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Abstract

The aim of this research is to examine the nano- and micro-structure of mucin in response
to chemicophysical changes within the aqueous solution. By characterizing the mucin structure
across a range of length scales relationships can be developed and related to the macroscopic
properties. Mucin is a glycoprotein found in mucus at very low concentrations but yet is
responsible for the majority of the physical properties of mucus. Therefore, the biological behavior
(e.g., barrier properties) of mucus can be related to the reversible structural changes—viable
dynamic bonding—that occurs within and between mucin strands. In the present work, the impact
of pH, temperature and nanoparticle addition were examined on the structure of porcine gastric
mucin (PGM) in aqueous solution. Findings are presented regarding the influence of (i)
temperature and concentration on mucin aggregation and gelling properties, (ii) pH on surface
tension, aggregation, and network structure, and (iii) addition of silica nanoparticles (SiNPs) and

magnetic nanoparticles (MNPs) on mucin aggregation and rheology.

The samples were characterized using rheology, dynamic light scattering (DLS) particle
measurements, zeta potential (ZP), Fourier-transform infrared spectroscopy (FTIR), and pendant
drop surface tension measurements. Rehydrated purified mucin is used in this study as it is
structurally comparable to native mucus and readily available. Mucin concentrations were
examined at 1, 2, and 5 wt% for the pH and temperature study. For the nanoparticle experiments,
the mucin concentration was held constant at 1 wt% and the nanoparticle concentration varied. It
is shown that changes in the microstructure of PGM due to concentration, temperature, and pH can
be observed through surface tension, rheological, DLS, and ZP measurements. By varying the pH,
the PGM solution could be induced to undergo a sol-gel transition, and PGM strands were found
to aggregate and form a network structure under acidic conditions. DLS and ZP data showed that
at the isoelectric point, PGM displayed the largest mean diameter by number as is expected when
there is no longer charge repulsion and aggregation is induced. Increased temperature and
concentration also influenced the viscoelastic properties of the mucin solutions. The sol-gel
transition was observed to occur at higher frequencies for samples at higher PGM concentrations
and temperatures. Finally, nanoparticle interaction with PGM showed an increase in gelling

behavior and swelling of mucin in solution.
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Chapter 1. Introduction

1.1 Abstract

This thesis is contructed of related but distinct studies regarding the chemical-
microstructure of mucin solutions as the chemical composition is changed. The work presented
will examine the impact of pH, temperature and the addition of silica and iron oxide nanoparticles.
Accordingly, the thesis is organized by chapters according to these repsective foci. This first
chapter serves as a short summary of the subject and to layout the organization of the remainder
of the thesis.

1.2 Definition and Function of Mucin

Mucus is a hydrogel that coats and protects all wet epithelia including the eyes and the
respiratory, gastrointestinal, and cervicovaginal tracts. It forms a selectively permeable layer that
permits the passage of some materials while restricting others, and it also serves as lubricating and
protectant of the underlying epithelial surface. ! Because of its location and properties, mucus is
an arena for microbe collection in the body and it is also a primary option for targeted drug delivery

especially those directed at the treatment of underlying tissues and organs.

Mucus is comprised of 75% carbohydrates and 25% amino acids and linked together by O-
glycosidic bonds between N-acetylgalactosamine and serine or threonine residues.? However,
there is limited availability of mucus for research that has been collected from humans and other
mammals. In addition, significant patient-to-patient variability has been observed which prevents
a systematic study of the effect of chemical composition.> Solutions made from purified mucins,
such as porcine gastric mucus (PGM), exhibit important features of native mucus, including
characteristic viscoelastic and selective barrier properties* °and specific interactions with mucosal
microbes. & 7 Hence, purified mucins may serve as a simplified model environment for the study

of mucus.



