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The production of multiscale heteroaggregates of microparticles coated with
nanoparticles has generated renewed interest in recent literature due to the wide-ranging
applications of such structured particles. These applications include particle stabilization,
nanotemplating, and drug delivery, among others. In the past, the majority of
heteroaggregation studies and associated applications have involved rigid, spherical
particles. However, as part of a multiscale heteroaggregate, hydrophilic hydrogel
particles can be used to open a whole range of new applications. These hydrogel
particles have also been of great interest recently due to their significant
microencapsulation capabilities and variety of delivery mechanisms. This dissertation is
focused on gaining understanding of the heteroaggregation of hydrogel microparticles
and nanoparticles and of particulate flows that could potentially be used to influence
aggregate formation.

First, concentrated noncolloidal particle suspensions undergoing oscillatory

torsional flow between parallel plates were studied using optical imaging. Much of the



work focuses on the effect of moderate strain amplitude and frequency on particle
migration. Also explored were various effects that can lead to enhanced or reduced
particle migration in the flow.

Next, a new quantitative application of fluorescence spectroscopy was developed
in order to study the interaction of oppositely charged hydrogel microparticles and
nanoparticles in suspensions. Optical microscopy was first used to determine the type of
aggregate morphology formed by mixtures of alginate microparticles and fluorescently
tagged chitosan nanoparticles at different concentration levels. It was hypothesized that
due to fluorophore and particle interaction properties that fluorescence spectroscopy
would be able to quantify the boundaries between different types of interactions in the
system. With this new technique, the effect of the concentration ratio of nanoparticles to
microparticles and the total overall particle concentration was also explored.

Finally, after developing the application of fluorescence spectroscopy for
quantifying particle interaction, varying the pH of the interaction environment where
heteroaggregation occurs was studied. pH is an important parameter in hydrogel
microcapsule and nanocapsule delivery and in heteroaggregation behavior. The change
in interaction behavior of alginate and chitosan particles was explored and the capabilities

and limits of fluorescence spectroscopy were determined.
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Chapter 1

Introduction



1.1 Motivation

The aggregation of dissimilar types of particles has been a long studied
phenomenon in the field of colloid science. There has been a recent renewed interest in
the phenomenon as pertaining to interactions between microparticles and nanoparticles in
aqueous solutions. In particular, the renewed interest focuses on heteroaggregates, in
which the surface of each freely suspended microparticle is coated with a layer of
nanoparticles (Mohraz et al., 2008, Tohver et al.,, 2001a). The applications of
microparticles coated with nanoparticles are quite widespread. They can be used as
particle stabilizers (Tohver et al., 2001b). In environmental applications they can be used
for water purification as flocculating agents or for encapsulating harmful toxins (Yu et
al., 2013). The microparticles that the nanoparticles coat can be used for nanotemplating
(Zubitur et al., 2009). They can also be used in pharmaceuticals as a drug delivery
application (Agnihotri et al., 2004).

Previous studies of heteroaggregation have typically involved rigid spherical
particles, where at least one particle type is strongly hydrophobic (e.g. polystyrene). In
contrast, the model system examined in this study consists of hydrophilic hydrogel
particles which are soft and strongly oppositely charged. Interactions between hydrogel
microcapsules and nanocapsules have typically not been studied in depth. In this system,
there is a different balance of colloidal interactions compared to the typical system
studied previously. Electrostatic interactions between alginate hydrogel microparticles
and chitosan hydrogel nanoparticles tend to be large compared to van der Waals

interactions, which is the opposite of the usual situation. In addition, there is current



great interest in alginate and chitosan as biocompatible and naturally abundant materials,
with potentially sustainable applications in food, pharmaceuticals and environmental
processes.

In terms of pharmaceutical technology, hydrogel microcapsules and nanocapsules
are of particular interest because of the possibility of triggered delivery mechanisms.
They can have pH dependent release of payloads (Agnihotri et al., 2004). Temperature
can also be used for release (Ichikawa and Fukumori, 2000). A certain level of
mechanical shear can be required to rupture the capsule (Zanina et al., 2002). Even a set
time can be a used as a factor to control release where the payload is released over a
designated time frame (Stein et al., 2006). It can even be envisioned that
heteroaggregates of microparticulates and nanoparticulates, particularly microcapsules
coated by nanocapsules, can be utilized for novel controlled release systems. For
example, the nanocapsules (or microcapsules) can be triggered to release a payload by the
methods listed above, which in turn triggers the other capsule to release its payload.
However, before studying such a complex hydrogel system properly, one needs to
understand heteroaggregation behavior in detail.

The goal of this thesis is to gain understanding regarding the heteroaggregation of
hydrogel microparticles and nanoparticles and regarding particulate flows that could be
used to influence aggregate formation. The operating conditions at which interaction
regime transitions between distinct heteroaggregate morphologies occur in batch systems
were determined, in terms of the concentration of microparticles and nanoparticles, the
solution pH, and the ionic strength of the solution. Experimental measurements of

particulate flows and heteroaggregation in batch systems were obtained by using optical



imaging and fluorescence spectroscopy. A detailed discussion of the experimental
procedures, results and analysis follows this introductory chapter, as described below.

In Chapter 2, highly loaded suspensions of large colloidal particles were studied
under oscillatory shear flow. The aim was to enhance understanding of the rheology of
concentrated suspensions resulting from the particle microstructure formed during
oscillatory flow. The results of this flow study could potentially be used to create a better
yield of microparticles coated by nanoparticles as the coating is hampered at higher
concentrations in static systems.

In Chapter 3, a new, quantitative fluorescence spectroscopy method was
developed to study the interaction behavior of oppositely charged hydrogel microparticles
and nanoparticles. Most of the previous studies involving heteroaggregates of oppositely
charged microparticles and nanoparticles have used optical microscopy to observe the
variation of aggregate morphologies with operating conditions. However, optical
microscopy has two major limitations under some circumstances, due to the fact that a
sample must be extracted from the particulate suspension and placed on a microscope
slide for suitable visualization. First, microscopy cannot be performed in situ or in real
time in a vial or in a flow. Also, the extracted sample may not have a composition
identical to the particulate suspension, and may therefore reflect different operating
conditions, leading to a different aggregate morphology observed compared to that
present in the particulate suspension. Therefore, fluorescence spectroscopy, which is not
constrained by the same limitations, was applied to study the heteroaggregation behavior
of a simple model system of alginate microparticles and chitosan nanoparticles. The

system was observed over a range of microparticle and nanoparticle concentrations in



order to map the aggregate morphology interaction regime boundaries and validate the
fluorescence spectroscopy measurements against optical microscope images.
Subsequently, in Chapter 4, after developing the fluorescence spectroscopy
method, changing the pH of the interaction environment where heteroaggregates were
formed was studied. pH variation is an important factor for orally ingested microcapsules
and nanocapsules. By varying the pH of the suspending solution, a new parameter
affecting the heteroaggregation behavior can be studied and also the viability of
fluorescence spectroscopy within the low pH environment can be tested. The solution
ionic strength was also varied by comparing results from buffered and unbuffered

solutions. In Chapter 5, conclusions and potential future work are discussed.

1.2 Background

In order to understand where the work fits into a historical context, first a history
of suspension flows is examined. Then a background on colloidal science theory and
how it forms the basis of heteroaggregation studies is explored. Also, a snapshot of the
experimental work in heteroaggregation behavior is provided. Then the use of alginate
and chitosan in encapsulation is described. Finally, there is a general background on
fluorescence spectroscopy and its applications in order to show how it can have other

applications like the one being developed in this work.

1.2.1 History of Suspension Flows



Shear flow between rotating parallel plates is typically used to measure
rheological data for fluids with suspended solid particles. As the particle concentration
increases, the flow behavior becomes more complex due to the high frequency of particle
interactions, and may potentially include nonuniform particle distributions or ordered
structure formation. The majority of flow studies concerning suspensions of neutrally
buoyant, noncolloidal spheres in viscous Newtonian liquids focus on unidirectional shear
flows, such as concentric cylinder Couette cells (Abbott et al., 1991, Breedveld et al.,
1998, Chow et al., 1994), circular pipes (Hampton et al., 1997, Han et al., 1999), and
rectangular channels (Koh et al., 1994, Lyon and Leal, 1998). Gadala-Maria and Acrivos
(1980) first discovered that for concentrated noncolloidal suspensions of neutrally
buoyant particles the apparent viscosity changed as they were sheared in a Couette cell.
Leighton and Acrivos (1987) demonstrated that the viscosity change was caused by
shear-induced particle migration, where particles that are initially uniformly distributed
are driven into a nonuniform spatial configuration by flow inhomogeneities. In addition,
suspension researchers have recognized the need for model calculations and experimental
data obtained from complex geometries (Altobelli et al., 1997, Corbett et al., 1995, Miller
and Morris, 2006, Moraczewski and Shapley, 2006, 2007, Moraczewski et al., 2005, Rao
et al.,, 2007, Rao et al., 2002, Subia et al., 1998, Xi and Shapley, 2008) and evolving
flows (Ingber et al., 2009, Miller and Morris, 2006, Stickel et al., 2007) in order to gain
more insight into particle dynamics when the shear stress has multiple components and to
provide more challenging tests for the predictions of existing suspension flow models.

Torsional flow of suspensions in rotating parallel plate geometries seems to be a

simple viscometric flow, yet has been less well understood than the thoroughly studied



unidirectional flows where the velocity only varies with a single coordinate. The rotating
parallel plate geometry is typically used to determine the rheology of suspensions.
Therefore, sufficient understanding of the complexities of suspension behavior in this
flow is needed to properly interpret the data. For example, the partially filled horizontal
concentric cylinder Couette device would be expected to generate a planar flow and yet
for suspensions produces striking, symmetry-breaking concentration bands and
corresponding convection patterns along the axial direction (Jin and Acrivos, 2004,
Tirumkudulu et al., 1999).

Initial measurements in the rotating parallel plate geometry indicated that shear-
induced migration did not occur in steady torsional flow of a monodisperse suspension
with a Newtonian suspending fluid, and the particles remained uniformly distributed
(Chan and Powell, 1984, Chapman, 1990, Chow et al., 1994). Chow et al. (1994) used
nuclear magnetic resonance imaging (NMRI) to study steady torsional flow for
Newtonian suspending fluids. They found that for a bulk particle volume fraction
duik=0.5 suspension in the parallel plate geometry there was no detectable inhomogeneity
in the particle distribution at steady state but there was a change in the apparent viscosity
as shearing progressed. The optical imaging measurements of Chapman (1990) and
rheological measurements at lower concentrations (@.ux=0.1 to 0.3) of Chan and Powell
(1984) supported the findings of Chow et al. (1994), where a uniform distribution of
particles was observed.

At the time, the observed lack of radial migration was unexpected, because the
diffusive flux model (Phillips et al., 1992) predicted that particles would migrate radially

inward toward low shear rate regions of the flow. Further exploration of bidisperse



suspensions by Krishnan et al. (1996) suggested that a flux arising from the curved
streamlines opposed the shear rate gradient flux for a monodisperse suspension, and that
marked particle size separation occurred in bidiperse suspensions. (Krishnan et al., 1996)
The concept of a curvature or normal stress difference driven flux leading to the absence
of migration in steady torsional flow of monodisperse suspensions is a concept
incorporated into multiple suspension models and used to fit model coefficients (Fang et
al., 2002, Krishnan et al., 1996, Morris and Boulay, 1999).

Recently, another shift occurred in the understanding of phenomena taking place
in the rotating parallel plate geometry for concentrated suspensions. Reports of
observations of outward radial particle migration during steady flow started to appear in
the literature. Merhi et al. (2005) used light absorption techniques with tracer particles to
reveal outward radial migration under steady shear conditions for a suspension of 0.4
bulk particle volume fraction. Similar results were found by Kim et al. (2008). Kim et al.
(2008) developed a modified diffusive flux and curvature flux model that predicted
outward radial particle migration up to 50% bulk solids loading, and showed good
agreement with their experimental video imaging observations of steady torsional flow.
Kim et al. (2008) explained how their work resolves some of the discrepancies between
previous and current measurements in steady torsional flow. Kim et al. (2008) found that
radially outward particle migration in steady torsional flow is more apparent at lower
bulk particle concentrations, with dramatic concentration gradients at bulk particle
volume fractions of 0.1 to 0.25. However, the extent of radial migration decreases with
the bulk concentration, so that the extent of migration at @u=0.5 is essentially

negligible. Since the earlier measurements (e.g. (Chapman, 1990, Chow et al., 1994)



involved suspensions with gy, =0.5, it is not surprising that no migration was observed.
In the more recent measurements at a lower concentration of ¢y« =0.4, radially outward
migration is apparent. Ramachandran and Leighton (2008) also showed that when the
experimental measurements of Zarraga et al. (2000) are substituted directly into the stress
components in the suspension balance model of Morris and Boulay (1999), the model
predicts slight outward migration in steady torsional flow of a suspension with bulk
particle volume fraction of 0.4 (Ramachandran and Leighton, 2008). Ramachandran
(2007) also determined that suspension loading procedures in the parallel plate geometry
can introduce significant concentration nonuniformities that may be the main driving
force for migration in torsional flow. The recent studies are likely to be incorporated into
a new prevailing view of suspension behavior.

There have also been interesting findings for steady torsional flows with non-
Newtonian suspending fluids. Feng and Joseph (1996) found that for dilute
concentrations of particles in viscoelastic fluids (aqueous solutions of polyethylene
oxide) under steady shear in a rotating parallel plate geometry that chaining and outward
migration takes place, except at low polymer concentration, where slow inward particle
migration occurs for a single sphere. As in their study of suspensions with Newtonian
suspending liquids in torsional flow, Kim et al. (2001) observed radially outward particle
migration taking place for solids loading of @,k =0.1 to 0.3 in a highly elastic Boger
fluid, where the particles form an annulus near the outer edge at steady state, but found
no detectable migration in ¢,=0.5 particle volume fraction suspension in the same

geometry.
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In addition to steady state suspension measurements, both shear reversal and
oscillatory flow experiments have provided a wealth of data regarding particle
microstructure in a suspension. Multiple experimental and simulation studies (Breedveld
et al., 2001, Butler et al., 1999, Morris, 2001, Pine et al., 2005) have found that after
experiencing a strain of approximately 2 or 3 units, the suspension has formed the steady
state microstructure with enhanced contact between particles along the compression
direction. Based on the work of Gadala-Maria and Acrivos (1980), Kolli et al. (2002))
and Narumi et al. (2002), the stress shows a net increase, after a brief initial decrease,
during the transition from a uniform state to the steady state microstructure during shear
reversal experiments. Narumi et al. (2005) also studied oscillatory flow of suspensions in
the cone and plate geometry. They recorded a transient response followed by a purely
viscous response during each oscillation. They accounted for this phenomenon by
surmising that microstructural rearrangements of the particles accounted for the transient
portion of the response.

According to the work of Heymann et al. (2002) in a cone and plate geometry, the
oscillatory stress amplitudes examined here likely fall in the nonlinear transition region
between Hookean behavior at small amplitude and a constant viscosity region at large
amplitude. At the low end of the strain amplitude range, Breedveld et al. (2001) observed
low viscosity values corresponding to a nearly isotropic microstructure in concentric
cylinder Couette flow, accompanied by an abrupt viscosity increase to the steady shear
viscosity value at higher strain amplitudes. They interpreted these rheology results to
indicate that at small strain amplitudes, the particles are confined to a “cage” consisting

of neighboring particles, but that the cage breaks open over a range of transition strain
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amplitudes so that at large oscillatory strain amplitudes (> 2 units) the suspension
exhibits the same viscosity value as in steady shear (Breedveld et al., 2001). In a
subsequent study, Pine et al. (2005) found a minimum strain amplitude value of
approximately 0.8 units at @,k =0.4 for irreversible particle interactions leading to
nonzero particle diffusivity in concentric cylinder Couette flow (Pine et al., 2005), thus
supporting the argument of Breedveld et al. (2001).

Bricker and Butler (2006, 2007) extensively studied oscillatory flow of
suspensions between rotating parallel plates as well as concentric cylinders. They showed
experimentally and computationally that for oscillatory flow irreversible behavior
dependent on the strain amplitude occurs, indicated by an increase or decrease of the
apparent complex viscosity over time during oscillatory shear. Experimentally, Bricker
and Butler (2006) varied the oscillatory strain amplitude and held the oscillation
frequency constant at f=1.59 s™. They observed a distinct minimum value in the apparent
complex viscosity at intermediate strain amplitudes, and attributed the phenomenon to
microstructural rearrangement during evolution of the oscillatory flow. In a subsequent
study involving Stokesian Dynamics simulations, Bricker and Butler (2007) elucidated
the microstructures that form at small, intermediate, and large oscillatory strain
amplitudes. In moderate amplitude flows, in the same range as the ones we studied here,
they found that the particles formed independent layers parallel to the direction of the
flow. In small amplitude flows, which are also incorporated into our studies, they found
that particles develop a crystal-like solid state microstructure, with close-packed
structures. At large strain amplitudes, the system exhibits the steady state suspension

microstructure, with particles aligned in clusters along the compression direction of flow.
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The experimental system of Bricker and Butler (2006, 2007) is most similar to our
system of all the torsional flow suspension systems investigated to date, in terms of the
particle properties, flow geometry and operating parameters selected.

