of particles at the
pinned three-phase contact line. The evaporation of the suspending liquid from the
pinned contact line results in the transport of particles to that contact line, and capillary
forces pull the particles into close contact.

At low withdrawal rates, very little suspending liquid is released, resulting in the
pinning of the semi-circular periphery of the menisci formed by the fluid in the capillary,
as shown in Figure 4.5a — b. The particles are transported to the pinned contact line,
where they are assembled into a close-packed structure (Figure 4.5¢). As the capillary is
withdrawn along the substrate, this process occurs repeatedly. The resultant structure is

therefore a connected series of arcs of particles along the path of the capillary, since there
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are not enough particles deposited for each meniscus to make a solid structure before the
capillary moves.

At high withdrawal rates, significantly more suspending liquid is released,
resulting in the formation of a thick liquid film along the path of the capillary. The three-
phase contact lines pin along the outer parallel edges of the liquid film (see Figure 4.5d —
e). As evaporation occurs, the flow of fluid to the three-phase contact lines also transports
the particles. Once the particles reach the outer edges of the film, they are assembled into
a close-packed linear structure (Figure 4.5f). The resultant structure has thick, parallel
lines with a region in between that has a much thinner covering of particles. As the
deposited liquid film is thick and continuous, the deposited structure is also continuous.
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Figure 4.5. Schematics showing particle alignment for (a) — (c) low and (d) — (f) high
withdrawal rates. (a) & (d) show side views of the film. (b) & (e) show top-down views
of the film during evaporation. (c) & (f) show the final structure of the line.
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4.3.4 Effect of Withdrawal Rate and Particle Concentration on Line Structure

The effect of the range of withdrawal rates and of the particle concentration on the
structure of the lines deposited was investigated so that we could engineer the process to
deposit uniform lines. The full range of the linear motor was explored, from 0.5 mm/s to
60 mm/s. A range of gold nanoparticle concentrations from 0.5 to 7.3 wt% were
examined as well. The combined results of the experiments examining the range of
velocities and particle concentrations are shown in Figure 4.6. As also explained in the
previous paragraph, we found that at low withdrawal rates, arcs were deposited for all
concentrations. At high withdrawal rates and high particle concentrations, two parallel
lines were deposited. A variety of structures were deposited in between these two
extremes, which we have classified in Figure 4.6 as “patchy lines” because they tended to
have a moderately uniform but highly incomplete covering of particles. These “patchy
lines” formed because the intermediate combinations of withdrawal rate and gold
nanoparticle concentration result in the release of too much liquid for the pinning of the
semi-circular menisci required for the deposition of arcs, yet not enough particles and
liquid are released for the formation of the thick liquid film necessary for the deposition

of parallel lines.
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7.3
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Figure 4.6. Operational diagram showing the structures deposited at the gold
nanoparticle concentrations and withdrawal velocities used. For each combination of
parameters, three lines were each sampled at three points along their lengths.

Based upon the results displayed in Figure 4.6, we believe that solid lines of gold
nanoparticles with a uniform coverage could be deposited at withdrawal rates between
0.5 mm/s and 5 mm/s at higher gold nanoparticle concentrations than we were able to
achieve. Under the conditions that result in parallel lines, the flow of fluid to the outer
edges will prevent uniform coverage of particles. Both the arcs and the patchy lines are
limited in substrate coverage by the number of particles exiting the capillary at a given
time. Thus, at higher concentrations, it is possible that instead of forming patchy lines or

arcs, solid, uniform lines could form.
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4.3.5 Electrical Characterization

The ability of the parallel lines of gold nanoparticles to conduct current was also
explored. The lines used were deposited from 7.3 wt% gold nanoparticle suspension at
60 mm/s and were then examined using an optical microscope to ensure that the parallel
lines were unbroken. The gold nanoparticle lines were immersed in deionized water for
10 min to remove contaminants preventing good contact between the particles and the
electrodes prior to electrical measurements. As can be seen in current-voltage plot in
Figure 4.7, the linear response indicates an Ohmic behavior, with a resistance of 0.29 kQ.
Experiments showed that the current travels through the thick parallel lines; when only
the thin layer in between is present, no current can be measured. Thus, the thick,

interconnected lines are necessary for electrical conductance.
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Figure 4.7. Current-voltage plot for a deposited gold nanoparticle parallel line structure.
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4.4 Conclusions