1.3 Importance of Mucin Studies

Studying the surface tension of mucin is very important because this will help us
understand how mucin in the body behaves under certain conditions. This research is very useful
in pharmaceutical and drug delivery applications to understand the interaction between the mucin
of a patient with a mucus related condition and the drug being administered. The alteration of
PGM using small molecules and nanoparticles in vitro is an area of interest in drug delivery
research. Understanding the structure and behavior of mucin can lead to the discovery of better
drug delivery methods or a potential cure for mucus related conditions like cystic fibrosis (CF),

ulcerative colitis, and chronic obstructive pulmonary disease (COPD).

1.4 Study Goals and Organization

The overall goal of this research is to study how chemicophysical changes affect the nano-
and micro-structure of mucin and the relationship between those small length scale structures and
the macroscopic properties. Specifically, mucin—as a biopolymer—is an amphiphilic
macromolecule capable of reversible ionic bonding within a single chain (intrachain conformation
changes) or between adjacent chains. Through interchain interactions, mucin is capable of forming
network structures that connect from the nanoscale to the microscale and ultimately the macroscale
properties of mucin solutions and mucus. The ability to relate the microstructure (and
nanostructure) to the more readily available measurement methods for macroscale properties (e.g.

viscosity) will provide insight into the behaviors of mucin solutions and other complex fluids.

This effort builds upon prior efforts in our group on mucus®°, mucin solutions® !, and
rheology of charged polymers'?14. The present work extends our prior knowledge by examining
the effect of pH and difference in properties at ambient and physiological temperature (Chapter 2).
The addition of nanoparticles to mucus (and mucin solutions) has been examined in response to
particle inhalation related to pollution, industrial exposure, and drug delivery. Chapters 3 and 4
examine the effects of adding nanoparticles to the mucin solution to examine if the nanoparticles
disrupt mucin-mucin interactions and resulting in a breakdown of the network structure. Chapter
5 discusses the overall conclusions from this project, along with future directions. Ancillary

information is provided in the appendices, including descriptions of the experimental procedures.



Chapter 2. Monitoring The Influence of Concentration, Temperature, and pH

Changes in Mucin Microstructure

2.1. Abstract

In this study surface tension, rheology, dynamic light scattering (DLS), and zeta potential
(ZP) methods have been utilized to examine the microstructural changes in porcine gastric mucin
(PGM) when concentration, temperature and pH are varied. DLS and ZP measurements on dilute
solutions of mucin disclosed maximum aggregation due to absence of inter-particle repulsive
forces at the isoelectric point (pH 3). Surface tension values increase as mucin becomes more
acidic and the network structure is more constricted. Temperature rheology studies at 25 °C and
37 °C show that PGM samples require higher frequencies at elevated temperatures to overcome
the sol-gel transition. The findings show that changes in the microstructure of PGM due to
concentration, temperature, and pH changes can be studied and observed through surface tension,

rheological, and size and charge distribution experiments.

2.2. Introduction

Mucus is a hydrogel that coats and protects all wet epithelia, including the eyes and the
respiratory, gastrointestinal, and cervicovaginal tracts. It is a selectively permeable layer that
permits the passage of some substrates while restricting others, protecting the underlying epithelial
surface. ! Because of this, mucus is the primary arena for microbes in the body and is a suitable
medium to use for targeted drug delivery of mucus related conditions. The surface tension,
rheological properties and particle properties are crucial to its protective function and important
for drug delivery applications through the mucin layer. Varying the pH of PGM using buffers in
vitro is a special area of interest in drug delivery research to better understand how gastric mucin

behaves in regular (acidic) conditions and under abnormal circumstances.

This study aims to explore microstructural changes in the properties of gastric mucin for
drug delivery applications. This was done by varying concentration, pH, and temperatures of PGM
samples and using several analytical techniques to study its behavior under different conditions.
Studying the properties of gastric mucins such as PGM is very important because this help us

further understand how mucin in the body behaves under certain conditions. Purified mucins such