Other previous studies have associated oscillatory flow and ordering of particles.
For example, Gondret and Petit (1996) observed an ordered cubic particle structure to
form in linear oscillatory flow of concentrated suspensions at @k =0.2 and a strain
amplitude of 0.1, along with a 25% decrease in the viscosity (Gondret and Petit, 1996).
Gondret and Petit (1996) observed a viscosity decrease of comparable proportions for a
bulk particle volume fraction of 0.4. In earlier work, Petit and Gondret (1995, 1992)
proposed that the ordered structuring arises from stationary secondary flow due to
oscillating boundary layers, and also developed scaling relationships for the rate of
structure development. The ordering of particles under oscillatory shear is corroborated
by other studies of particle jamming and release (Knipmeyer and Pine, 2003) where
jamming was associated with a disordered microstructure and re-establishment of flow
with an ordered microstructure. Calculations from a recent continuum model (Yapici et
al., 2009) suggest that particle ordering occurs during small amplitude oscillatory channel
flow because of an increase in the average particle separation distance to a value greater
than that for randomly arranged particles.

A final effect that could occur in oscillatory torsional flow is “reverse” particle
migration in the opposite direction to that observed for steady shear flow. Such a
phenomenon has been observed in small amplitude, pressure-driven oscillatory flows,
both in Stokesian Dynamics simulations (Morris, 2001) and continuum modeling (Yapici

et al., 2009) in a planar channel and also nuclear magnetic resonance imaging (NMRI)
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experimental measurements in a circular tube (Butler et al., 1999). In such systems,
particles are observed to migrate laterally away from the channel or tube center and
toward the wall, causing a high particle concentration band or ring to form near the wall
at steady state. Since the “reverse” migration occurred along the velocity gradient
direction for pressure driven flows, it is not known whether a similar effect is present

along the neutral (radial) direction in torsional flow between rotating parallel plates.

1.2.2 Colloidal Science Theory in Heteroaggregation

The reversible and irreversible attraction between dissimilar types of particles is a
topic of much scientific interest. This phenomenon is of interest in terms of suspension
stability or even destabilizing of suspensions. The terms seen in the literature for particle
mixtures  aggregating  together  are  heteroassociation, heteroflocculation,
heterocoagulation, and heteroaggregation. Heteroassociation and heteroflocculation are
interchangeable terms describing reversible or temporary particle aggregation.
Heterocoagulation refers to irreversible aggregation. Heteroaggregation is the general
term for particle aggregation that all of the previous terms can fit under although
heterocoagulation is also sometimes used as general term (Islam et al., 1995).

Much of the early work conducted in heteroaggregation was based on the
colloidal theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). DLVO at its
simplest form calculates the interaction potential between particles by adding the
interaction potential energy due to the electrostatic interactions and the interaction

potential energy due to van der Waals forces (Derjaguin and Landau, 1941, Verwey and
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Overbeek, 1948). DLVO sufficiently describes a process known as homoaggregation or
aggregation between like particles but these equations, however, do not adequately
describe particulate colloids. First, they do not take into account differences in particle
properties (Bell and Peterson, 1972, Furusawa and Anzai, 1992, Sasaki et al., 1980, Stoll
and Pefferkorn, 1993, Vincent et al., 1978).

Also, there is the possibility of solvent based forces which Hunter calls “solvent
structural forces” (1987). The two types of solvent interactions are hydration forces and
hydrodynamic interactions. Hydration forces are due to the water molecules forming
hydrogen bonds with the ionic groups on the surface of a molecule (Gregory, 1988).
When two such particles interact at distance of less than 10 nm and greater than 1 nm, a
repulsive force arises equal to the amount of energy needed to remove the water molecule
from the surface to the bulk. These usually produce minimal deviations in the colloidal
interactions (Pashley and Israelachvili, 1984). Hydrodynamic interactions are repulsive
forces that arise from slow drainage of fluid from in between two interacting particles.
The size of the particles and the distance between them impacts how much hydrodynamic
forces affect interaction potentials (Greene et al., 1994). Where shear flow is occurring
in a mixture of dissimilar particles, the hydrodynamic repulsion is greater and also has an
effect on particle collision rate (Valioulis and List, 1984, Wang, 1992).

Studies on mixed colloidal dispersions usually look at the kinetics of
destabilization (Derjaguin, 1954, Hogg et al., 1966, Kihira et al., 1992). Coagulation rate
can be described by the energy barrier that particles reach during collision (Wiese and
Healy, 1970). Studies initially involved Brownian motion but most heteroaggregation

systems usually involve some sort of agitation, flow, and/or sedimentation (Wang, 1992).
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The simplest heterocoagulation equations are the Hogg-Healy-Fuerstenau (HHF)
equations. They use the Derjaguin approximation which assumes lower surface
potentials and an effective Debye length smaller than the particle size. These equations
are valid for constant surface potentials (Islam et al., 1995). More complex equations
have been developed that account for what are called attractive depletion forces
(Vesaratchanon et al., 2007).

Finally, work that describes the structure of heteroaggregates that can form is
done with numerical simulations that account for possible particle-particle interactions.
There are two limiting regimes that are considered in simulations: diffusion limited
cluster aggregation (DLCA) and reaction limited cluster aggregation (RLCA) (Lopez-
Lopez et al., 2006). In DLCA every collision results in the formation of a bond and in
RLCA a large number of collisions are needed in order to form a bond. RLCA is difficult
to simulate due to the lack of agreement on a general kinetic theory (Islam et al., 1995).
There were three interesting findings from DLCA simulations of oppositely charged
particles of the same size. One finding was that charged clusters can aggregate with
neutral clusters but as they aggregate with more neutral clusters they tend to vanish.
Also, neutral clusters are formed only when two neutral or two oppositely charged
clusters aggregate. Finally, two clusters of the same charge cannot aggregate (Puertas et

al., 2002).

1.2.3 Experimental Studies in Heteroaggregation
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Many early experimental studies looked to test different particulate materials and
see how they compared to colloidal models. Cooper, et al. investigated the interactions
of two graphitized carbon blacks: Graphon and Sterling MTG. They found that their
experimental observations agreed with those predicted by the HHF theory (1973). This
study did not explore varying surface potentials. Thus, more studies were done using
mineral oxides since the surface potential can be varied by changing pH. Wiese and
Healy completed a series of experiments using TiO, and Al,O3. They studied stability
and coagulation rates (Wiese and Healy, 1975). It was found though that mineral oxides
were not suitable for study since they undergo chemical changes and thus researchers
started studying latex particles (James et al., 1977). The complexity of the mineral
oxides made it difficult to test the accuracy of known models. Using the combination of
hematite and glass beads, Kihira, et al. were able to prove that HHF is actually valid up to
60 mV and not 25 mV as was initially thought. The only stipulation is that both types of
particles cannot have a surface potential with a magnitude greater than 25 mV (1992).

Using prior heteroaggregation studies the first forays into creating stable
multicomponent aggregates were made. Using the interaction of amphoteric latex
particles and silica, Furusawa and Velev were able investigate the effect of zeta potential,
particle size ratio, and electrolyte concentration (Furusawa and Velev, 1999). They also
used interaction curves to template so-called “superparticles” using the latex. They were
able to control the size and composition.

Much recent work involves the coating of individual microparticles with
nanoparticles. The term “nanoparticle halo” is used to describe these nanoparticles

surrounding the microparticles. Much of the heteroaggregation work applies to
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nanoparticle halos. Tohver, et al. did experiments mixing silica microspheres with
hydrous zirconia nanoparticles. They found that using neutral charge silica they were
able to tune the interaction with the zirconia based solely on the concentration (Tohver et
al., 2001a, Tohver et al., 2001b). They were able to use the nanoparticle halos as a
stabilization mechanism. Simulation work corroborated the fact that nanoparticles are
useful as a stabilizer but only in certain regimes (Karanikas and Louis, 2004, Liu and
Luijten, 2004).

The next system studied was composed of silica microspheres and polystyrene
nanoparticles. This system also displayed stability through nanoparticle haloing. There
were a couple of possible interaction regimes that were seen: bridging (aggregation) and
haloing (full surface coating) (Chan and Lewis, 2005). Through further study of this
system it was found that there is middle aggregation regime and above and below
particles tend to be stable (Gilchrist et al., 2005). Further simulation work was able to
demonstrate that nanoparticle haloing is not dependent on electrostatic interactions but
can occur with van der Waals interactions (Barr and Luijten, 2006). Simulation work
employing integral equation theory was also done that corroborates the three regimes that
are possible with interacting microparticles and nanoparticles (Scheer and Schweizer,

2008).

1.2.4 Micro- and Nanoencapsulation Using Chitosan and Alginate

Encapsulation is the process of entrapping a compound by forming a particle or

capsule around that compound. Micro- and nanoencapsulating particles have many
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applications including but not limited to drug and flavor/fragrance delivery, use as
tracers, waste and toxin removal, and the protection of active ingredients from the outside
environment (Gibbs, 1999, Hester-Reilly and Shapley, 2007, Ravi Kumar, 2000, van
Soest, 2007). Two commonly used ingredients in encapsulation technology are alginate
and chitosan.

There are many known methods to produce chitosan capsules. Each have their
advantages and disadvantages when is it comes to size, release profiles, and stability.
The known methods include emulsion cross-linking, emulsion-droplet coalescence,
coacervation, spray drying, reverse micelles and ionotropic gelation (Agnihotri et al.,
2004, Sinha et al., 2004).

Emulsion cross-linking and emulsion-droplet coalescence are similar chitosan
capsule creation methods. Emulsion cross-linking is the method of creating a water-in-
oil emulsion of a chitosan solution and then cross-linking the resulting chitosan droplets
with a suitable agent like glutaraldehyde or formaldehyde (Berthold et al., 1996). This
method produces large microparticles. Quicker release is dependent on lower cross-
linking efficiency, larger particle size and larger payload loading (Thanoo et al., 1992).
With emulsion droplet coalescence, a water-in-oil emulsion is again used but this time
particles are precipitated out using NaOH (Tokumitsu et al., 1999). In this method
particle size is solely dependent on the type of chitosan used. With a higher degree of
deacetylation the particle size decreases. Coacervation is similarly performed to
emulsion-droplet coalescence just without a pre-emulsion (Agnihotri et al., 2004).

Chitosan solutions, like many other liquid excipient solutions, can be spray dried

to create particles. He, et al used spray drying to encapsulate cimetidine, famotidine and
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nizatidine with chitosan (1999). Particles produced were in the 2-10 um range and they
had a quick release profile in their studies.

Reverse micellar method is similar to the emulsion cross-linking method in the
small droplets of chitosan are cross-linked. In this case, chitosan solution is inside a
reverse micelle and is then cross-linked. This produces very small chitosan particles on
the order of 30-110 nm particles with low cross-linking or 500-600 nm with high cross-
linking (Banerjee et al., 2002).

Finally, one of the more common methods for producing chitosan nanocapsules is
with ionotropic gelation due to its simplicity and low toxicity (Agnihotri et al., 2004).
Also, since these nanoparticles have pH tunable release (Harris et al., 2011) they are
suitable for oral delivery which makes their use more widespread. The method of ionic
gelation involves mixing chitosan solution with a counterion solution, such as sodium
tripolyphosphate (TPP) that creates a reversible electrostatic link rather than a chemical
link (Sinha et al., 2004). Other counterions such molybdate have also been used
(Dambies et al., 2001).

Creation of alginate capsules does not have quite as many varying methods of
preparations. All methods involve the use of a divalent ions to perform cross-linking
(Tonnesen and Karlsen, 2002). Ca®*, Ba*, and Sr**, were tried as the cross-linking
divalent ions with Ca*" providing the most stability to the alginate beads (Takka and
Acartiirk, 1999b). Alginate bead size can then be controlled by using different physical
methods. Extrusion can be used to drip an alginate solution drop wise in a solution with
Ca®" ions (Takka and Acarturk, 1999a). Ca* ions can be slowly added to a water-in-oil

emulsion with an alginate solution (Yu et al., 2013).
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1.2.5 Background and Applications of Fluorescence Spectroscopy

Fluorescence is the short time scale emission of light from any substance during a
return to ground state of an electron from an excited state. Fluorescence spectroscopy is
the technique of capturing the signal intensity of that emitted light after excitation.
Fluorescence spectroscopy is conducted by pulsing a sample with a certain wavelength of
light and capturing the resulting spectrum over a range of wavelengths (Johnson, 2010).
The resulting light signal is collected at a right angle from the light source in order to
reduce the intensity of the emitted light captured by the detector so as to not confound the
emission spectrum (Albani, 2008).

Spectra generated from fluorescence spectroscopy are highly dependent on the
properties of the fluorescing molecule or fluorophore as it is known. Fluorophores come
in two types: intrinsic and extrinsic (Lakowicz, 2007). Intrinsic fluorophores are already
part of a larger molecule while extrinsic ones are added to larger molecules (Albani,
2008). Examples of intrinsic fluorophores include aromatic amino acids and enzyme
cofactor like NADH (Lakowicz, 2007).

Extrinsic fluorophores are more widely used as many different applications of
fluorescence do not employ molecules that are inherently fluorescent. Many have a
group attached that allow them to form covalent or non-covalent bonds with their
intended labeling targets (Lakowicz, 2007). Some examples of extrinsic fluorophores are
naphthalene sulfonate and its derivatives, nucleic base binders such as ethidium bromide,

and fluorescein and rhodamine derivatives (Albani, 2008, Lakowicz, 2007).
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The most important things to keep in mind when choosing an extrinsic
fluorophore are its behavior in the testing medium, its labeling efficiency, and its Stokes
shift. Fluorescein isothiocyanate (FITC), a fluorescein derivative, can be used an
illustration for how all three of these properties affect the fluorophore’s fluorescent

output. Fluorescein for example is pH dependent (Figure 1.1).
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Figure 1.1. Ilustration of pH dependence of FITC reproduced from Johnson (2010).

FITC has a good labeling efficiency which would normally indicate that fluorescent
intensity is improved with higher labeling but that is not the case here and that is due to
the Stokes shift. Stokes shift is the difference in peak wavelength of the excitation and

emission (Johnson, 2010). Fluorescein has a small Stokes shift (Figure 1.2).
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Figure 1.2. Stokes shift of FITC reproduced from Lakowicz (2007).

Small Stokes shifts lead to self-quenching (Lakowicz, 2007). This self-quenching is what
makes higher labeling detrimental to the emission signal strength. Now if self-quenching
is a property that is desired, FITC would be a molecule that can used. For example,
particles that are tagged with FITC may be naturally repellant but there may be
something in the particles’ environment that would cause them to come into closer
contact with each other. This can be potentially represented with a lowered fluorescence
peak due to the self-quenching in closer contact.

Knowing this background has allowed many different applications of
fluorescence spectroscopy to be developed. There any many fields in which the
technique is used, from food applications (Strasburg and Ludescher, 1995) to
pharmaceutical applications (Moreira et al., 2004) among others. The most common use
of fluorescence spectroscopy is in biological applications.

One early study involving fluorescence spectroscopy was studying the interaction
of metal ions and DNA (Jennette et al., 1974). Some work was done on detecting tumor
cells with fluorescent staining (Golden and West, 1974). Other work was done on

particular uptake into cells (Lakowicz and Hylden, 1978). Cell uptake in particular has
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been a very prominent application of fluorescence spectroscopy with attempts at targeted
delivery. Anything from the cell uptake of modified gold nanoparticles (Rosi et al.,
2006) to Gd (I11) encapsulated chitosan nanoparticles (Nam et al., 2010) are studied using
fluorescence spectroscopy. Since fluorescence spectroscopy already has applications
with chitosan nanoparticles, it is only logical to apply it to studying particle interactions

involving chitosan nanoparticles.
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2.1 Introduction

In this work, we have performed experiments involving noncolloidal suspensions of
spheres undergoing moderate amplitude oscillatory shear. We address the question of
whether shear-induced particle migration occurs in oscillatory torsional flows of varying
strain amplitude and oscillation frequency. The major contribution of our study is the
simultaneous measurement of the radial particle migration velocity in oscillatory flow
and the oscillatory torque evolution. In the Experimental Methods section we discuss the
materials, specific procedures and experimental parameters. We observed torque
evolution and particle drift in the radial direction for each of these experiments. In the
Results section we present the dependence of the data on oscillation frequency and strain
amplitude. In the Discussion section we compare these results to those of steady torsional
flow and also to calculations based on available continuum models. Finally, we relate our
radial drift velocity and torque evolution observations to studies in the literature
concerning microstructure formation and estimate the potential impact of secondary
flows and viscoelastic effects on our results. In general, the observations of this study
indicate interplay at moderate strain amplitudes between the shear-induced particle
migration phenomena observed by Merhi et al. (2005) and Kim et al. (2008) in steady
torsional flows and the microstructure formation effects observed by Bricker and Butler

(2006, 2007) and Gondret and Petit (1996) in oscillatory torsional flows of suspensions.