We developed and characterized a capillary-guided technique for deposition of
concentrated suspensions of nanoparticles and microparticles. By controlling the particle
concentration and withdrawal rate of the capillary, we were able to control the structure
of the line deposited. Due to viscous flow, commonly discussed in relation to dip coating,
the amount of the suspension deposited varied with the withdrawal rate. This in turn
determined the particle alignment scheme via convective assembly, resulting in either
connected arcs or heavy parallel lines. We determined that the heavy parallel lines, due to
the interconnected nature of the line structure, were conductive. This introduces the
possibility that the lines could be constructed of functionalized nanoparticles for use as

SENSOrs.
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Chapter 5. Wedge-Templated Deposition of Linear Assemblies of

Microparticles and Nanoparticles

5.1 Introduction

In recent years, there has been significant interest in the deposition of
nanoparticles into linear assemblies. A variety of techniques have been used to this effect,
including dip coating,*® convective assembly,®®” and other forms of meniscus
withdrawal,®** resulting in the formation of arrays of lines on a substrate. Lines have
formed in a bulk suspension spontaneously,’***" using dielectrophoresis,'***% and using

[20]

optical trapping. Arrays of lines have been formed on a substrate using

dielectrophoresis,*® biomolecule templating,®*! Marangoni flow,'”? PDMS to directly

51723241

deposit nanoparticles into pattern and laser curing printed lines of

5 [25.26] [27,28]

nanoparticle Electrohydrodynamic printing, fountain pen
nanolithography,®%! and meniscus withdrawal®*!! have all been utilized deposit
individual nanoparticle lines.

One example of meniscus-guided deposition is the formation of rings of particles
during the evaporation of a sessile droplet containing a particle suspension.*?232-%
Variations on the method have resulted in the assembly of spoke patterns,? aligned
nanowires,! size-selective segregation of particles in the deposited structure,*® and
micropatches.®” The deposition of DNA microarrays®*” is one example of an

application that is making use of droplet patterning research.
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A theoretical interpretation of ring formation from evaporating sessile droplets of
particle suspensions was first reported by Deegan et al.*®! Their research showed that
when the contact line of a sessile droplet becomes pinned, minimization of the free
surface area results in the transport of fluid and particles to the pinned contact line."*"!
This explanation of ring formation has improved upon to include other effects.*#*!
When the contact line of an evaporating sessile droplet does not pin, however, the contact
angle remains constant for a large part of the evaporation process.[**8! When this occurs,
a particle patch, instead of a ring, forms.®"*¥! |t is the constant contact angle mode of
sessile droplet evaporation that our technique uses.

We report here a novel technique for deposition of linear assemblies of micro- or
nanoparticles from a sessile drop along a wedge template on a moderately hydrophobic
substrate. The goals of this study were to understand the mechanism of the process by

which the lines were deposited and to optimize the technique for the deposition of

continuous gold nanoparticle lines. These deposited structures were also characterized.

5.2 Materials and Methods
5.2.1 Substrate Preparation

Fisherbrand 25 mm x 75 mm glass microscope slides (Fisher Scientific, Waltham,
MA) were immersed overnight in a Nochromix solution (GODAX Laboratories, Cabin
John, MD) and then cleaned with deionized water from an RiOs 16 water purification

system (Millipore Corporation, Bedford, MA) and then air-dried. The slides were
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exposed to a mixture of chlorodimethylsilane (Acros Organics, NJ) and
dichlorodimethylsilane (Sigma-Aldrich, St. Louis, MO) for 10 min. After washing
copiously, the slides were sonicated (Branson Ultrasonics Corporation, Danbury, CT) in
deionized water for 10 s. Following a final rinse with deionized water, the slides were air-
dried. Contact angle was measured using a goniometer.

A single-edged razor blade with a thickness of 0.2 mm was used as the wedge.
For each experiment, a new blade was washed with Sparkleen 2 detergent (Fisher

Scientific) and air dried.

5.2.2 Particle Preparation

The latex particles used were surfactant-free sulfate latex with a diameter of 0.30
um (Interfacial Dynamics Corporation, Portland, OR) and Polybead microspheres with a
diameter of 2.93 um (Polysciences, Warrington, PA). These spheres were washed using a
Fisher Marathon micro A microcentrifuge at 10800 g for 20 min and 2700 g for 5 min,
respectively. The particle suspensions were then diluted with deionized water to
concentrations of 0.002 vol% — 0.2 vol%. Tween 20 (Acros Organics, NJ) was added to
the latex suspensions in concentrations of 0.001 wt% to 0.01 wt%.