as porcine gastric mucus (PGM) exhibit important features of native mucus, including
characteristic viscoelastic and selective barrier properties*® and specific interactions with mucosal
microbes.® 7 Hence, purified mucins may serve as a simplified model environment for the study of
mucin. In this article, surface tension using the pendant drop method and bubble pressure is
evaluated to be an appropriate method to recognize microstructural changes in PGM. Using
information derived from surface tension measurements, dynamic light scattering (DLS), rheology
and zeta potential (ZP) are also carried out to evaluate and study the physical and interaction
properties at areas where the surface tension data suggests changes in PGM microstructure. These
experiments provided particle sizing, sol-gel transition and zeta potential data that are critical to
understanding the interaction of gastric mucin with drugs or bacteria. Understanding the structure
and behavior of mucin under different conditions can lead to the discovery of more effective drug
delivery methods or a potential cure for mucus related conditions like cystic fibrosis (CF),

ulcerative colitis, and chronic obstructive pulmonary disease (COPD).

2.3. Materials and Methods

PGM Solutions. Solutions of PGM (porcine gastric mucin, Type I, Sigma Aldrich, CAS No.

84082-64-4) were prepared at 1, 2, and 5 mg/mL concentrations using filtered Nanopure™ water.
PGM solutions were sonicated for 1 hour and then refrigerated for 24 hours prior to
characterization to ensure the mucin was thoroughly hydrated. The refrigerated samples were
allowed to warm to room temperature on a bench-top and sonicated for 30 minutes just before
experiments were carried out to ensure the samples were well mixed.

For surface tension measurements, several common solvents were used as controls to allow
for comparison of measured surface tensions with literature values. In this study, these controls
included Nanopure™ water, pyridine, and hexadecane. The water was produced in house using a
Millipore Synergy® Water Purification System #SYNSOHFUS with an EMD Millipore
CDUFBIO001 Biopak Ultrafiltration Cartridge, and the pyridine and hexadecane were purchased
from Sigma Aldrich (95+%, used as received). These three solvents were chosen because they
span a wide range of surface tensions and charges. Nanopure™ water is highly polar, hexadecane

is highly nonpolar, and pyridine model compound with both polar and dispersive components.



Pendant Drop. Surface tension measurements at room temperature were collected using a Kriiss
Drop Shape Analyzer-DSA25. This was used to measure the surface tension of PGM at three
different concentrations (1, 2, and 5 mg/mL), and three different solvents to determine accuracy
of the method, and to ensure that it can handle all types of solutions. Before experiments, the
instrument was calibrated by adjusting the camera focus, specifying the needle diameter, selecting
the region of interest, and setting the measuring lines. A 0.51mm diameter needle was used for
pendant drop experiments. After drops were dispensed, a wait time of 30 seconds was observed

before collecting data. All error for data is shown as 95% confidence intervals.

pH Study. pH studies were conducted on PGM samples. The acid used was 0.01 M nitric acid
(HNOs3) and the base was 0.01 M sodium hydroxide (NaOH). Drops of these samples were added
to the PGM solutions to change their pH and the surface tensions were measured using a Kriss
Drop Shape Analyzer-DSA25. The pH meter used when preparing the samples is a Thermo
Scientific™ Orion™ Dual Star™ pH and ISE Benchtop Meter.

Rheology. Rheological measurements were collected using a TA instruments Discovery Hybrid
Rheometer Il using Trios software (v5.00). A 40 mm cone with an angle of 2.013° was used to
perform frequency and flow sweeps on the solutions containing PGM at various concentrations.
The angled 40 mm geometry was chosen because the diameter was appropriate for samples with
medium viscosity and the cone shape produces a smaller gap height closer to inside so the shear
on the sample is constant. *°

Before rheological measurements were taken for the PGM samples at concentrations, the
linear viscoelastic regime (LVR) was determined for each concentration solution; this is an
important step to determine the range in which the storage modulus (G') and the loss modulus (G")
are independent of stress amplitude (co). This was done by performing a dynamic stress sweep to
observe how the material responds to increasing deformation at a constant frequency and
temperature. For the LVR experiment, a constant frequency of 1 rad/s was selected over a stress
range of 0.01 to 100 Pa at 25 °C. The LVR was determined by choosing the average strain value
that produces constant elastic moduli variable. Frequency sweep oscillation experiments were

carried out on the 1, 2 and 5 wt% mucin solutions at each samples strain value related to the LVR



results at 25 °C and 37 °C over a 0.01 to 100 rad/s frequency range. All error bars and values for

data shown are 95% confidence intervals.