2.2 Experimental Methods
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2.2.1 Materials

The suspension contained 40% volume fraction of spherical, noncolloidal poly(methyl
methacrylate) (PMMA) particles (39.75% normal, undyed particles and 0.25% dyed
tracer particles) in a solution of ammonium thiocyanate (Sigma-Aldrich, ST. Louis, MO),
glycerin (Pharmco-Aaper, Brookfield, CT), deionized water, and hydroxyethylcellulose
(Natrosol™ 250 MR grade, molecular weight = 7.2 x 10°, Hercules Incorporated,
Agualon Division, Wilmington, DE). The dyed particles were treated with black RIT
liquid fabric dye. Both the dyed tracer particles and normal, undyed particles were sieved
so that their diameters fell between 106 and 125 um (120-140 mesh). The suspending
fluid consisted of 39 wt% ammonium thiocyanate salt, 36.5 wt% glycerin, 24.1325 wt%
deionized water, and 0.3675 wt% hydroxyethylcellulose. This fluid provided the
refractive index and density matching for the poly (methylmethacrylate) (PMMA)
particles (Lucite International, Cordova, TN) with a density of 1.19 g/cm®. This solution,
based on a recipe by Bailey and Yoda (2003), was used in place of the widely utilized
zinc chloride, Triton X-100, and water solution (Krishnan et al., 1996) in order to
minimize edge fracture instabilities. Such instabilities were observed during preliminary
parallel plate flows of suspensions containing the zinc chloride suspending fluid. In the
experiments presented here, edge fracture was averted through the use of the ammonium
thiocyanate suspending fluid, with fairly low viscosity. The ¢k = 0.4 particle volume
fraction suspension studied here was slightly shear thinning, with an average steady shear
viscosity of 1.34 + 0.42 Pa s over the experimental shear rate range of 0.1-10 s™. All

experiments were performed at 25°C.
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2.2.2 Experimental Apparatus and Procedure

Figure 2.1 illustrates the experimental set up. A TA Instruments AR 2000 rheometer (TA
Instruments, New Castle, DE) creates an oscillatory, torsional shear flow between parallel
plates. The upper plate, attached to the rotating shaft, is a transparent, acrylic (PMMA)
plate with 60 mm diameter. The lower plate, of larger diameter, is an extra PMMA plate
attached to the underlying Peltier plate, so that the suspension is bounded by the same
material above and below. A PixeLink A64 camera (PixeLink, Ottowa, Canada) at 3x
zoom was used to obtain images. Since a direct line of sight from above was not possible,
the camera was pointed horizontally at a mirror which reflected the flow occurring
between the transparent PMMA plates. The side of the mirror was positioned parallel to
the tangent of the upper plate edge and the camera was aligned horizontally so that the
image axes corresponded to the tangential and radial directions of the flow. Also, the
mirror was angled so that it reflected images from approximately 7.0 + 1.4 mm from the
outer edge of the plate, where the image field of view was 3.6 mm x 2.9 mm. An opaque
white plastic background was placed underneath the lower PMMA plate in order to
provide contrast for the black tracer particles. The lower PMMA plate and the
background sheet had a combined thickness of 3.9 mm. A fiber-optic light source pointed
directly at the flow provided sufficient lighting for imaging. The camera was able to
detect the motion of tracer particles in approximately the first 1-3 particle layers nearest

to the upper plate.
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Figure 2.1. Schematic view of the oscillating parallel plate experimental setup.

The suspension was loaded on to the lower PMMA plate and the upper plate was lowered
gradually in successive steps of 100 pm in order to fill the gap. We aimed to minimize
the amount of suspension scraped off the outer edge, and estimate a typical excess layer
at only 1-2 mm thick in the radial direction. The induction length required for meniscus
formation is estimated by Ramachandran and Leighton (2007) as L, = k(¢wu) (H/2)%a% ,
where H is the gap width, a is the particle radius, and k(#.uik) = 0.06 for a suspension with
duik =0.4. The resulting induction length has a value of 2.2 mm for the experimental
system, which is larger than the typical displacement length. Another metric developed

by Ramachandran (2007) specifically for the loading of circular parallel plates under

3 .24 p7 7
squeeze flowis y = 127” 2 D3R [1 — [R—ng ] (p.185, Eq. 5.14), where Rp and R
Vo

are the initial and final radii of the loaded suspension, Vj is the initial volume, and D=
0.954 is the dimensionless shear-induced diffusivity along the velocity gradient direction.

For our system, y ranges from 0.035 (1 mm displaced) to 0.064 (2 mm displaced). These
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values are a factor of 3-5 lower than ,~0.175, which indicates packed meniscus
formation. Therefore, the gently loaded suspension did not travel far enough during
squeeze flow for a packed meniscus to form at the outer edge of the plate and to be
subsequently removed. However, some enhancement of the concentration near the edge
of the plate may have occurred. Accordingly, the material remaining near the outer edge
of the plates was likely of the bulk concentration or greater, and hence did not provide a
driving force for radially outward particle migration.

The rheometer was operated in controlled strain mode. The control program for each
experiment set the oscillatory strain amplitude and the oscillation frequency. The
rheometer imposed a flow at the specified strain and frequency for the entire duration of
the experiment, and the oscillatory torque was measured over time. Each run completed
4800 oscillations and the gap width (H) was maintained at a constant 1000 pum. The
selected values of the oscillation frequency and oscillatory strain amplitude used in the
experiments are listed in Table 2.1. For each experiment, the oscillatory torque was

measured over time while the drift velocities of tracer particles were monitored with the

camera.
Strain Frequency f (s?)
amplitude 5 01 0.25 0.333 0.5 1
0.1 X
0.2 X
0415 X X X X X
0.8 X X
1.6 X X

Table 2.1. Parameters for oscillatory flow experiments.
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The oscillation strain amplitudes were selected in order to cover the regime of moderate
oscillatory shear. Moderate amplitudes are larger than the small amplitude range (y,~=A/H
<0.1), where linear rheological properties are observed through small perturbations to the
static microstructure, but smaller than the range of amplitudes where the steady shear
microstructure is observed (y~=A/H > 2) (Breedveld et al., 2001, Bricker and Butler,
2006, 2007, Narumi et al., 2002). Among the experiments, the amplitude of the shear rate
ranged from 0.1 to 10 s™. Flow Reynolds numbers in the experiments, based on the
maximum tangential velocity of oscillation, the plate gap width, and the average steady
shear suspension viscosity, ranged from 6 x 10™ to 3 x 103, thus indicating that inertial
effects are minuscule in the system. In addition, the Womersley number or dimensionless
oscillation frequency, normalized by the rate of momentum transfer across the gap width,
had small values of 0.079 or less, typical of a quasi-steady flow (Dinnar, 1981). All but
the two lowest oscillation frequency experiments achieved a total accumulated strain of
7500 or greater, so that a comparison with the oscillatory flow experiments of Bricker
and Butler is possible, and the increasing or decreasing trend of the oscillatory torque is
clearly established (Bricker and Butler, 2006). Although the final steady state was beyond
the duration of our experiments, we were able to obtain slowly varying, “post-start-up”

values of key quantities.

2.2.3 Fluid Rheology
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Figure 2.2 presents the rheological properties of the suspending fluid, in steady shear (a)
and small amplitude oscillatory shear (b). The rheological measurements were obtained
by using the same AR 2000 rheometer with the actual acrylic 60 mm diameter top plate
fixture used in the oscillatory flow experiments, but without the additional PMMA
bottom plate and background utilized in the oscillatory flow experiments. The
hydroxyethylcellulose (HEC) polymer present in the suspending fluid increased the
viscosity but also caused mild non-Newtonian effects. The two plots in Figure 2.2 show
that, over the experimental shear rate range of 0.1-10 s™, the suspending fluid is only
slightly shear thinning, with a nearly constant viscosity of 0.20 + 0.02 Pa s, and only
weakly viscoelastic, with viscous dominated rheological behavior, since the loss modulus
significantly exceeds the elastic modulus. The slightly viscoelastic suspending fluid has a
characteristic time scale of 0.018 s estimated from a Carreau-Yasuda model fit to the
steady shear rheology data (Ponche and Dupuis, 2005). In Figure 2.2b), the overlapping
forward (low to high frequency) and reverse measurements show the reproducibility of
the data. In Figure 2.2a), the steady shear viscosity of the ¢@,x=0.4 particle volume
fraction suspension is also shown. The suspension is more viscous than the suspending
fluid by approximately a factor of 6.6, falling between the Krieger (1972) and Zarraga

(2000) relative viscosity correlations.



32

10 3 1000
a) 100 1
E ﬂ&&&ﬂa& jg 1: .
o 1 &&ﬁ&% Eﬂ
~ S0
3 ] O 001
fn’*ﬂwﬁ,.“,m“ 0.001 -
0.1 : **%, 00001 : :
0.01 1 100 0.01 1 100 10000
shear rate (1/s) shearrate (1/s)

Figure 2.2 (a) Steady shear rheology of the suspending fluid (solid diamonds) and
Pdpuik=0.4 particle volume fraction suspension (hollow triangles); (b) Elastic and loss
moduli of the suspending fluid at 5% strain amplitude.

The steady shear values for both the suspension and the suspending fluid were obtained
during short duration measurements (maximum of 1 minute for each applied shear rate),
without additional pre-shearing. The working definition of “steady state” employed by
the rheometer entailed less than 5% variation in the torque during each data acquisition
interval. The short duration of the rheological measurements minimized the impact of
slowly developing nonuniformities in the particle concentration distribution due to

particle migration.

2.2.4 Image Analysis

The program StreamPix was set up to capture images every 2 oscillations since the

acquisition of live, real-time images was not possible due to RAM constraints of the

computer used. The insufficient RAM caused a lag in capturing the real time images
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which was eliminated with the time lapse. Since the image capture was synchronized
with the oscillatory flow, only net drift motion of the particles was expected to be
observed during flow. Even though the acquisitions were sometimes slightly off cycle,
the error cancelled out over the course of the 2400 images. Figure 2.3 consists of three
images demonstrating net radial particle drift during oscillatory flow with oscillatory
strain amplitude of 0.2 and oscillation frequency of 0.333 s™. Particles used for the drift
velocity calculation are marked A, B and C, and are shown at three time intervals during
flow: 1500, 6000, and 12,000 seconds after flow began. The field of view of each image
is 3.6 mm x 2.9 mm, and the radial position of the center of the image is approximately r
= 23.0 + 1.4 mm. The images capture tracer particles in approximately the first 1-3

particle layers adjacent to the upper plate (z =0.17 mm + 0.17 mm from the upper plate).

24.1 +
23.6 -
23.1 4
22.6 -

22.1 4

Distance from Center (mm)

21.6 -

Figure 2.3. Three images demonstrating radial particle drift during oscillatory flow with
strain amplitude = 0.2 and frequency = 0.333 s™. Particles used for drift velocity
calculation are marked A, B, C. The images were acquired (i) 1500 sec; (ii) 6000 sec; (iii)
12,000 sec after the start of oscillatory flow. The radial direction is vertically upward in
the images.

Particle velocities were determined by image analysis using ImageJ 1.36 software. Three
individual particles were chosen in each experiment and particle positions were tracked

every 50 images (every 100 oscillations). For example, Figure 2.4 presents the
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trajectories in the radial direction of particles A, B, and C from Figure 2.3. Then, average
radial and tangential velocities for each particle were determined using the calibrated size
of 2.81 pm x 2.81 um for each pixel in the picture frame (the size of each frame was 3.6
mm X 2.9 mm) and the time at which each frame was acquired. Multiple averaging steps
were used to reduce the error associated with tracking individual particles. Each velocity
component of a tracer particle was averaged separately over time, and the radial velocity
component was of particular interest. The average radial drift velocity values presented
here were calculated from particle trajectories after the particle radial drift velocity
reached a slowly varying value. For many of the experiments, the first five points (500
oscillations) in the particle trajectory were neglected, owing to the rapid flow evolution
occurring during that period. Such a procedure was applied to the trajectories shown in
Figure 2.4, where the slope of each particle trajectory clearly reaches a slowly varying
value after an initial period of rapid variation. Then, the average radial velocity values of
three tracer particles were averaged, and the mean value was identified as the radial

particle drift velocity after the “start-up” of the flow.
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Figure 2.4. Evolution of radial trajectories of the three particles shown in Figure 2.3 at
each time after the start of oscillatory flow. The time axis has the same meaning as in
Figure 2.3 above, without any shifting of the origin.

The average uncertainty in the radial drift velocity measurements was estimated at
approximately + 10%. The uncertainty was determined from the differences between the
drift velocity averaged over three tracer particles and that averaged over eight tracer
particles in several representative experiments. It can be assumed that the velocities
averaged over a greater number of particles will be more accurate, but that +10%
uncertainty reasonably captures the difference between three-particle and many-particle
averages. A major source of variation in average velocities from particle to particle is the
range of axial positions of tracer particles (approximately 1-3 particle diameters from the
upper plate) captured in the same image. Since the region in focus includes particles

immediately adjacent to the upper plate, and the average velocities of wall particles may
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be noticeably lower than in the bulk due to wall effects, the variation shown in Figures
2.3 and 2.4 is not surprising. Most of the tracer particles in Figures 2.3 and 2.4 (including
particles B and C) move with the same radial drift velocity, except for particle A, which
moves more slowly than the others. Aside from the influence of wall effects, the average
radial drift velocity is not expected to vary significantly along the axial direction, since
the shear rate at every time is constant in that direction for a low Reynolds number and
high aspect ratio flow. Axial displacement of tracer particles was not observed during the
start-up of the flow, but only large displacements into or out of the imaging region could

be detected.

2.3 Results

2.3.1 Radial Drift Velocity

For all of the cases studied here, the average drift velocity of the tracer particles was
directed radially outward (i.e. positive values). The magnitude of the observed radial drift
velocity was a function of the oscillatory strain amplitude and the frequency of
oscillation. The dependence of the average radial drift velocity on the oscillatory strain
amplitude and oscillation frequency is shown in Figures 2.5 and 2.6.

The average radial drift velocity of the tracer particles was measured as a function of
oscillatory strain amplitude y, for oscillation frequencies of 0.333 s and 1 s™. The
results are shown in Figure 2.5a. For both oscillation frequencies, it is clear that the
average radial drift velocity increases approximately linearly with the oscillatory strain

amplitude. The average radial displacement per cycle is presented in Figure 2.5b, and
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also generally increases linearly with the oscillatory strain amplitude. If the observed
particle motion arose purely from a shear-induced migration process, the curves for the
two frequencies would superimpose. Since that is not the case, some frequency
dependence in the system is evident, hence suggesting the presence of a competing effect.
Separate linear curve fits for the two frequencies 0.333 s™* and 1s™ in Figure 2.5b result in

Ordritt ~ 0.273 7y (um/cycle) and 0.068 y, (um/cycle), respectively.
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Figure 2.5. Radial drift velocity (a) and radial displacement per cycle (b) as a function of
strain amplitude o, for oscillation frequencies of 0.333 s™ (solid squares) and 1s™
(hollow squares).
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It is reasonable that the drift velocity and displacement per cycle increase linearly with
the strain amplitude. The strain amplitude determines the approximate number of
interparticle collisions per half cycle, which is estimated as the collision rate multiplied
by the half period, or 2@k % (Where gk =0.4). Therefore, we would estimate between
0.08 and 1.28 interparticle collisions per half cycle over the range of strain amplitudes
examined. Since only on the order of one or fewer collisions are expected per half cycle,
the flow can be considered to lie in the high “shear-induced Peclet number” regime,
where convection by the mean flow is fast compared to shear-induced diffusion
(Ramachandran and Leighton, 2008). The studies of Narumi et al. (2005) and Bricker and
Butler (2006) concluded that the strain amplitude is the main parameter governing the
oscillatory rheology of suspensions. One other noticeable feature of the curve in Figure
2.5 for an oscillation frequency of 0.333 s is the local decrease in the average radial drift
velocity and displacement per cycle at a strain of 0.8. The local decrease in drift velocity
and displacement parallels a local decrease in torque ratio discussed below.