The 15 nm gold nanoparticles used in this study were synthesized by reducing
HAUCI, in the presence of sodium citrate and tannic acid.®® The particles were prepared
by centrifugation in Centricon Plus-20 centrifuge filters (Millipore) at 1500 g for 10 min,

replacing the filtered liquid with deionized water, and then centrifuging again at 1500 g
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for 10 min. Following inversion of the filter, centrifugation at 750 g for 5 min was used
to concentrate the suspension. The microcentrifuge was run at 9500 g for 15 min to
further concentrate the nanoparticle suspension to ~2 wt%. UV/Vis spectrophotometry
was used to determine the suspension concentration and also showed that the absorption
peak remained constant at 524 + 1 nm, indicating that there was no nanoparticle

aggregation.

5.2.3 Imaging

The deposited lines were imaged with an Olympus BX61 microscope with a CCD
camera and 4x to 40x objectives in bright field lighting. To record the deposition process,
an Olympus CKX41 inverted microscope with 10x to 40x objectives was used with a
digital camera. SEM imaging was performed with a Philips XL series SEM apparatus at

an accelerating voltage of 2 kV.

5.3 Results and Discussion

In order to deposit lines, a wedge, to be used as a template, is placed vertically on
a glass substrate with controlled wettability. Dilute suspensions of gold nanoparticles or
latex microspheres were used for the deposition process. A droplet of the particle
suspension was placed on the substrate at the intersection with the wedge, as shown in
Figure 5.1. The droplet was allowed to completely evaporate, and the wedge was lifted

vertically off of the substrate. By controlling the wettability of the substrate, we were able
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to inhibit pinning of the three-phase contact line and thus prevent the formation of a

particle ring in the shape of the initial droplet.

(a)

dilute particle
suspension

2

substrate with
controlled wettability

(b)
three-phase

contact line
does not pin

wedge

Figure 5.1. Schematics demonstrating alignment of particles via wedge-templated
deposition.

5.3.1 Wettability Regimes
The wettability of the glass substrate was varied by exposing it to a mixture of
chlorodimethylsilane and dichlorodimethylsilane. We found that by altering the ratio of

the two silanes, the advancing contact angle could be controlled from 73° + 2° to

89° + 2°, resulting in three regimes of wettability.
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Figure 5.2. Schematics showing effect of surface contact angle. The droplet shape for
each condition was drawn using images of a droplet positioned against a wedge on a
substrate for each wetting regime. (a) — (c) Regime 1. Contact angle is too low, resulting
in deposition of a ring. (d) — (f) Regime 2. Contact angle is such that the particle line
moves with the meniscus, resulting in the deposition of a line. (g) — (i) Regime 3. Contact
angle is too high, resulting in deposition of the particles on the wedge.

Regime 1 occurs when only chlorodimethylsilane was deposited, which resulted
in an advancing contact angle of 73° and led to pinning of the three-phase contact line.
Thus, the evaporation of the suspending liquid at the three-phase contact line led to the
movement of particles towards it, resulting in the formation of a coffee ring structure
(Figure 5.2a — c). Regime 3 is found by depositing only dichlorodimethylsilane, resulting
in an advancing contact angle of 89°. The three-phase contact line pinned on the side of

the wedge, and this resulted in the deposition of the particles on the wedge, leaving

nothing on the substrate (Figure 5.2g — i). However, in Regime 2, at a contact angle of
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78° + 1.5°, we found that the formation of a line can occur because the three-phase
contact line does not pin on either surface. The contact line on the glass substrate moves
freely, resulting in the deposition of a line without a coffee ring structure being deposited

(Figure 5.2d - f).

5.3.2 Deposition Mechanism

As a line of particles without a coffee ring structure was deposited in Regime 2,
that was the focus of the remainder of this study. Once the droplet has been deposited at
the edge of the wedge, the particles move to the three-phase contact line and form an
ordered structure at the meniscus (Figure 5.3a). This occurs via convective assembly
engendered by the evaporation of liquid®*® from the droplet at the three-phase contact
line. Since the meniscus recedes freely on the substrate, the particles at the three-phase
contact line also freely move inward toward the wedge as evaporation occurs (Figure
5.3b — ¢). The only place where the contact line does not move freely is at the wedge-
substrate interface, where the liquid recedes in a stick-slip manner. Eventually, the
droplet completely evaporates, leaving the structure aligned by the wedge (Figure 5.3d).
Once the wedge has been removed from the substrate, a continuous line of particles

remains.
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F(b)

Figure 5.3. Time-lapsed bottom-up images showing the particle rearrangement within the
droplet during evaporation. (a) — (c) Particles align at meniscus, which moves toward the
wedge (central black line) as liquid evaporates. (d) Final structure is aligned against the
wedge.