Dynamic Light Scattering. DLS particle sizing was preformed using a NanoBrook Omni PALS

instrument equipped with Brookhaven Instruments Particle Solutions Software. This equipment
was used to perform particle sizing of the PGM samples at 1, 2 and 5 wt%. When running DLS
particle sizing, sample must be transparent to allow the laser beams pass through to interact with
the particles. To prepare samples, 1:100 dilutions were performed by method of serial dilution
before running the experiments. Following the serial dilution of the 1, 2, and 5 wt% PGM samples,
the final concentrations were 0.01, 0.02 and 0.05 wt% respectively. Experiments were conducted
using a 90-degree laser angle, and a 640nm laser wavelength. All error for data is shown as 95%

confidence intervals.

Zeta Potential. Zeta potential experiments were performed using a Brookhaven Instruments

NanoBrook Omni phase analysis light scattering (PALS) instrument. This equipment was used to
assess the surface charge while varying the pH of the PGM samples. To prepare samples for this
experiment, 1:100 dilutions were performed by method of serial dilution before running the
experiments. Following the serial dilution of the 1, 2, and 5 wt% PGM samples, the final
concentrations were 0.01, 0.02, and 0.05 wt%, respectively. The samples at different pH values
were prepared discretely using buffers before running the experiment. Buffers used were 0.1 M
and 0.1 mM nitric acid and 0.1 M and 0.1 mM potassium hydroxide. Experiments were conducted

at a 640 nm laser wavelength. All error for data is shown as 95% confidence intervals.

2.4. Results and Discussion

Several experiments were conducted to study the effects of temperature, concentration, and pH on
PGM. Surface tension measurements were collected under these conditions to see how changes in
the microstructure change affect the surface tension of PGM. Microstructural and network changes
in mucin also affects the sol-gel transition of the samples, and so rheology data was collected to
take a closer look at these changes. Zeta potential was used to understand the charge state of PGM
molecules to explain its macroscopic properties and dynamic light scattering was used to study

how the size of the particles changed with under different pH conditions. Zeta potential and



dynamic light scattering pH studies'® have shown that particle size depends on the zeta potential
and pH of the solution as maximum aggregation is seen to occur at the isoelectric point where the

samples has a net charge of zero.

2.5. PGM Temperature and Concentration Studies

Surface tension is a very sensitive parameter that can detect even the smallest of changes
at the molecular level. Taking the chemical structure into account, the properties of mucin are
dependent on the properties of the contact environment. Factors such as temperature and acidity
might provide a disturbance in the chemical structure of mucin and eventually change its
properties. 1’ The characterization of the surface properties of mucin are key to understanding how
these biopolymers change under different pH and temperature conditions. Surface tension data is

also of great importance in biomaterial applications.

To determine the feasibility and accuracy of the surface tension measurements, solvents of
different surface tensions were chosen and their surface tension data was collected and compared
to literature values. The rationale for conducting these experiments was to develop a
straightforward and reproducible way to evaluate the surface properties of PGM so that its
characteristics can be studied. The model solvents used for this study are Nanopure™ water,
hexadecane and pyridine. These were chosen because of the availability of surface tension data in

literature.

In comparison to literature values, the surface tension values of Nanopure™ water, mucin
and pyridine at room temperature (25 °C) are shown to have less than 10% difference. These results
confirmed that the pendant drop method of measuring surface tension is capable of analyzing all
types of solvents and was an appropriate method to detect microstructural changes in for our PGM
experiments. The results and percent difference calculations are shown below in Table 1 below.
Following the surface tension experiments on the solvents, it was determined that surface tension
measurements, using pendant drop is a very sensitive way of measuring changes in the
microstructure of samples. The surface tensions of 1, 2 and 5 wt% PGM samples were measured

at 25°C and 37°C using the same process and the results are shown in Figure 1 below.