The average radial drift velocity was also measured as a function of oscillation frequency,
for a fixed strain amplitude value of 0.415, as displayed in Figure 2.6. Figure 2.6a
indicates that the average radial drift velocity is a nonmonotonic function of the
oscillation frequency, with a maximum value of 0.045 pum/s at frequencies in the range of
0.25 — 0.333 s, and a baseline value at other frequencies of approximately 0.012 um/s.
A plot of the corresponding radial displacement per cycle in Figure 2.6b indicates that the
displacement generally follows an inverse square relationship with the oscillation

frequency (solid line represents 0.011 / f 2) except at very low frequency, where the
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nonmonotonic behavior of the displacement is captured by the difference between an
inverse square and inverse quartic function (dashed line represents 0.013 / f 2 — 0.0001222

1£9.
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Figure 2.6. Radial drift velocity (a) and radial displacement per cycle (b) as a function of
oscillation frequency, strain amplitude yo = 0.415. In (b), the solid line represents the
function (0.011 / f ?) and the dashed line represents the function (0.013 / f 2 — 0.0001222 /
4.
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The inverse square dependence of the displacement on frequency is reminiscent of the
time scale of particle microstructure formation derived by Petit and Gondret (1992),
which has an inverse square dependence on the shear rate: z = v/ [(3 H)? (2=f)?]. In our
data acquired at fixed strain amplitude, the radial displacement per cycle is proportional
to Petit and Gondret’s time scale of structure formation, where at high frequencies the
structure forms rapidly and the corresponding displacement per cycle is very small. The
data suggest that the formation of ordered cubic structures such as those observed by Petit
and Gondret (1996, 1992) reduces the driving force for shear-induced migration, perhaps
by eliminating the likelihood of collisions between particles at different heights in the z
direction. However, we did not observe the inverse square dependence on the strain
amplitude that Petit and Gondret proposed, since the displacement per cycle linearly
increased with the strain amplitude at fixed frequency (see Figure 2.5). Therefore, in our
system, it appears that the oscillation frequency rather than the shear rate provides the

time scale of particle ordering interactions.

2.3.2 Torqgue Evolution

Simultaneous rheological measurements and particle tracking provided complementary
information about suspension behavior in each experiment. Figure 2.7 shows the
evolution of the oscillatory torque in a single experiment with an oscillatory strain
amplitude value of 1.6 and an oscillation frequency of 0.333 s™. The torque measured at
each time point is normalized by the minimum torque value obtained during the

experiment. A sharp decrease in the first 265 s (89 oscillations, or a total strain value of
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142) is followed by a gradual increase occurring over a period of 4800 oscillations, or 5 x
10° in total strain. Since each sample was loaded without preshearing, the initial torque
decrease is attributed to the relaxation along the axial direction of structure formed during
sample loading and particle protrusion through the fluid-air interface as flow commences
(Chow (Chow et al., 1994, Ramachandran, 2007, Singh et al., 2006). The initial decrease
in the torque occurs on a different time scale from that of the formation of ordered
structure as derived by Petit and Gondret (1992). Petit and Gondret’s (1992) structure
time scale estimate overpredicts the time of rapid torque decrease at low strain amplitude

(70~0.1, 0.2) and underpredicts the time of rapid torque decrease at high strain amplitude

(70~1.6).
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Figure 2.7. Normalized torque evolution curve, strain amplitude y, = 1.6 and frequency =
0.333s™,
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The subsequent gradual change in torque is more significant and the mechanism which
causes it has been recently debated in the literature. Evaporation of the aqueous
suspending fluid was examined as the cause of the torque increase or decrease. Bricker
and Butler particularly highlighted the importance of avoiding suspending fluid
evaporation effects and specifically designed their experiments with non-aqueous based
fluids in order to preclude evaporation (Bricker and Butler, 2006). Small torque increases
were observed during torque evolution measurements of the pure suspending fluid,
corresponding to slight stiffening of the fluid-air interface over a period of four hours.
The fluid evaporation produced a baseline level of torque increase, where the net torque
increases or decreases in the suspension exceeded such levels. By the naked eye there
was no discernible change in concentration or crust formation near the plate edge during
suspension experiments to indicate that evaporation was taking place. The length of time
of the experiments was far shorter than those reported by Bricker and Butler (2006), so
that the effect of evaporation on the results was less of a concern in this study. Only the
longest duration experiment (%=0.415, f=0.1 s™*), running for over 13 hours, showed
possible signs of fluid evaporation causing stiffening of the air-fluid interface.

For each experiment, the ratio of the final torque value to the local minimum torque value
after the initial rapid decrease appears in Figure 2.8. The final torque value was obtained
after 4800 oscillations. The normalized final torque value is presented as a function of the
oscillatory strain amplitude in Figure 2.8a), for experiments with oscillation frequencies
of 0.333 s? and 1 s™. A clear local minimum in the final torque ratio with strain
amplitude is apparent for a strain amplitude of 0.8, compared to the adjacent data points

at strain values of 0.415 and 1.6. The minimum is quite sharp at an oscillation frequency
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of 0.333 s but slight for a frequency of 1 s™. Values of the torque ratio smaller than
unity correspond to cases where the torque continued to decrease after the initial rapid
decrease, so that the final torque was less than the initial minimum torque. Figure 2.8a)
also shows the ratio of the torque at a total accumulated strain of 1930 to the initial local
minimum torque, for the same frequencies. These torque ratios compare all of the
experiments at the same accumulated strain of 1930, in order to compensate for the
greater extent of development of the high shear experiments at a fixed number of
oscillations. Again, the dip at a strain amplitude of 0.8 is clearly visible for an oscillation
frequency of 0.333 s but at a frequency of 1 s™, there is no local minimum. In summary,

the trends in the torque ratios with strain are much more apparent at the lower frequency.
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Figure 2.8. Normalized torque value (a) as a function of strain amplitude, the ratio of
final torque to initial minimum torque for frequency = 0.333 s™ (solid triangles) and 1 s™
(hollow squares), and the ratio of torque at a total strain of 1930 and initial minimum
torque for 0.333 s (hollow triangles) and 1 s* (X). The dashed line represents the
calculated final torque ratio based on the fully developed concentration profile predicted
by the suspension balance model. (b) Final / minimum torque ratio as a function of
oscillation frequency, strain amplitude = 0.415.

We found qualitatively similar behavior to the torque evolution ratio in the final viscosity
ratio. The final suspension complex viscosity after 4800 oscillations was compared to the
average steady shear viscosity. The viscosity ratios for strains of 0.415 and 0.8 are the
minimum viscosity ratios for an oscillation frequency of 0.333 s and show a significant
drop (at least by a factor of two) from the surrounding values at strains of 0.2 and 1.6. At
a frequency of 1 s, the viscosity ratios at strain values of 0.415 and 0.8 had similar low

values. The local minimum at intermediate strain values in the torque evolution ratio and
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the final viscosity ratio agrees with the results of Bricker and Butler (2006), where a
strong minimum was observed in the viscosity ratio at strains close to unity and attributed
to ordering of the suspension through the formation of independent particle layers, where
particles move within planes without collisions with particles in neighboring planes
(Bricker and Butler, 2007). Petit and Gondret (1995, 1992) suggested a mechanism of
layer formation, which is the local stationary secondary flow caused by oscillating
boundary layers, even when inertial effects are very small. The local secondary flow
leads to attraction of neighboring particles along the axis of shear rotation (radial
direction) and repulsion of adjacent particles along the directions normal to the axis
(tangential and axial directions) (Gondret and Petit, 1995, Petit and Gondret, 1992).
Repulsion of particles along the axial direction is an important driving force for
formation of the independent layers, where particles are slightly more separated along the
z direction than in other microstructures.

In Figure 2.8b), the normalized final torque value is plotted against the oscillation
frequency, for experiments with an oscillatory strain amplitude of 0.415. Here, the torque
ratio is on balance observed to decrease with oscillation frequency. Due to possible
suspending fluid evaporation affecting the longest duration experiment (=0.415, f=0.1 s
), the torque ratio for the lowest oscillation frequency may be significantly
overestimated. The data suggest that the normalized final torque value may follow
qualitatively similar behavior to the drift velocity with oscillation frequency, where there

is @ maximum at moderate frequencies.

2.4 Discussion
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2.4.1 Comparison of Oscillatory and Steady Torsional Flows

Over the oscillatory flow conditions examined here, the main observation was that the
radially outward drift of tracer particles generally was accompanied by a gradual increase
in oscillatory torque. Both outward drift and simultaneously increasing torque are
consistent with a concentration (and therefore viscosity) increase near the outer edge of
the rotating plate. The observed behavior is quite similar to the experimental results
reported by Merhi et al. (2005) and Kim et al. (2008) for a steady, torsional suspension
flow between rotating parallel plates, although the experiments reported here were
performed at lower shear rates (0.1-10 s™ vs. 25-55 s™). Hence, only particle migration in
the same direction as that observed in steady flow was detected here.

The variation in the oscillatory torque observed here occupied a wider range than in the
results reported by Merhi et al. (2005) for steady, torsional flow. Merhi et al. typically
observed a 15-20% increase in the torque from the minimum to the final value, over a
similar time period (~10° s) but over a total accumulated strain of one to two orders of
magnitude greater than the extent we examined. We observed some torque increases in
the same range, but also obtained greater increases (42%) for oscillatory flow under the
largest strain amplitude and moderate frequency conditions (see Figures 2.7, 2.8). Merhi
et al. measured a maximum torque increase of 40% in one experiment (40 s™), but the
increase occurred over 100 times the strain that we used. Over a comparable accumulated

strain, Merhi et al. (2005) only observed a 15-20% torque increase for that run.
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Therefore, in the limit of large strain amplitude (y,~=1.6), the torque increase observed
here is comparable or greater than that for steady flow.

A remaining open question is the differences in experimental results obtained by Merhi et
al. (2005) and Kim et al. (2008) compared to Bricker and Butler (2006) for steady shear
flow, since the experiments were performed at the same bulk particle volume fraction of
0.4 and in very similar flow geometries. The main parameter distinguishing the studies
was a/H, the particle to gap size ratio. We suspect that the contrasting observations can
be attributed to varying values of the particle to gap size ratio, which is known to have a
very strong influence on suspension loading conditions, migration rates and final
concentration profiles in narrow geometries (Ingber et al., 2009, Ramachandran, 2007,

Stickel et al., 2007).

2.4.2 Comparison with Model Calculations

We also made two calculations to compare the oscillatory flow data to published steady
flow results. First, we compared the observed torque increase to the increase expected in
a steady flow as it evolves from the initial uniform state to the final steady state
concentration distribution. The calculation of the final torque utilized the steady state
concentration profile predicted by the suspension balance model (Morris and Boulay,
1999) and evaluated by Ramachandran and Leighton (2008) for rotating parallel plates
using the shear stress components measured by Zarraga et al. (2000), where

¢ —(L+b+2d)/3(1+d)
—(1+b+2d)/3(1+d)

#r) =

(2.1)
dm +CT
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The constant c is set by the bulk suspension concentration, where we find ¢=0.79 for
#=0.4, and the expression —(1+b+2d)/3(1+d) has a value of 0.17 from the parameters of
Zarraga et al. (2005), where b= -0.15 and d=-0.54, in addition to ¢,=0.62.

The expression utilized here for ¢(r) is very similar to the measured profile of Merhi et
al. (2005) and the calculations of Merhi et al. (2005) and Kim et al. (2008) using
modified diffusive flux models, where the steady state particle volume fraction increases
slightly with radial position. The dashed line in Figure 2.8a) represents the calculated
final torque ratio of 1.034 for steady flow, where the final torque calculated from the
steady state expression above is divided by the torque resulting from a uniform
suspension with #=0.4, following the same procedure as Merhi et al. The observed
torque ratios for a frequency of 0.333 s™ are generally larger than the estimated steady
flow torque ratio, except where the observed ratios go through a minimum at a strain
amplitude of 0.8 and at a very low strain amplitude of 0.1. All observed torque ratios for
a frequency of 1 s are less than the estimated steady value.

In addition, we used the suspension balance model (Miller and Morris, 2006, Morris and
Boulay, 1999) to estimate the initial radial migration velocity of particles in steady
torsional flow for a suspension with the properties of the experimental system and
moving at the same average velocity as the oscillatory flow. The particle drift velocity,
defined as the difference between the average particle velocity and the average
suspension velocity, (up-u), is directly related to the concentration and flow fields

through the lateral flux of particles j, (Miller and Morris, 2006),

2
¢(Up_u) = 1L = %f(@[v-zp] 02
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where a is the particle radius, 7 is the suspending fluid viscosity, f(¢) is the hindered
settling function, and Z, is the particle contribution to the stress tensor. Ramachandran
and Leighton (2008) find the radial component for parallel plate flow (Eq. 2.23 in their

work)

2 b 2 o S, -3
ir = 2a” f(g) lg(rz orr )_ Poo | _ 2a f(¢) Prr_ . ZPrr Pgo
919 ror 970 or r 2.3)

Assuming initially uniform concentration ¢=¢=0.4, and following the discussion of
Ramachandran and Leighton (2008) using the functions found by Zarraga et al. (2000)

for the stress tensor components, the equation becomes
. 2
ir = 532 [—(1+b+2d)]f(¢o)a(¢o)ﬂr(¢o)%
3
where [-(1+b+2d)] = 0.23, f(#) = (- 9°, a(¢) ur(4) = 2.17(/5—3 , and
_9
[-2)

$n=0.62.

Then, because concentration variations are slight, we can approximate the radial drift

velocity as

Veait = AL = 252 (0_23)f(¢0)a(¢0)ﬂr(¢0)2
%o 9 ) H (2.5)
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where for an oscillatory flow, the average angular frequency of rotation is given by the
yo H

angular distance traveled per cycle, o = 4 6y f = R f. The edge shear

rate is given by y = 4 yo f . After substitution of the functions, we find

: 2 2
J a 5 §
Ve drift = % = 011 R (1-4o) # 4y f
_%0
9m (2.6)

For the experimental parameters of ¢#%=0.4, a=58 pum, H=1 mm, and R=30 mm, the

expression becomes Vy qrift = 0.0133 yo f (um/s).

Figure 2.9 shows the comparison of the measured radial drift velocity for oscillation
frequencies of 0.333 s and 1s™ and for fixed strain amplitude of 0.415, and the estimated
initial migration velocities in steady flow, as a function of shear rate. For each frequency,
the measured velocity is clearly larger than the estimated steady migration velocity. The
slope for oscillatory flow is greater by a factor of 21 for f=0.333 s™ and a factor of 5 for
f=1s compared to the steady flow estimates. Taken together, the results for the radial
migration velocity and the oscillatory torque suggest that the rate and extent of migration
in oscillatory flow are greater than that predicted by continuum models for a
corresponding steady flow. It seems that the enhanced radial migration velocity in
oscillatory flow can be attributed to the looser particle microstructure that forms under
oscillatory shear compared to steady shear, with greater average spacing between
particles and therefore increased particle mobility (Narumi et al., 2005, Yapici et al.,

2009).
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Figure 2.9. Measured radial drift velocity for oscillation frequencies of 0.333 s (solid
squares) and 1s™ (hollow squares), and strain amplitude of 0.415 (stars), compared with
the estimated initial migration velocity in steady flow, based on the suspension balance
model, at the same average velocities corresponding to the oscillatory flows (solid line).

The estimated secondary flow velocity for a Newtonian fluid at low Reynolds number in
the infinite plate limit (McCoy and Denn, 1971) is also shown (dashed line).

Global secondary flow is an unrelated effect which has the potential to obscure the
measurement of the radial migration velocity in the parallel plate geometry. During
steady shear of a Newtonian fluid between rotating parallel plates, large-scale secondary
flow due to inertia appears as a toroidal motion with outflow near the moving plate and
inflow near the stationary plate. For a viscoelastic fluid, normal stresses promote
secondary motion in the opposite direction (Hill, 1972), and the two effects may cancel
out in viscoelastic liquids with large normal stress differences (Feng and Joseph, 1996).
Based on the work of McCoy and Denn (1971), we estimated the radial velocity due to
macroscopic secondary flow in a Newtonian fluid under steady shear at the conditions of

our experiments. We used Eq. [18] of McCoy and Denn, for the “infinite disk” solution
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(R/H = o) at low Reynolds number, where the radial velocity due to secondary flow is

given by (to second order in pseudo-Reynolds number Nge):

U=-(r/R) Npe /60 [4(1-2H)-9(1-2H)*+5(1-zH)*] Rw 2.7)

where Nge = pH? @ / 75, and we evaluate the solution at the experimental location
r/R=0.767 and z/H=0.174, which corresponds to an axial distance of 1.5 particle
diameters from the rotating plate, and Rw = 4 % H f is the average rotation velocity
during each half cycle. The estimated secondary flow radial velocity was negligible for
all of the flows examined here, where it ranged from 0.02% - 4% of the measured radial
drift velocity. The dashed curve in Figure 9 shows the magnitude of the estimated
secondary flow velocity compared to the measured radial drift velocity values. Since the
oscillatory flows occurred at very low Reynolds numbers, the impact of large-scale

secondary flow was minimal.