Lines of latex microspheres, as well as lines of gold nanoparticles, were deposited
via this wedge-templating technique. Figure 5.4a — ¢ shows an example of a three-

dimensional, close-packed structure of latex microspheres, forming a continuous line. An

example of a continuous line of gold nanoparticles is shown in Figure 5.4d —e.
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Figure 5.4. (a) & (b) SEM micrographs showing line of 0.30 um latex particles. (¢) &
(d) Optical micrographs showing line of 15 nm gold nanoparticles.
5.3.3 Effect of Particle and Surfactant Concentrations on Line Structure

We evaluated the effect of particle concentration and surfactant concentration on
the deposited structure. The concentration of the gold nanoparticle suspension was varied
from 0.002 — 0.2 wt%, and the concentration of Tween 20 was varied from 0 — 0.1 wt%.
In order to quantify the continuous part of the line, we determined the percentage of the
line length consisting of a solid line. Increasing the concentration of the gold nanoparticle
suspension resulted in an increase in the continuous part of the deposited line, a decrease
in the line length, and an increase in line thickness (Figure 5.5). We were unable to

conclusively determine the effect of Tween 20 on the deposited structure.
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Figure 5.5. Plot showing the effect of gold nanoparticle concentration on the length and
continuity of the deposited line. The Tween 20 concentration was held constant at
0.0001 wt%.
5.4 Conclusions

We have developed a novel, inexpensive, and simple technique requiring no
special equipment for the deposition of dilute suspensions of nanoparticles and
microparticles. We were able to convectively assemble particles at the freely moving
three-phase contact line so that an ordered line of particles was deposited along the
wedge. By controlling the substrate wettability and the particle concentration, we were
able to deposit continuous, ordered linear structures that could potentially be used in the

development of sensors.
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Chapter 6. Summary

The goal of my research has been to develop techniques for assembling
biologically active particles into technologically useful materials. Corollary to this was
the need to understand the phenomena responsible for the particle assembly so that the
methods could be controlled and optimized.

The first part of this dissertation discussed the deposition of live cells and
particles via rapid convective assembly. By developing a “convective-sedimentation”
assembly method, uniform, close-packed coatings of large cells and particles could be
deposited in the presence of sedimentation. A computational model was developed to
enhance our understanding of the phenomena. The process was optimized by examining
cell profiles produced by the model in conjunction with those determined by
experimentation. We found that large forward inclination with a small angle between the
two slides resulted in the most uniform coatings. These results were then used to deposit
composite coatings of large latex particles and live yeast cells. By allowing these coatings
time to proliferate, introducing and then removing a contaminant, and allowing the
coatings to regenerate, we showed proof-of-concept for a self-cleaning surface. Different
types of robust cells, as well, could be used to develop coatings with additional
functionalities. It is possible to envision these coatings being used for biocatalysis,
bioreactor coatings, bioassays, biosensors, and implant coatings, in addition to self-

cleaning applications.
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The second part of this dissertation detailed the development of techniques for the
deposition of gold nanoparticles into linear assemblies. The first technique uses a
capillary pulled by a linear motor to draw a meniscus thereby depositing concentrated
micro- and nanoparticles onto completely wettable substrates. The lines were deposited
via viscous flow and convective assembly. The structure of the deposited lines was
dependent upon both the withdrawal rate and the particle concentration. We also found
that the heavy, parallel lines we deposited were electrically conductive. This gives
credence to the possibility of using functionalized nanoparticle lines in sensors. The
second technique we developed uses a wedge placed vertically on a moderately
hydrophobic substrate to template the meniscus of a dilute micro- or nanoparticle
suspension droplet. The particles assembled at the freely receding three-phase contact
line, resulting in the movement of the particles with the meniscus. Continuous, ordered
lines were deposited by controlling the substrate wettability and the particle
concentration. As with the capillary-guided lines, the deposition of functionalized gold

nanoparticles via wedge templating could also be used for the development of sensors.
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