Table 1: Surface tension values of model liquids shows very little deviation between our

experimental SFT measurements and literature values.

(3q) (85)" | Bonding () [mN/m] [mN/m]® Difference
?Cifil(jscane 16.3 0 0 28.85 27.47 4.90
?gr}?;‘; 19.0 8.8 5.9 34.60 38.00 9.37
V'\\',Z?eorp(lf_lrfg)ﬂ 155 16.0 423 73.79 72.80 1.35

Table 2: Aqueous PGM solutions surface tension was found to decrease with PGM concentration
and temperature. A wait time of 30 seconds was observed to allow drops stabilize before collecting

surface tension measurements.

PGM Surface Tension PGM Surface Tension
PGM wt%
at 25°C [mN/m] at 37°C [mN/m]
1 68.36 66.55
2 67.54 64.31
5 62.95 62.11
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Figure 1: Surface tension of PGM solutions decreases with increasing PGM concentration and a

shift from room temperature (25 °C) to physiological temperature (37 °C).

It was observed that the overall surface tension decreased with increasing concentration of
PGM regardless of temperatures. This trend occurs as a result of the stronger inter-molecular forces
brought about by hydrogen bonding in lower concentrations of PGM. An increase in the
concentration of a PGM means there is a decrease in the amount of water in the solution and thus
less hydrogen bonding and weaker intermolecular forces. Surface tension depends heavily on the
intermolecular forces present and increases with increasing strength of intermolecular forces.?
Polymer-polymer interaction in the solutions of different concentrations also plays an integral role

in the trend observed in Figure 1 above.

In more concentrated PGM solutions with less water, polymers are more likely to interact
with themselves whereas in a more dilute solution, the polymers will have more interaction with
H20 molecules. Therefore, as the concentration of the PGM solutions are increased there is more
polymer-polymer interaction and this causes the chains to get more entangled. In sufficiently dilute

solutions such as the 1 wt% sample, polymer chains are disengaged, separated, and behave as



individual hydrodynamic unit, however polymer chains are more entangled in solutions of

polymers of sufficiently high concentration.?*

Comparing the surface tension values at the studied temperatures, it was observed that the
surface tension for PGM samples at 37 °C are lower than those at 25 °C. This behavior is expected
because surface tension is highly dependent on the intermolecular forces. At higher temperatures,
the PGM molecules become more active and move faster. This causes the water forces to be more

unstable and lowers the surface tension of the solution.

To further study the extent of the entanglement and the sol-gel transition of PGM, a
rheology study was carried out. Rheology is a suitable technique for the investigation of PGM
because mucin is a viscoelastic gel (exhibits both liquid and solid characteristics). 2* Stress sweep
experiments were conducted to determine the linear viscoelastic region (LVR) of PGM samples at
different concentrations and temperatures. The LVR information gives frequency sweep operating
range where the storage modulus (G') and the loss modulus (G”) are independent of stress

amplitude (c0). LVR data can be found in Appendix C.

Following the LVR experiments, frequency sweep experiments were carried out at 25 °C
and 37 °C over a 0.01 to 100 rad/s frequency range. Strain amplitude value gotten from LVR
experiments was 10 Pa for 1, 2, and 5 wt% PGM solutions at 25 °C and 37 °C. This was done to
examine the viscoelastic behavior of PGM. Rheology data are presented separately for the 1, 2,

and 5 wt% PGM solutions in Fig. 2-4. Figures 5-6 provide an overlay of these data sets.
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Figure 2: Storage and loss modulus increase for 1wt% PGM at 25 °C. The sol-gel transition also
occurs at a lower frequency for the 1 wt% PGM solution at 25 °C
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Figure 3: At 25 °C both the storage and loss moduli for 2 wt% PGM are higher than at 37 °C . The
sol-gel transition occurs at a lower frequency for 2 wt% PGM at 25 °C—than at the physiological

temperature of 37 °C.
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Figure 4: Storage and loss modulus are shown to overlap for 5 wt% PGM at 25 °C and 37 °C. Sol-
gel transition occurs at lower frequency for 5 wt% PGM at 25°C