2.4.3 Viscoelastic Effects

Viscoelastic effects did not have a noticeable impact on the results of this study.
Although with a dilute concentration of tracer particles we were not able to observe it, we
did not expect to see any appreciable extent of particle chaining along the flow direction.
Chaining is frequently observed for particles suspended in viscoelastic liquids. Recent
studies show that strong shear thinning is a key property of the fluid that promotes

chaining (Won and Kim, 2004). Since the suspending fluid used in this study was only
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weakly shear thinning, we do not believe the non-Newtonian chaining effect is significant
in our system.

In experiments tracking single spherical particles suspended in viscoelastic liquids during
steady torsional flow, Feng and Joseph observed outward migration of particles for
concentrated solutions of polyethylene oxide (1% and 2%), and very slow inward
migration for more dilute solutions (0.5%) (Feng and Joseph, 1996). The suspending
fluid used in this study had rheological properties most similar to the dilute 0.5%
suspending fluid of Feng and Joseph. Therefore, the presence of a non-Newtonian
suspending liquid was expected to produce at most slight migration in the opposite

direction to that observed in our experiments.

2.4.4 Oscillation Amplitude Effects on Microstructure

All the values of the oscillatory strain amplitude tested here (0.1 — 1.6 strain units) are
below the typical limit for full development of the steady state particle orientation
arrangement of about 2-3 strain units, as shown in the work of Breedveld et al. (2001)
and Narumi et al. (2002, 2005). Since the oscillation strain amplitudes span the regime of
moderate oscillatory shear (0.1 < y~=A/H < 2), a particle microstructure distinct from both
the uniform and the steady shear cases is expected. Breedveld et al. and Narumi et al.
find that particle “cages” are disrupted by strain amplitude ~ 1 (Breedveld et al., 2001,

Narumi et al., 2002, Narumi et al., 2005).
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In the results presented here, we observe two interesting effects which offer hints about
the suspension microstructure under oscillatory torsional flow. First, the marked
frequency dependence of the radial drift velocity and final torque ratio has not been
prominently featured in previous work. In general, other experimental studies have
focused on a higher frequency range, such as 1.59 s™ (Bricker and Butler, 2006) or 200 s™
(Gondret and Petit, 1996, Petit and Gondret, 1992), where the trend of our data indicates
that the radial drift velocity and torque variation would be negligible. Indeed, in another
set of low frequency experiments, Narumi et al. (2005) observed frequency dependence
in their study of large amplitude oscillatory shear flows in the cone and plate rheometer
of mono-, bi-, and polydisperse suspensions with a bulk particle volume fraction of 0.5.
For the monodisperse suspensions in particular, the apparent viscosity at a shear rate of 1
s™ decreased with frequency, where there was a 25% drop in viscosity between frequency
0.333 and 1 s in their Figure 7, and no further frequency dependence above a frequency
of 1.5 s™* (Narumi et al., 2005).

The significant decrease in both the radial displacement per cycle and the final torque
ratio with oscillation frequency that we obtained suggest that another competing process
hinders shear-induced particle migration preferentially at high frequency. The formation
of ordered cubic structures such as those observed by Petit and Gondret (1996, 1992) is a
possible explanation of the results, where cubic packing yields independent particle
layers which can slide past each other and experience relatively few collisions with
particles at other axial positions. Since shear-induced particle migration arises from stress
gradients communicated through collisions between particles in neighboring shear layers,

the formation of noninteracting layers would be expected to reduce such interactions and
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hence slow down the rate of particle migration. Petit and Gondret (1992) also
characterize the ordered microstructure formation as a local inertial effect, where the
steady streaming velocity arising from the secondary flow around each rotating particle is
proportional to the Reynolds number. Therefore, the attraction of particles along the axis
of shear rotation and repulsion in the normal directions will increase with oscillation
frequency and lead to a greater rate and extent of ordering at high frequency, and
consequently a decrease in the rate of particle migration. Furthermore, the nearly inverse
square dependence of the radial displacement per cycle on the oscillation frequency
(Figure 6b) resembles Petit and Gondret’s (1992) scaling estimate of the time scale of
ordered structure formation. Based on the arguments discussed above, it seems
reasonable that ordered cubic structure formation hinders shear-induced particle
migration as the oscillation frequency increases.

The second distinct effect we observed is the local minima in the radial
displacement per cycle and in the torque ratio at intermediate strain amplitude values
(7%=0.8). The local minima at intermediate strain values are consistent with the rheology
results of Bricker and Butler (2006). The simulations of Bricker and Butler, which
support their rheology data, suggest that at intermediate strain amplitudes, particles form
horizontal layers, where the particles are free to move in the plane without collisions with
particles in adjacent layers (Bricker and Butler, 2007). Therefore, the radial direction
offers relatively low resistance when particle layers form, corresponding to the observed
decrease in torque as the flow evolves as well as the low relative viscosity values

compared with steady flow for such intermediate amplitude cases (7=0.8).
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We speculate that the dominant ordered microstructure occurring in our system is the
configuration identified by Gondret and Petit (1995). Based on viscosity data, they find
that the ordered cubic arrangements of particles consist of staggered square arrays and
staggered triangular arrays coexisting within the particle layers. The staggered layers can
glide over each other, but some interaction between particles in neighboring layers is still
likely, thus allowing the collisions that cause shear-induced particle migration. At an
intermediate strain amplitude of 0.8, the rheology data and planar simulations of Bricker
and Butler (2006, 2007) suggest that an even lower viscosity configuration develops,
similar to a non-staggered cubic array of particles. In a non-staggered array, the particle
layers have a greater axial separation distance (Gondret and Petit, 1995) and are therefore
even less likely to interact. A resulting decrease in the radial displacement per cycle and
torque ratio would then be expected, matching our observations. However, the
mechanism of microstructure evolution in torsional flow is not yet well understood and is

a likely topic of further study.

2.5 Summary

Overall, the observations of this study appear to be a superposition of the results
of Bricker and Butler (2006, 2007) and Gondret and Petit (1996) for oscillatory flows of
suspensions. The unique contribution of our study is the measurement of radial particle
migration velocities, which were compared with model predictions for steady torsional
flow, and generally were found to exceed estimated values based on the normal stress

balance model. Also, our characterization of the strong frequency dependence of the
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radial migration velocity and torque evolution provided further insight into
microstructure development during oscillatory flow. Since there has been recent interest
in transient flows and the evolution of particle distributions, these measurements fill
important gaps in our knowledge of suspension behavior. For all of the cases studied
here, the average drift velocity of the tracer particles post “start-up” was directed radially
outward and was approximately a linear function of the oscillatory strain amplitude while
also depending on the frequency of oscillation in a nearly inverse square relationship. We
attribute the enhanced migration in oscillatory flow compared to steady flow to the looser
microstructure formed during oscillatory flow, where the average particle separation
distance is larger and particles are not as tightly packed in clusters along the compression
direction of flow. We also obtained complementary torque evolution measurements. In
most cases, the torque increased as the flow evolved, as was previously observed in
steady flow, and a local minimum in the torque ratio was detected at intermediate strain
values, as was observed in other studies of oscillatory flow. Together, these results
suggest the competition between radial shear-induced particle migration driven by the
overall particle stress balance and microstructural ordering driven by local inertial effects
gathering the particles into layers. Further studies quantifying the particle microstructure

evolution will lead to improved insights into torsional flows of concentrated suspensions.
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3.1 Introduction

When oppositely charged microparticles and nanoparticles are mixed together,
aggregation tends to occur. The specific type of interaction and resulting aggregate
morphology that occurs is dependent on particle concentration (Tohver et al., 2001a,
Tohver et al., 2001b). The various types of particle interactions can be distinguished at
boundaries according to concentration ratios. Unfortunately, particle interaction regime
boundaries can only be determined visually by using microscopy or by using not
typically available techniques such as ultra-small-angle X-ray scattering (Gilchrist et al.,
2005, Zhang et al., 2008). Accordingly, this study aimed to create a new easy-to-use
analytical method to quantify the interaction regime boundaries by using fluorescence
spectroscopy. It was hypothesized that fluorescence spectroscopy would provide the
ability to distinguish the interaction regime boundaries by using a fluorophore that would
have a different intensity output in each of the interaction regimes.

The system used to test this analytical method was a mixture of alginate
microspheres and fluorescently tagged chitosan nanoparticles. Although previous studies
have examined interaction regimes in mixtures of microparticles and nanoparticles
(Gilchrist et al., 2005, Zhang et al., 2008), this study involves distinctive materials which
are highly hydrophilic and oppositely charged hydrogels. Optical microscope images
were used to determine interaction regime boundaries. Independent spectroscopic results
were then compared to the known interaction regime boundaries. In addition, the location
of the interaction regime boundaries provided insight into the interplay of colloidal

particle interactions in the system.



60

3.2 Experimental Methods

3.2.1 Materials

Chitosan was tagged with fluorescein isothiocyanate (FITC) according to the
procedure outlined in Huang et al. (2004). The chitosan used for tagging was the low
molecular weight type purchased from Sigma Aldrich. The chitosan had a deacetylation
fraction of 90.85% and molecular weight range of 50 to 190 kDa. More specifically, the
acquired batch had a viscosity of 185 cP (for a concentration of 1 w/w in 1 w/w acetic
acid solution) (all data provided by supplier). The FITC was also from Sigma Aldrich
and was under the title Fluorescein 5(6)-isothiocyanate BioReagent, suitable for
fluorescence, mixture of 2 components. The solution of chitosan that was dissolved in
water and acetic acid was mixed with a solution of FITC dissolved in methanol for 3
hours to complete tagging. Chitosan was then precipitated out of solution by NaOH and
centrifuged and washed several times. The tagged chitosan was then polymerized with
sodium tripolyphosphate (TPP) using the ionic gelation method outlined in Yu et al.
(2013). The TPP was purchased from Sigma Aldrich and was the technical grade, 85%.
The solutions of chitosan and TPP were at a concentration of 2 mg/mL. The chitosan
solution also had 3.5 mg/mL of acetic acid in addition to the deionized water. 0.7 mL of
TPP solution was added to 5 mL of the chitosan solution. The particles created with this
procedure had an average diameter of 250 nm with a zeta potential of approximately 40

mV. The zeta potential value contrasts with that of a previous study, where Gilchrist et
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al. used polystyrene nanoparticles with a zeta potential of 95 mV (2005). These chitosan
particles were suspended in water at a concentration of 37.5 mg/mL. They have a density
of approximately 1g/mL. Water used for all experiments was acquired from a Milli-Q
water system.

In order to form the alginate microparticles, a sodium alginate and sucrose
solution was emulsified in 1,6-dibromohexane and iso-octane with span-80 as the
surfactant. The sodium alginate was purchased from Acros Organics under the name
alginic acid, sodium salt. It had a molecular weight range of 450 to 550 kDa and a
viscosity of 485 cP (for a 1% w/w solution) (data provided by supplier). Furthermore,
the sodium alginate contained 65-75% guluronic acid (G) subunits and 25-35%
mannuronic acid (M) subunits. The dibromohexane was obtained from Sigma Aldrich
and is the one at 96% purity. Iso-octane was HPLC grade and purchased from Fisher
Scientific. Span-80 was purchased from Sigma Aldrich. The emulsified alginate was
crosslinked with calcium chloride purchased from Fisher Scientific using the outlined
method in Yu et al. (2013) to create calcium alginate beads. The resulting beads were
wet sieved down to below 38 um diameter and then after that were filtered using vacuum
filtration with a 25 pm pore size filter paper to be above 25 um diameter with an average
diameter of 34 pum (measured with Beckman Coulter LS 13 320). The alginate
microparticles have a zeta potential of ~ -46 mV (Mladenovska et al., 2007). The value
is similar to that found in a previous study, where Gilchrist et al. used silica
microparticles with a zeta potential of -52 mV (2005). The alginate microparticles are
stored in water. They have an approximate density of 1.05 g/mL. The alginate

microparticles are approximately 136 times larger in diameter compared to the chitosan
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nanoparticles. This particle size ratio is larger than the ratio that Gilchrist et al. used,

which was 59 (2005).

3.2.2 Instrumentation

The two instruments we used to measure fluorescent intensity were an Ocean
Optics USB4000FL Fluorescence Spectrometer and a Horiba Jobin Yvon FluoroMax-3
TCSPC Spectrofluorometer. The Ocean Optics spectrometer is a modular instrument
while the Horiba Jobin Yvon one is a “black box” instrument.

For the Ocean Optics instrument we used the PX-2 pulsed xenon light source with
a right angle cuvette holder. Fiber optic cables connected the cuvette holder to the light
source to the cuvette holder and the spectrometer. A monochromator (filter) is placed in
between light source and the sample to control the excitation wavelength that is passed
into the sample. This is self-calibrated prior to collection of each spectrum. SpectraSuite
software controls the pulsing of the light and the integration time needed to generate a
full range spectrum. They have a measured value of the signal-to noise-ratio of 300:1.
As a result there is a lot of variability in the spectrum at each pulse of light.

The Horiba Jobin Yvon spectrometer also uses a xenon lamp. There are two
monochromators used. One sits in between the light and the sample and the other in
between the sample and the detector. The monochromators are already precalibrated and
thus the sample is pulsed at the inputted wavelength (excitation) and then the intensity is

detected at a range of separately inputted wavelengths (emission). The spectrum



63

generated is only for the emission range specified. The whole process is automated by

the FluoroEssence software.

3.2.3 Experimental Procedure

Each measured sample contained distinct levels of chitosan and alginate particles
mixed into deionized water. Total sample volume was kept constant at 8 mL each. To
prepare each sample, water volume was first measured out. The amount of water in each
sample was varied according to how much of the chitosan suspension was added. Then
the proper amount of alginate microparticles (by weight) was added into the measured
water volume. In order to obtain the alginate beads from their storage suspensions, they
were centrifuged at 6000 RPM in a Beckman centrifuge with the rotor (approximately
5500 x g) for 5 minutes. After adding the alginate to the water the sample was sonicated
for a minute at low power to ensure resuspension of the beads. After that, the chitosan
suspension was measured out by volume and added to the sample. The sample was again
sonicated for another minute at the same power. Then, the sample was left to stir on a stir
plate using microstirbars for an hour to allow it to cool before testing. The alginate levels
used were 0.05 g, 0.1 g, and 0.2 g (approximately 2.31x10° particles, 4.63x10° particles,
and 9.26x10° particles, respectively). The approximate volume fractions of alginate
particles in each sample are 0.006, 0.012, and 0.024 indicating that all the suspensions are
dilute. The levels of chitosan (in suspension volumes and approximate particle number)

and the corresponding water volumes used for each sample are shown in Table 3.1.
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. Number of Chitosan Chitosan
Sample | Chitosan Volume . Volume  Water Volume
Particles .
Fraction

1 6.25 pL 3.06x10" 3.13x10°  7.99375 mL
2 12.5 uL 6.11x10" 6.25x10°  7.9875 mL
3 25 pL 1.22x10" 1.25x10™ 7.975 mL
4 50 pL 2.44x10" 2.50x10™ 7.95 mL
5 100 pL 4.89x10" 5.00x10™ 7.9mL
6 200 pL 9.78x10™ 1.00x10° 7.8 mL
7 400 pL 1.96x10% 2.00x10° 7.6 mL
8 800 pL 3.91x10% 4.00x10° 7.2mL
9 1600 pL 7.82x10% 8.00x107 6.4 mL
10 3200 pL 1.56x10" 1.60x10 4.8 mL

Table 3.1. Levels of chitosan for each sample and corresponding water volumes

The amount of chitosan is doubled in each successive sample. Three trials were
performed for each chitosan and alginate level.

Each prepared sample was tested in the Ocean Optics and Horiba Jobin Yvon
fluorescence spectrometers. 3 mL were added to a 4 sided clear plastic cuvette along
with a microstirbar. The samples were stirred while a spectrum was taken to prevent any
settling. In both spectrometers the wavelength of light used to pulse the sample was 490
nm. This was approximate for the Ocean Optics spectrometer while the Horiba Jobin
Yvon was centered at 490 with a 5 nm slit. Both spectra were taken with a 100
millisecond integration time. The Ocean Optics results were an average of 10 scans with
the 100 millisecond integration.

Another set of experiments were performed keeping chitosan constant and
varying the alginate. The chitosan levels tested were 25 uL, 35 pL, and 200 pL
(approximately 1.23x10* nparticles, 1.71x10™ particles, and 9.78x10" nparticles,

respectively). The approximate volume fractions are 1.25x10™, 1.75x10™, and 1x107.
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This time, the ratio of alginate to chitosan was kept constant between the chitosan levels.

The levels tested are shown in Table 3.2.

Chitosan Alginate Number of Alginate
Sample Suspension Water Alginate Volume
Volume @ Particles Fraction

1 0 0 0
2 0.000875 3.70x10* 9.52x107°
3 0.001563 7.40x10* 1.90x10™
4 25 pL 7.975mL | 0.0125 6.02x10° 1.55x10°
5 0.05 2.31x10° 5.95x10°°
6 0.15 6.94x10° 1.79x10%
7 0.2 9.26x10° 2.38x10%

8 0 0 0
9 0.001225 5.67x10* 1.46x10™
10 0.002188 1.01x10° 2.60x10™
11 35 uL 7.965mL | 0.0175 8.10x10° 2.08x10°°
12 0.07 3.24x10° 8.33x10°
13 0.21 9.72x10° 2.50x10?
14 0.28 1.30x10’ 3.33x10*

15 0 0 0
16 0.007 3.24x10° 8.33x10™
17 0.0125 6.02x10° 1.55x10°
18 200 pL 7.8 mL 0.2 4.63x10° 1.19x10%
19 0.4 1.85x10’ 4.76x10%
20 1.2 5.55x10’ 1.43x10*
21 1.6 7.40x10’ 1.90x10*!

Table 3.2. Levels of alginate and water for each corresponding level of chitosan

Each sample for this set of experiments was tested only in the Horiba Jobin Yvon
fluorescence spectrometer.
Each sample for both sets was also photographed under an optical microscope

using the Zeiss Axio Lab.Al. Approximately 50 pL of sample was spread out in the
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depression on a concavity slide. Each image was taken with AxioVision software under

50x magnification.

3.3 Results

3.3.1 Interaction Regime Boundaries

There are three distinct interaction regimes present in the interaction profile of the
alginate and chitosan particles. The first is a “dispersed, uncoated” regime where discrete
alginate microparticles are partly coated by chitosan nanoparticles. There is too low a
ratio of chitosan to alginate for the alginate particles to be loosely bonded together by
networks of chitosan particles. The second regime is an “agglomerated” regime where
there is an intermediate ratio of chitosan to alginate particles. In this regime, multiple
alginate microparticles are connected into large clusters by many chitosan nanoparticles.
Finally, there is a “dispersed, coated” regime, where there is sufficient chitosan on the
surface of the alginate particles to start pushing them apart into a discrete particle
suspension once again. Evidence from optical microscopy is used to show where the
chitosan level boundaries are for each level of alginate.

The first alginate level tested was 2.31x10° (0.05g) alginate particles. As seen in
Figure 3.1, at a level of 3.06x10™ (6.25 pL) chitosan particles, alginate particles are
clearly dispersed and since the chitosan level is too low for any aggregates to form it is in

the dispersed, uncoated regime.
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Figure 3.1. Microscope image of a sample mixture of 2.31x10° (0.05 g) alginate particles
and 3.06x10% (6.25 L) chitosan particles. The sample is in the dispersed, uncoated
regime

At a chitosan level of 6.11x10™ (12.5 pL) particles, we see the first sign of borderline
agglomeration. At 1.22x10* (25 pL) chitosan particles, we see definitive agglomeration.

This is where the interaction regime boundary between dispersed, uncoated and

agglomerated is located for 2.31x10° (0.05 g) alginate particles (Figure 3.2).
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Figure 3.2. Microscope images of sample mixtures of (a) 2.31x10° (0.05 g) alginate
particles and 6.11x10™ (125 pL) chitosan particles and (b) 2.31x10° 0.05 pL) alginate
particles and 1.22x10™ (25 pL) chitosan particles.  This is the dispersed,
uncoated/agglomerated regime boundary.
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The agglomerated regime continues through the level of 9.78x10' (200 pL) chitosan
particles. The picture shows a greenish yellow tint to the agglomerate which is a sign of
fluorescing molecules. At 1.96x10 (400 pL) chitosan particles we see that the alginate
particles are starting to disperse again. The picture has particles with a darker yellow tint
indicating a quenching of fluorescence occurring. The darker yellow color is the natural
color of the tagged chitosan when it is not fluorescing. These two levels mark the

interaction regime boundary between agglomerated and coated dispersed (Figure 3.3).
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Figure 3.3. Microscope images of sample mixtures of (a) 2.31x10° (0.05 g) alginate
particles and 9.78x10"! (200 pL) chitosan particles and (b) 2.31x10° (0.05 g) alginate
particles and 1.96x10"* (400 pL) chitosan particles. This is the agglomerated/dispersed,
coated interaction regime boundary.

The samples with chitosan particle levels of 3.91x10 (800 pL) or higher are very clearly
dispersed. They also have particles with a yellowish orange tint to them which again

indicates that a significant fraction of the particles are not fluorescing (Figure 3.4).
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Figure 3.4. Microscope images of samples mixtures of (a) 2.31x10° (0.05 g) alginate
particles and 3.91x10"2 (800 pL) chitosan particles and (b) 2.31x10° (0.05 g) alginate
particles and 7.82x10% (1600 uL). The samples are in the dispersed, coated interaction
regime.
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The next alginate level tested was 4.63x10° (0.1 g) particles. As shown in Figure
3.5, there was a very distinct dispersed, uncoated/agglomerated interaction regime
boundary between the chitosan levels of 1.22x10™ (25 pL) and 2.44x10™ (50 pL)

particles.
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Figure 3.5. Microscope images of sample mixtures of (a) 4.63x10° (0.1 g) alginate
particles and 1.22x10™ (25 pL) chitosan particles and (b) 4.63x10° (0.1 g) alginate
particles and 2.44x10™ (50 pL) chitosan particles.  This is the dispersed,
uncoated/agglomerated interaction regime boundary.

The agglomerated interaction regime continues through the chitosan level of 1.96x10%
(400 pL) particles and switches to the dispersed, coated regime at 3.91x10%* (800 pL)
particles (Figure 3.6). The 1.96x10% (400 L) particles level has a brighter yellow tint
visually showing fluorescence and the 3.91x10 (800 pL) particles level has a yellow-

orange tint marking the beginning of fluorescence quenching.
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Figure 3.6. Microscope images of sample mixtures of (a) 4.63x10° (0.1 g) alginate
particles and 1.96x10"2 g400 L) chitosan particles and (b) 4.63x10° (0.1 g) alginate
particles and 3.91x10** (800 pL) chitosan particles.  This is the dispersed
agglomerated/dispersed, coated interaction regime boundary.
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The final alginate level tested was 9.26x10° (0.2 g) particles. As shown in Figure
3.7, the samples stay in the dispersed, uncoated regime through the chitosan level of

1.22x10™ (25 uL).

Figure 3.7 Microscope image of a sample mixture of 9.26x10° (0.2 g) alginate particles
and 1.22x10™ (25 pL) chitosan particles. The sample is in the dispersed, uncoated
interaction regime.

At 2.44x10™ (50 pL) chitosan particles, the particles start showing signs of
agglomeration but it isn’t until the chitosan level hits 4.89x10™ (100 pL) particles that
they are clearly agglomerated. This is the approximate boundary between the dispersed,

uncoated regime and the agglomerated regime (Figure 3.8).
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Figure 3.8. Microscope images of sample mixtures of (a) 9.26x10° (0.2 g) alginate
particles and 2.44x10"™ (50 L) chitosan particles and (b) 9.26x10° (0.2 g) alginate
particles and 4.89x10™ (100 pL) chitosan particles.  This is the dispersed,
uncoated/agglomerated interaction regime boundary.
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The agglomerated regime continues until the level of 3.91x10* (800 L) chitosan
particles. There is a bright yellow tint for this sample. The 7.82x10" (1600 pL) chitosan
particles sample is dispersed. There is more subdued yellow tint for this sample

indicating more quenching (Figure 3.9).
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Figure 3.9. Microscope images of sample mixtures of (a) 9.26x10° (0.2 g) alginate
particles and 3.91x10' (800 pL) chitosan particles and (b) 9.26x10° (0.2 g) alginate
particles and 7.82x10% (1600 pL) chitosan particles. This is the agglomerated/dispersed,
coated interaction regime boundary.

Figure 3.10 shows the resulting interaction regime diagram from all these results.
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Figure 3.10. Resulting interaction regime diagram from experiments.
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In comparison with the study of Gilchrist et al., the determined interaction boundaries in
terms of the ratios of the number of nanoparticles to the number of microparticles are
much larger than the ratios determined by Gilchrist et al. (2005).  The observed
difference arises because the other investigators had a much larger difference in zeta
potential between their particles (-52mV and 95 mV vs. our 40 mV and -46 mV) and also

a much smaller particle diameter ratio (59 for their work vs. 136 for this study).

3.3.2 Fluorescence Spectroscopy Results

Samples were first tested in the Ocean Optics fluorescence spectrometer. The
samples’ spectrum baseline kept increasing as samples were taken. In order to re-zero
the data an average was taken of approximately where the baseline is at a zero value and
that was subtracted from the measured intensity values. Intensity is the measure of
emitted light collected by the detector. Intensity a very instrument dependent value as
each spectrometer uses different numbers for the same level of emitted light. An
example of an early raw spectrum generated by the instrument with the baseline re-
zeroed is seen in Figure 3.11a. There is also a graph of a zoomed in region from

wavelength of 500 nm to 650 nm in Figure 3.11b.
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Figure 3.11. (a) Initial re-zeroed raw spectrum data for sample 4.36x10° (0.1 g) alginate
particles and 1.96x10" (400 pL) chitosan particles. (b) The zoomed in region from 500-
650 nm.

The data was fairly noisy but in initial tests there was a clear fluorescent signal. This

proved not to be the case when a different batch of FITC was used in the tagging
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procedure. There is no distinguishable emission peak distinct from the excitation peak

(Figure 3.12).
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Figure 3.12. Re-zeroed raw spectrum data for new batch of FITC tagged chitosan
particles at a level of 4.36x10° (0.1 g) alginate particles and a level of (a) 1.96x10* (400
ML) chitosan particles. (b) The zoomed in region from 500-650 nm.
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The reason for this signal detection issue is two-fold. First, the new batch of FITC was
not as efficient as tagging the chitosan as the first batch. Second, as there are fewer
tagged chitosan particles there are far more that are reflective. That is the reason for the
larger excitation peak. The larger excitation peak indicates higher scattering and prevents
the fluorescent peak from being visible.

In order to deal with these issues, samples were then tested in the Horiba Jobin
Yvon fluorescence spectrometer. The idea was to take advantage of the outgoing
monochromator to filter out scattered light from the excitation wavelength and to have a
more sensitive instrument with a better signal to noise ratio to see the fluorescence peak
better. An example of a raw spectrum from the Horiba Jobin Yvon fluorescence

spectrometer is shown in Figure 3.13.
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Figure 3.13. Raw spectrum data for sample 4.36x10° (0.1 g) alginate particles and
1.96x10" (400 pL) chitosan particles.
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The peak is much more clearly defined compared to the peaks in the previous Ocean
Optics spectrometer measurements. The Horiba data is very reproducible due to the
smaller amount of noise. These spectra were generated for every tested sample.

For each spectrum, the area under the curve from the maximum value to the half
maximum value was calculated using the trapezoidal rule. These integrated intensities
were averaged over 3 trials for each level of chitosan and alginate. The results for the

constant alginate and varying chitosan are seen in Figure 3.14.
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Figure 3.14. The average intensity integral from the maximum intensity to the half
maximum intensity for each constant alginate level plotted against the number chitosan
particles.

The interaction regime transition from dispersed, uncoated to agglomerated, at relatively

low numbers of chitosan particles, is not very clear from the plot. There are too many
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shoulders in the intensity curve for it to be clear which one indicates a transition.
Meanwhile, the transition from agglomerated to dispersed, coated seems to be indicated
by the first large drop in signal intensity at relatively high numbers of chitosan particles.
The signal continues to drop with increasing amount of fluorescent chitosan for all of the
alginate levels, suggesting that the inner filter effect is occurring, where fluorescent
molecules close to the cuvette surface absorb most of the excitation light preventing those
in the center of the cuvette (and providing the larger signal reaching the detector) from
being excited and emitting a signal (Lakowicz, 2007). It is not fully clear from this data
set whether the first large drop in signal intensity is due to the transition or simply a
residual inner filter effect.

In order to further understand the cause of the intensity drop, the average
maximum to half maximum intensity integral was plotted against the ratio of the number

of alginate particles to chitosan particles (Figure 3.15).
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Figure 3.15. Average maximum to half maximum intensity integral plotted against the
ratio of alginate to chitosan particles for constant alginate levels with the points for the
interaction regime transitions from dispersed, coated to agglomerated (dashed) and
agglomerated to dispersed, uncoated (solid) circled.

Here again, the dispersed, uncoated and agglomerated transition is not well indicated due
to the large error in the results. The dispersed, coated and agglomerated transition is
again indicated by a large drop but the intensity value drop of the 9.26x10° alginate
particles level (0.2 g) at the transition is significantly larger magnitude than the drop of
2.31x10° (0.05 g) and 4.63x10° (0.1 g). This difference indicates that the inner filter
effect is playing a significant role in the signal decrease, at least for the 9.26x10° particle
level. As the decrease in signal is the largest for the most concentrated system, it is likely
that fluorescent chitosan particles at a much higher number in the system absorb much
more of the emitted light as compared to the two lower alginate values at the same ratio.
In order to further understand the mechanism for the observed trends in

fluorescence intensity, fluorescence spectra were taken of samples with constant amounts
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of chitosan and varying amounts of alginate. Spectra were taken from two alginate levels
within each interaction regime as well as from the zero alginate point (used as a control).
The number ratio of alginate to chitosan particles was the parameter varied for each
chitosan level. The area under the curve from maximum to half maximum intensity of
each spectrum averaged over three trials was plotted against the ratio of the number of

alginate to chitosan particles (Figure 3.16).
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Figure 3.16. Average maximum to half maximum intensity integral plotted against the
ratio of alginate to chitosan particles for constant chitosan levels. The dispersed, coated
regime (=), the agglomerated regime (... ), and the dispersed, uncoated regime (=) are
circled.

The intensity values of the alginate in the dispersed, coated regime are lower than the
control value in the 1.23x10™ chitosan particles (25 pL) and the 1.71x10" chitosan
particles (35 pL) as the system approaches the boundary of the agglomerated regime. In

the limit that the ratio approaches zero in the dispersed, coated regime (i.e. minuscule
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concentration of alginate), the intensity value is at that of the control. For the
agglomerated regime at the two lower chitosan levels, the intensity values are
approximately at the level of the control. The pattern of the intensity values of the two
lower levels diverge in the dispersed, uncoated regime. For 1.23x10" chitosan particles
(25 pL), the more alginate there is, the lower the signal. That is only true for the
9.71x10° alginate particles (0.21 g) at the 1.71x10" chitosan particles (35 pL) level
which is an alginate to chitosan particle ratio of 5.68x10™. For the 1.30x10’ (0.28 g and a
particle ratio of 7.57x10™) alginate particle level the intensity rises again. This observed
difference is due to a lower initial (zero alginate) signal from the (35 pL) level chitosan
particles which allowed scattering from the alginate particles to affect the results. The
preparation method of the chitosan particles induces a general variability in signal
intensity due to varying tagging efficiency. Each batch of fluorescently tagged chitosan
can yield a different signal intensity. For this reason, the raw signal intensity of
1.71x10" chitosan particles (35 pL) with zero alginate is significantly lower than that of
1.23x10™ chitosan particles (25 pL), since the chitosan particles were synthesized from
different tagged chitosan batches. The 9.78x10" chitosan particles (200 pL) level has the
same initial (zero alginate) signal as that of the 1.23x10"" chitosan particles level, but
since the chitosan particles were produced from the same tagged chitosan batch this is
probably due to the inner filter effect as otherwise the signal should be approximately 8
times higher for the 9.78x10™ particle level. For the 9.78x10 chitosan particles (200
ML) the signal simply rises with alginate to chitosan ratio, due to the excess scattering
caused by the alginate in the system. A distinct fluorescence signal cannot be discerned

from the data for the dispersed, coated and agglomerated regimes. The dispersed,
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uncoated data did not provide any noticeable fluorescence peak and accordingly were not
shown in the plot.

In conjunction with the microscope images, these results suggest that as chitosan
particles adsorb on to the surface of the alginate particles, the fluorescence intensity is
significantly quenched. The quenching is particularly severe in the dispersed, uncoated
regime, where virtually all of the chitosan particles are adsorbed on to the alginate
particles. In the agglomerated regime there is a significant amount of unadsorbed
chitosan found in large clusters, leading to intensity values that match the control. When
the agglomerates transition to the dispersed, coated particles, most of the chitosan is
bound to the surface of the alginate particles. However, as the alginate to chitosan
particle ratio decreases, there is more unbound chitosan in free suspension surrounding
the coated alginate particles and the intensity values start to approach the control values
again. The effect of quenching is clearer when the intensity values are normalized to the

control (Figure 3.17).
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Figure 3.17. Average maximum to half maximum intensity integral normalized to zero
alginate value plotted against the ratio of alginate to chitosan particles for constant
chitosan levels
The two lower chitosan curves follow the same pattern until scattering from alginate
particles mixes with the fluorescent signal for the latter points of 1.71x10" chitosan
particles (35 pL). It is also clearer that scattering overwhelms the signal for 9.78x10"
chitosan particles (200 pL). These results prove that as long as scattering is low and the
fluorescence signal is not severely attenuated by the inner filter effect, fluorescence
spectroscopy is capable of distinguishing among all of the major interaction regimes.
Thus, varying chitosan concentration data can be used to determine threshold values for
the change in interaction regime from agglomerated to dispersed, coated.

The varying chitosan data have an issue that as fluorescent intensity is variable for
each purchased batch of FITC due to differences in tagging efficiency, there needs to be a
method to allow all plots to be compared regardless of peak fluorescence. We therefore

normalized each intensity integral (maximum to half maximum integral) to the maximum
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value of the set of calculated values over each experimental run — a run being 1 trial of a
single alginate level at all 10 chitosan levels. These normalized points were averaged

over 3 trials and then plotted to the logarithm of the chitosan levels (Figure 3.18).
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Figure 3.18. Normalized maximum to half maximum intensity integral plot

The normalized plots follow a similar pattern to the previous plots with the difference
being that the 9.26x10° regime boundary is better illustrated even though there is an issue
with the inner filter effect for the drop in intensity.

To quantify the interaction regime boundary the slope of the normalized average
integral of the maximum to half maximum intensity was calculated. The change in the

normalized average intensity was divided by the change in the natural logarithm of the
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number of chitosan particles. A plot of these values was created to determine the slope

where the interaction regime boundary is indicated (Figure 3.19).
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Figure 3.19. Plot of the slope of the maximum intensity to half maximum intensity
integral curve from chitosan level to chitosan level.

From this plot, it is evident that the interaction regime boundary threshold for the switch

from the agglomerated regime to the dispersed, coated regime is marked by a slope value

of -0.4 for the change of the normalized average maximum to half maximum integral.

The meaning of this value is that significant self-quenching is evident in the changing

intensity values. The fluorescent chitosan particles have come into close contact as the

transition to the dispersed, coated regime occurs.

3.4 Discussion
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Once fluorescence spectroscopy was proven to distinguish the particle interaction
regime boundaries, we aimed to gain understanding of why the regime boundaries were
located at the designated particle ratios. Accordingly, we made several calculations using
established particle interaction theory in its simplest forms. The first calculation was
made in order to determine the number of chitosan particles required to adsorb on to the
surface of an alginate particle to reach zero net surface charge. The equation for the

surface charge density of a spherical particle is
_ 1
s = €3€3(- + &) (3.1)

where &5 is the dielectric constant of the medium, &, is the vacuum permittivity, 8.85x10

2 Em™, Cis the zeta potential, a is the radius of the particle, and « is the inverse Debye

length (Hunter and White, 1987). At room temperature x = v1/0.304 in nm™ where | is
the ionic strength of the solution (Hunter and White, 1987). The ionic strength of the
solution was approximated as 10° M, which refers to the pH value of 5 of the chitosan
suspensions. The expression for x yields a Debye length of 96 nm. For the alginate
calculations, the dielectric constant €3 is 80.1 for water, the zeta potential is -46 mV
(Mladenovska et al., 2007), and the average particle radius is 17 um. For the chitosan
calculations, the medium is again water, so the same inverse Debye length and dielectric
constant are used. The zeta potential for chitosan is 40 mV and the average particle
radius is 125 nm. The total charge of an alginate particle is the surface area of a sphere
multiplied by the surface charge density. The alginate particle is assumed to only interact
with half of the surface charge of a chitosan particle since only one side of the chitosan

adsorbs onto the alginate surface, and the other side is neutralized by the solution
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counterions. Therefore, the half total the surface charge of a chitosan particle is divided
by the total charge of an alginate particle. This quotient yields an alginate to chitosan
particle ratio of 2.35x10°. This surface charge neutralization ratio lies directly in
between the experimentally determined particle ratios of 1.89x10® and 3.79x10 that
bookend the transition from the dispersed, uncoated regime to the agglomerated regime.
The particle ratio resulting from this calculation suggests that that charge neutralization is
the mechanism for the transition from the dispersed, uncoated regime to the agglomerated
regime. If the electrostatic interactions between particles are eliminated by surface charge
neutralization, only attractive van der Waals forces remain, driving the particles together
toward aggregation.

A DLVO calculation was also developed in order to approximate the total
interaction potential energy. The van der Waals attractive interaction energy was
subtracted from the electrostatic repulsion energy. The electrostatic energy was
calculated by the equation outlined in Furusawa (1999)

__ 8R2T?y%gza

e Zipr exXp(—2kx) (3.2)

ey

where Y = tanh(4kT

Zeta potential ({) is used in place of surface potential (w) for simplicity since surface
potential cannot be measured directly and cannot be accurately calculated. R is the ideal
gas constant, T is temperature, &5 is the dielectric constant of water, Z is the ionic valency
(-1 in this case), F is the Faraday constant, and x is the distance between particles. For
alginate, the zeta potential is recalculated using equation 1 to be 57 mV. Alginate was

treated as a large chitosan particle with full surface coverage. This assumes that when
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covered, the alginate particle only shows the surface charge per unit area of the chitosan
particles adsorbed to the surface. The total charge of the chitosan particles needed for full
surface coverage is added to the total charge of one alginate particle and that number is
divided by half the surface area of the chitosan particles adsorbed on the surface to get
the surface charge density. Half the surface area is used since it is assumed that only half
is exposed to the solution. This surface charge density value is used to back out the zeta
potential that is used in the DLVO calculations for two interacting covered alginate
particles. The measured value of 40 mV is used for the interaction between two chitosan
particles.

The van der Waals energy was calculated with a simple attraction of two spheres
model using the Derjaguin approximation (Hunter and White, 1987)

_ Aa 23
a ™ 124 (3.3)

3 £1—€ 3hv, (n?2-n3)?
where A ==kT(==>)? = (21 23) >
4 £1+&3 16v2 (n?+n2)3/

from Lifshitz theory

(Israelachvili, 2010). The Derjaguin approximation is valid when two interacting spheres
are large enough that they see each other as two flat plates at a small separation distance.
This approximation is valid for interacting alginate microparticles but is less accurate for
chitosan nanoparticles interacting with each other. &, is the dielectric constant of the
particle, h is the Planck constant, v, is the characteristic frequency of the medium
(water), n, is the refractive index of the particle, ns is the refractive index of the medium.
The dielectric constant of chitosan is the same as water since it is a hydrogel. The

refractive index of chitosan is 1.47.
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Now we aim to determine the maximum number of particles that can fit into a
control volume while still experiencing attractive interactions. In order to calculate the
minimum stable separation distance between two particles, first, curves are generated by
subtracting the attractive van der Waals energy from the electrostatic repulsion energy

which is calculated as a function of distance (Figure 3.20).
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Figure 3.20. DLVO curves for (a) two interacting covered alginate particles and (b) two
interacting chitosan particles.

The minimum stable separation distance is determined by the distance where the
interaction energy changes from causing repulsion (positive values) to causing attraction
(negative values). That distance represents the minimum distance of attraction, while
particles repel if they are placed in closer proximity. For two fully coated alginate
particles, the minimum stable separation distance is 311 nm. For two chitosan particles,
the minimum stable separation distance is 271 nm.

In order to calculate the ratio of alginate to chitosan particles in an agglomerate,
the maximum number of particles that can fit in a control volume of a 1 mm by 1 mm
box is determined. First, a cubic lattice arrangement of particles is assumed. Then, using
the alginate separation distance, the maximum number of alginate particles that can fit in
the control volume is calculated based on a cubic lattice. Then the number of chitosan

particles that can adsorb onto the surface of an alginate particle is determined by
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assuming that each chitosan particle takes up an area of = of the alginate surface area,
where r is the radius of the chitosan particle. This number is multiplied by the total
number of alginate particles in the control volume. Afterward, the empty space in the
control volume is calculated. Finally, it is assumed that chitosan fills the empty space in
a cubic lattice and the number of free chitosan particles is calculated from the chitosan
separation distance. The ratio of alginate particles to chitosan particles in the control
volume is number of alginate particles divided by the free plus adsorbed chitosan
particles . This ratio of alginate particles to chitosan particles was 2.78x10®, which is
close to an experimentally determined regime transition boundary. The ratios of
1.18x10® and 2.37x10® mark the transition from the agglomerated to dispersed, coated

regime in the experiments.

Regime Transition Experimental Calculated
Dispersed, uncoated to In between 1.89x10™ and 2 35x10°5
agglomerated 3.79x10° '
Agglomerated to dispersed, In between 1.18x107 and 2 78x10°
coated 2.37x10°® OX

Table 3.3. Comparison of experimental and calculated interaction regime transition
boundaries shown as ratio of alginate particles to chitosan particles.

A comparison of the two ratios we estimated as the boundaries of the agglomerated
regime indicates that a large amount of unadsorbed chitosan accumulates inside the
agglomerates. The significant presence of unadsorbed chitosan is also indicated by the
microscope pictures, where large yellow clusters or clouds are visible surrounding the
alginate particles. The calculated ratio of unadsorbed to adsorbed chitosan particles at

minimum stable separation distances in the control volume is 3.87 to 1. The
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preponderance of unadsorbed chitosan in the agglomerates can explain the fluorescence
results, as the signal is lower for the regimes where there is strong adsorption to the
alginate particle surface, while it jumps up back to approximately the control value for
the agglomerates, where a significant fraction of the chitosan is unadsorbed.

As a side note, a very simplistic assumption of a monolayer of adsorbed chitosan
particles was used which could explain why the calculated alginate to chitosan ratio is
slightly higher than in experimental values. The alginate and chitosan particles are not
hard spheres but very porous hydrogels. The exposed alginate surface area could be
larger and lead to a higher calculated zeta potential which would then increase the
minimum distance of separation. A greater alginate separation distance would yield
fewer alginate particles in the control volume which would lead to a lower, more accurate
ratio, on the order of the experimental results.

These approximate calculations provide an explanation for the mechanisms
leading to the different interaction regimes. For the dispersed, uncoated regime, the
electrostatic repulsion among the alginate particles is still higher than van der Waals
attraction, even with adsorption of chitosan on the alginate surface. Thus, the alginate
particles stay dispersed. In the agglomerated regime, the electrostatic repulsion of the
alginate particles is overcome when the surface charge of the alginate is neutralized. To
get to the dispersed, coated regime, the chitosan particles must be unable to pack into an
agglomerate as they cannot get closer to alginate or chitosan particles than the minimum
stable distance of separation. This packing constraint appears to be what breaks apart the

agglomerates at high chitosan concentrations.
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3.5 Summary

In this study, we were able to determine experimentally the interaction regime
boundaries of chitosan nanoparticles and alginate microspheres during heteroaggregation
by using optical microscopy. Also, fluorescence spectroscopy has proven to be a viable
method for determining the particle interaction regime between alginate and tagged
chitosan particles due to the quenching of the fluorescence signal when chitosan is
adsorbed on to the surface of an alginate particle. In the dispersed, uncoated regime,
there are not many free chitosan particles, which produces a lower observed fluorescence
signal. In the agglomerated regime, the higher acquired fluorescence signal, the
microscope images, and the comparison to DLVO calculations indicate that there are
unadsorbed chitosan particles in each agglomerate. The unadsorbed chitosan leads to the
higher observed fluorescence signal. In the dispersed, coated regime, the signal drops
near the boundary to the agglomerated regime due to a decrease in the number of
unbound chitosan particles. This signal drop on either side of the agglomerated regime is
what can be used to determine the transition in regimes. The fluorescence detection
method is limited by alginate particle scattering and also the inner filter effect if the
concentration of fluorescent particles is too high. With this knowledge we were able to
determine a threshold value for the interaction regime change from agglomerated to
dispersed, coated. Finally, simple, approximate theoretical calculations elucidated
possible mechanisms for the transitions between interaction regimes. One calculation
suggested that the mechanism of agglomeration is simply charge neutralization. In

addition, a DLVO calculation suggested that the mechanism of dispersion from
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agglomeration is the lack of space to pack more unadsorbed chitosan particles into an

agglomerate.
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Chapter 4
Determining Particle Interaction Regime
Boundaries using Fluorescence

Spectroscopy at Varying pH
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4.1 Introduction

Alginate and chitosan particles are used as delivery vehicles with pH tunable
release. As pH is lowered they release their payloads (Agnihotri et al., 2004, Tgnnesen
and Karlsen, 2002). Therefore it is important to understand their interaction behavior as
pH is lowered. Since the zeta potential shifts with pH, it is therefore expected that
interaction boundaries should shift as well. Determining the interaction regime
boundaries can establish requirements for the concentration ratio of chitosan to alginate
in order to maintain particle stability as pH is lowered.

This study aims to test the interaction of chitosan and alginate as pH is lowered by
both using a buffer and by simply adding acid. Alginate concentration is kept constant
while chitosan concentration varies. The particle interaction is determined with both the
fluorescence spectroscopy method developed in Chapter 3 and with an optical
microscope. This study tests the viability of fluorescence spectroscopy in a different
environment in addition to determining how the interaction regime boundaries shift with

pH.

4.2 Experimental Methods

4.2.1 Materials

As in Chapter 3 low molecular weight chitosan (Sigma Aldrich) again was tagged

with FITC (Sigma Aldrich) according to the procedure in Huang, et al (2004). The



103

chitosan was polymerized with TPP (Sigma Aldrich) using the ionic gelation method
outlined in Yu, et al (2013). The difference in procedure occurred when a buffer was
used to control pH in each sample. Instead of resuspending the resulting chitosan pellet
in water, the pellet was resuspended in the buffer. The concentration of the chitosan was
kept at 37.5 mg/mL of water but when the buffer was used the concentration was 37.5
mg/mL of buffer. A glycine/hydrochloric acid and acetic acid/sodium acetate buffer
were used to control pH. Other buffers were tried but they seemed to react with the
chitosan and alginate particles. Zeta potential at each pH was measured using a Malvern
Zetasizer. The pH was changed by adding 0.2 M HCI to each batch of chitosan tested

until the desired pH was reached. The buffers used are listed in Table 4.1.

Chitosan Zeta 0.2M 0.2

pH Potential 0.2 M Glycine 0.2 M HCI Acetic Sodium
Acid Acetate

2.2 51.0 mV 50 mL 44 mL

2.8 48.2 mV 50 mL 11.4 mL

35 44.3 mV 50 mL 5mL

4.0 41.3 mV 41 mL 9mL

4.8 39.3mV 20 mL 30 mL

5.6 30.6 mV 4.8 mL 45.2 mL

Table 4.1. Buffers used to control pH.

Also as in Chapter 3, the alginate particles were also prepared in the same way as
in Yu, et al (2013). A sodium alginate (Acros Organics) and sucrose solution was
emulsified in 1,6-dibromohexane (Acros Organics) and iso-octane (Fisher Scientific)
with span-80 (sigma Aldrich) as the surfactant. The emulsified alginate was crosslinked

with calcium chloride purchased from Fisher Scientific to create calcium alginate beads.
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The resulting beads were wet sieved down to below 38 pm and then filtered to be above

25 pm with an average size of 34 um (measured with Beckman Coulter LS 13 320).

4.2.2 Experimental Procedure

When a buffer was not used, the pH of each sample was controlled by adding
enough amounts of 0.2 M HCI to change the pH to the desired level while monitoring the
pH with a pH meter. For each sample 3.2 mL of water was measured out first. Then,
alginate was added and sonicated. Then, the relevant level of chitosan was added. After
that, 0.2 M HCI was added to each sample until the desired pH was reached. For these
samples the pH levels tested were 2.3, 3.6, and 4.8. Higher pH values were not tried
because the chitosan particles react with sodium hydroxide and the pH of the samples in
plain water was very variable in a range from 5-6.8. Deionized water was added to each
sample until an 8 mL sample volume was reached. Due to the variable amount of HCI
added this also varied from sample to sample and even trial to trial. The samples were
then stirred with microstirbars for an hour before being tested in the Horiba Jobin Yvon
fluorescence spectrometer. Each sample was pulsed with light at a wavelength of 490 nm
and the emission data was collected as a spectrum from 500-650 nm. The samples were
also photographed using the Zeiss Axio Lab.A.1 microscope at 50x magnification. Three
trials were also conducted for each of these samples.

For the buffer controlled pH experiments, the buffer suspended chitosan and
weighed out alginate particles were mixed into the buffer used for the experiment. These

samples were prepared similarly to the pure water experiments. First, the buffer volume
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was measured out, which varied according to how much chitosan was added. Then, 0.1 g
(4.63x10° particles) of alginate was added to the buffer measured out. The approximated
volume fraction of alginate in each sample is 0.012. The particles were weighed out
using the centrifugation method to remove the particles from water storage. The sample
with alginate was then sonicated as in the no buffer samples. Then the chitosan in buffer
suspension was added at the proper level and then that was sonicated again. Samples
were then left to stir with micro-stirbars for an hour to cool down. Then these samples
were tested in the Horiba Jobin Yvon fluorescence spectrometer. The Ocean Optics
fluorescence spectrometer was not used. The Zeiss Axio Lab.A.1 microscope at 50x
magnification was used to photograph the samples. Three trials of each sample were

tested. The chitosan was added according to the levels in Table 4.2.

Sample Chitosan Buffer Number of Chitosan Volume Buffer
Suspension Volume  Chitosan Particles Fraction Volume
1 6.25 pL 3.06x10™ 3.13x10” 7.99375 mL
2 12.5 uL 6.11x10" 6.25x10™ 7.9875 mL
3 25 pL 1.22x10" 1.25x10™ 7.975 mL
4 50 pL 2.44x10M 2.50x10™ 7.95 mL
5 100 pL 4.89x10" 5.00x10™ 7.9 mL
6 200 pL 9.78x10" 1.00x107® 7.8 mL
7 400 pL 1.96x10% 2.00x10° 7.6 mL
8 800 pL 3.91x10% 4.00x10° 7.2mL
9 1600 pL 7.82x10% 8.00x10° 6.4 mL
10 3200 pL 1.56x10" 1.60x107 4.8 mL

Table 4.2. Levels of chitosan for each sample and corresponding buffer volumes

4.3 Results and Discussion
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4.3.1 Fluorescence Spectroscopy Results without Buffers

For each spectrum generated for samples without a buffer, an integral from

maximum intensity to half maximum intensity was taken using the trapezoidal rule

(Figure 4.1).

R
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Figure 4.1. lllustration of the integral from the maximum intensity to the half maximum
intensity.

These numbers were averaged over three trials for each pH and chitosan level. Then

these values were plotted against the number of chitosan particles (Figure 4.2a) and were

also normalized over the maximum value at each pH of the range of the chitosan particle

levels (Figure 4.2b).
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Figure 4.2. (a) Average intensity integral from maximum intensity to half maximum
intensity for each pH plotted against number of chitosan particles at an alginate level of
4.63x10° (0.1 g) particles. (b) Normalized average intensity integral from maximum
intensity to half maximum intensity for each pH plotted against number of chitosan
particles at an alginate level of 4.63x10° (0.1 g) particles.
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Then, as with the buffer experiments, the slope of the normalized average intensity
integral versus the number of chitosan particles was calculated and then plotted to see
where the -0.4 slope boundary was crossed to mark where the interaction regime
transition from agglomerated to dispersed, coated occurred according to the fluorescence

spectroscopy results (Figure 4.3).
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Figure 4.3. Slope of the normalized average intensity integral from maximum intensity to
half maximum intensity curve from each chitosan level to level for each pH without a
buffer.

These results indicated that there is interaction regime transition at the pH of 2.3
from 7.82x10™ (1600 pL) to 1.56x10" (3200 pL) chitosan particles but there an error
high enough where that may not be an interaction regime transition. At the pH of 3.5 and
4.8 there is an interaction regime transition from 3.91x10% (800 pL) to 7.82x10" (1600

HL) chitosan particles. At the pH of 4.8 there may be a regime transition from 1.96x10%
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(400 pL) to 3.91x10% (800 pL) chitosan particles instead but because of experimental
uncertainty, that is not perfectly clear.

We again wanted to compare these results to microscope results. For pH 2.3,
large agglomerates are seen in the 9.78x10"! (200 pL) chitosan particles microscope

picture (Figure 4.4).

Figure 4.4. Microscope image of 4.63x10° (0.1 g) alginate particles and 9.78x10' (200
ML) chitosan particles at pH 2.3

Interestingly, small agglomerates continue on through 1.56x10* (3200 pL) chitosan

particles (Figure 4.5).
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Figure 4.5. Microscope images of 4.63x10° (0.1 g) alginate particles and (a) 3.91x10
(800 pL) and (b) 1.56x10™ (3200 L) chitosan particles at a pH of 2.3. The samples are
in the agglomerated regime.
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Since the interaction regime transition was within the error, this fits the fluorescence
spectrometer results where no clear regime boundary exists.

Next, microscope pictures of the pH 3.5 were taken. Alginate particles are clearly
agglomerated at 3.91x10™ (800 pL) chitosan particles but then disperse at 7.82x10%

(1600 pL) chitosan particles (Figure 4.6).
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Figure 4.6. Microscope images of 4.63x10° (0.1 g) alginate particles and (a) 3.91x10"2
(800 L) and (b) 7.82x10% (1600 pL) chitosan particles at a pH of 3.5. This the
agglomerated/dispersed, coated regime.

The agglomerated/dispersed, coated interaction regime boundary is defined in between
these levels. Again, the fluorescence spectrometer results are corroborated by the
microscope pictures.

Finally, microscope pictures of the pH 4.8 were taken. The alginate particles are
clearly agglomerated at a chitosan level of 1.96x10' (400 pL) particles but may or may

not be in small agglomerates at 3.91x10 (800 pL ) chitosan particles (Figure 4.7).
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Figure 4.7. Microscope images of 4.63x10° (0.1 g) alginate particles and (a) 1.96x10
(400 pL) chitosan particles and (b) 3.91x10% (800 uL) at a pH of 4.8. This is the
potential agglomerated/dispersed, coated interaction regime boundary.
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The alginate particles are definitely dispersed at the chitosan level of 7.82x10' (1600

ML) particles (Figure 4.8).

IZOEmI

Figure 4.8. Microscope image of 4.63x10° (0.1 g) alginate particles and (a) 7.82x10%
(1600 pL) chitosan particles. The sample is in the dispersed interaction regime

The uncertainty of the exact location of the interaction regime boundary as seen by the
fluorescence spectroscopy results is displayed in the microscope pictures. The interaction
regime boundary could be in between 1.96x10% (400 pL) and 3.91x10' (800 pL)
chitosan particles or it could be between 3.91x10" (800 pL) and 7.82x10" (1600 pL)
chitosan particles. The fluorescence spectroscopy results once again are proven out the
microscope pictures.

The trend seems to be that at a lower a pH more particles are needed to disperse

the alginate particles. This is probably due to the fact that alginate should be at a near
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neutral zeta potential at a low pH being that it is fairly negatively charged at a higher pH.
Since the chitosan molecules will not be as attracted to a neutral particle, they are less

likely to coat alginate particles and it is harder for the alginate particles to then disperse.

4.3.2 Fluorescence Spectroscopy Results with Buffers

For the each of the generated buffer spectrums, an integral using the trapezoidal
rule was taken from the maximum intensity value to the half maximum intensity value.
These values were then averaged over three trials per level for pH. These averages were
then plotted against the number of chitosan particles to compare how each pH affects the
fluorescent intensity when chitosan level is changed (Error! Reference source not
found.a). Also, these values were normalized against the highest average intensity
integral for each pH and also plotted against the number of chitosan particles (Error!

Reference source not found.b).
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Figure 4.9. (a) Average intensity integral from maximum intensity to half maximum
intensity for each pH plotted against number of chitosan particles at an alginate level of
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Then, the slope of the normalized average intensity integral versus the number of
chitosan particles was calculated and then plotted to see where the -0.4 slope boundary
was crossed to mark where the interaction regime transition from agglomerated to
dispersed, coated occurred according to the fluorescence spectroscopy results (Figure

4.10)
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Figure 4.10. Slope of the normalized average intensity integral from maximum intensity
to half maximum intensity curve from each chitosan level to level for each pH with a
buffer.

From these results it looks like there is no interaction regime transition from
agglomerated to dispersed, coated for a pH of 2.2 and 2.8. Ata pH of 3.5 and 4.0 the -0.4
slope occurs from 7.82x10% (1600 pL) to 1.56x10% (3200 L) chitosan particles.

Finally at a pH of 4.8 and 5.6 the -0.4 slope occurs from 3.91x10' (800 pL) to 7.82x10"
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(1600 pL) chitosan particles although due to error the interaction regime boundary for pH
of 5.6 could be in between 1.96x10" (400 pL) and 3.91x10" (800 pL) chitosan particles.

We wanted to compare these results to microscope picture to make sure that we
were seeing the interaction regime transition with microscope results. At a pH of 2.2
there was no visible interaction regime transition at all, even one from dispersed,

uncoated to agglomerated (Figure 4.11).
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Figure 4.11. Microscope images of 4.63x10° (0.1 g) alginate particles and (a) 3.91x10"2
(800 pL) and (b) 1.56x10" (3200 pL) chitosan particles in a pH 2.2 0.2 M glycine/0.2 M
HCI buffer.

Here it seems that the spectroscopy results corroborate the pictures. There is a red flag,

however with the fact that the alginate particles are far smaller than their original size.
Next, pictures were taken for samples at a pH of 2.8. There is a clear indication

of the agglomerated regime at a chitosan level of 3.91x10% (800 pL) particles (Figure

4.12).
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Figure 4.12. Microscope image of 4.63x10° (0.1 g) alginate particles and 3.91x10*? (800
ML) chitosan particles in pH 2.8 0.2 M glycine/0.2 M HCI buffer.

According to the spectrometer results since there is an agglomerated regime, there should
not be an interaction regime transition to dispersed, coated but that is not the case. There
is a regime transition from 7.82x10" (1600 pL) to 1.56x10™ (3200 pL) chitosan particles

(Figure 4.13).
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Figure 4.13. Microscope images of 4.63x10° (0.1 g) alginate particles and (a) 7.82x10"
(1600 pL) and (b) 1.56x10™ (3200 pL) chitosan particles in a pH 2.8 0.2 M glycine/0.2
M HCI buffer. This marks an interaction regime transition from agglomerated to

dispersed, coated.
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While not true in Figure 4.12, the alginate particles in Figure 4.13 again appear to have
either shrunk or may have even broken apart. There might be chitosan particles that have
reacted together to form larger “nets” as it appears in Figure 4.13b.

At a pH of 3.5 the microscope results look even less like the no buffer results.
Some of the alginate particles no longer have a spherical shape Figure 4.14a) and there

seem to be chitosan aggregates without very many alginate particles (Figure 4.14b).
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Figure 4.14. Microscope imagees of 4.63x10° (0.1 g) alginate particles and (a) 3.91x10"
(800 L) and (b) 1.56x10™ (3200 pL) chitosan particles in a pH 3.5 0.2 M glycine/0.2 M
HCI buffer.

When switching to the sodium acetate and acetic acid buffer, alginate particles are
not visible at all in the microscope picture which makes it impossible to see what is going

on in each sample (Figure 4.15).
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Figure 4.15. Microscope images of 4.63x10° (0.1 g) alginate particles and 7.82x10'2
(1600 pL) chitosan particles in (a) pH 4.8 and (b) pH 5.6 0.2 M acetic acid/0.2 M sodium
acetate buffer.
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There is either refractive index matching to make the alginate particles invisible or the
alginate particles’ cross-linking got broken in the buffer. If it is the former, the
fluorescence spectrometer results have a chance of being accurate while if it is the latter
there is no chance of the spectrometer results being accurate.

The buffer studies show a clear limitation of the fluorescence spectrometer
application in the alginate chitosan system. When the primary particles change size,
composition, or optical properties from sample to sample the predicted interaction regime

transition is not accurate.

4.4 Summary

When pH was manipulated with only 0.2 M HCI the microscope results matched
the fluorescence spectroscopy results due to the fact that the primary particles were not
changed in any way. The pH indicator property of FITC did not affect the efficacy of
fluorescence spectroscopy. Using microscopic and fluorescence spectroscopy techniques
together, it was proven that as pH is lowered it is more difficult for alginate particles to
shift from the agglomerated regime to the dispersed, coated regime. When the primary
particles are no longer the same chemically or optically as they were in pure water, it was
proven that the fluorescence spectroscopy method for determining the
agglomerated/dispersed, coated regime boundary was a failure. From microscope results
it appears that the chitosan and maybe even the alginate undergoes some sort of reaction
to a buffer with 0.2 M glycine. 0.2 HCI does not affect the particles. When placed in a

0.2 M sodium acetate and 0.2 M acetic acid buffer the alginate particles were not visible.
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It was impossible to tell whether the alginate particles were refractive index matched to

the fluid or whether they were actually broken down.
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Chapter 5

Conclusions and Future Work
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5.1 Conclusions

This work has covered noncolloidal suspension flow and colloidal hydrogel
particle interactions.  Techniques from particle video imaging to fluorescence
spectroscopy were applied to the systems studied. This investigation was done with the
goal of developing a basic understanding of observed phenomena in order to better create
nanoparticle coated microparticles.

First, a noncolloidal suspension of PMMA particles was studied under moderate
oscillatory shear using particle video imaging. It was found that outward particle drift
occurred during the course of the applied shear. The velocity of the drift was
approximately linearly dependent on strain. There was also a frequency dependence that
approximately followed an inverse square relation. Torque measurements collected
simultaneously with the particle video imaging showed an increase as strain increased
except at intermediate strains as was common with other oscillatory flow experiments.
The torque measurements with the drift velocity results suggest competing mechanisms
where there is competition between radial shear-induced migration driven by the particle
stress balance and a microstructural ordering mechanism driven by local inertial effects
layering the particles.

Next, a fluorescence spectroscopy application was created to study a colloidal
hydrogel system of negatively charged alginate microparticles and positively charged
fluorescently-tagged chitosan nanoparticles. The interaction regime boundaries between
dispersed, uncoated and agglomerated and between agglomerated and dispersed, coated

were determined by optical microscopy. Then, fluorescence spectroscopy was used to
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determine if the interaction regime boundaries could be seen in the variations of the
intensity readings. It was found that the dispersed, uncoated and agglomerated regime
boundary was not detected when varying chitosan. The agglomerated and dispersed,
coated regime boundary was marked in the fluorescence spectroscopy results by a
decrease in the slope of the normalized integral from maximum intensity to half
maximum intensity plotted against the number of chitosan particles. There was a
limitation found due to the inner filter effect as higher chitosan levels yield a lower
overall fluorescence signal intensity. DLVO calculations were used in conjunction with
the microscope images and the fluorescence results to determine the mechanism behind
the interaction regimes. It was found that a surface charge reversal likely caused the
transition from the dispersed, uncoated to agglomerated regime. It was found that a limit
on the maximum number of unbound chitosan particles that could be packed within an
agglomerate was a potential cause of the transition from the agglomerated to dispersed,
coated regime.

Finally, a study was done using fluorescence spectroscopy to study the interaction
of the alginate and chitosan particles while varying pH. This work was done to not only
study how varying pH affects the interaction of alginate and chitosan but to further test
the limits of using fluorescence spectroscopy in order to determine the location of the
interaction regime boundary. The fluorescence spectroscopy results were then compared
to microscope images. It was found when using a buffer to control pH that the particles
were reacting with the salts in the buffer, resulting in a change to the primary particle
properties. When the reaction happened, the expected results did not match the

spectroscopic results. When HCI, which does not react with the primary particles, was
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used to manipulate the pH of each individual sample, the fluorescence spectroscopy

method accurately predicted the interaction regime transitions again.

5.2 Future Work

Where this work leaves off is at the further exploration of the use of fluorescence
spectroscopy to understand more complex particle interaction. Alginate and chitosan
were the only particles studied using fluorescence spectroscopy. It would be interesting
to explore how a change in primary particle affects the particle interaction and the
effectiveness of fluorescence spectroscopy to determine that particle interaction.

Since alginate and chitosan are encapsulating agents, it would be interesting to see
how a payload would affect the spectral results. The effectiveness of a multiscale
alginate and chitosan particle as a delivery agent could also be further explored. It could
be seen whether fluorescence spectroscopy would work when there is a potentially
interfering payload.

There was also room left to study how to better optimize the creation of
nanoparticle coated microparticles. Shear flow was not explored as an avenue for
optimization. One can concurrently study the particle interaction under shear flow with
fluorescence spectroscopy.

Another idea is to test interaction regime transitions with fluorescence
spectroscopy when switching out the chitosan nanoparticles with some other
fluorescently tagged nanoparticles that have a higher van der Waals attraction than

electrostatic repulsion. Since quenching due to adsorption seems to be the primary
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mechanism for the downshift in intensity during a regime transition it would seem that
self-attracting particles would prevent fluorescence spectroscopy from working to show
regime transitions.

Finally, another idea would be study the effectiveness of other fluorophores.
FITC is a toxic molecule and cannot be used for oral delivery applications. It would be
beneficial to study non-toxic fluorophores and see if they can be applied to find the

regime boundaries.
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