For results shown in Figures 2-4, it is observed that the storage modulus (G’) and the loss
modulus (G”) increased as a function of frequency similar to the study conducted by Hamed et
al.2 When the storage modulus G’ is dominant over the loss modulus G” it indicates a gel-like
material response and a sol-gel transition occurs, and when the loss modulus G” is dominant over
the storage modulus a liquid-like response is observed. 2* When the sol-gel transition occurs, the
viscosity becomes infinite and the network in the gel provides resistance to elastic deformations.?
On the basis of this criterion it is clear that increasing the temperature of PGM solutions keeps the
solutions in a liquid-like state for much longer than it would at room temperature. This happens
because an increase in temperature causes the molecules to vibrate and disrupt the bonds therefore

it takes longer to stabilize and undergo the sol-gel transition.

12



Frequency sweeps of PGM solutions shows evidence of a dramatic change in the sol-gel
transition (crossover) points of PGM solutions at 25 °C and 37 °C. The sol-gel transition occurs at
a lower angular frequency for 25 °C and a higher value for the 37 °C. We also see that the transition
occurs at higher force values with the exception of 5 wt%. This is likely due to the fact that PGM
at 5 wt% is much thicker and viscous than 1 and 2 wt% solutions. As a result of this, physical
entanglements are created and broken quickly compared to the rate of deformation, thus less force
is required for the sol-gel transition to occur.?> 2 The 5 wt% PGM transitions occurred at a higher
frequencies compared to 1 and 2 wt% for both at 25 °C and 37 °C indicating an entanglement
network system.?” The decrease in surface tension and higher frequency observed in 5wt% PGM

samples are needed to induce sol-gel transition.
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Figure 5: Storage and loss modulus values for 1 wt% and 2 wt% PGM samples are significantly
higher than those for 5 wt% at 25°C. The sol-gel transitions are observed at 0.06-0.1 rad/s for 1
and 2 wt% PGM and at ca. 4-5 rad/s for the 5 wt% PGM sample.
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Figure 6: Frequency sweep data for PGM solutions at 37 °C showing the sol-gel transition at a

much higher value, approx. 35 rad/s, than was observed for the 25 °C data.

To study the particle sizing and aggregation of PGM at different concentrations dynamic
light scattering (DLS) experiments were conducted. The results shown in Figure 7 below show a
decrease in the mean diameter by number as the concentration of PGM is increased and an increase
in mean diameter at 37 °C. Increasing the temperature of PGM increases the kinetic energy of the

PGM molecules causing the particles to interact more with one another and aggregate.
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Figure 7: PGM mean diameter by number decreases with increasing PGM concentration and tends
towards aggregation when the temperature is increased to 37 °C.

2.6. PGM pH Studies

A pH study was conducted on PGM samples by varying the pH and conducting surface
tension, particle sizing and zeta potential experiments. The pH values of the solutions were varied
using 0.01 M nitric acid (HNOs) and 0.01 M sodium hydroxide (NaOH). Native mucin has a pH
of 4.699 and Figures 8 to 10 show surface tension results between pH values of 3-8 at 25 °C. There
is an overall downward trend in the surface tension as the pH of the solutions increase. Studies
conducted* 124 28 have shown that lowering the pH of PGM causes a sol-gel transition to occur

and this leads to changes in the polymer network structure of the mucin. Sol-gel transitions have
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been shown to take place in mucin due to environmental factors such as pH, ion concentration,

inclusion/particle chemistry and size, temperature, and shear forces.!!
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Figure 8: Surface tension decreases as pH increases in the 1 wt% PGM sample with a steep
inflection between pH 5-6.
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Figure 9: Surface tension decreases as a function of pH for 2wt% PGM solution; this trend

matches the 1 wt% sample showing an inflection between pH 5-6.
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Figure 10: Surface tension values for the 5 wt% PGM sample are shifted down for pH values < 7
in comparison to the 1 and 2 wt% samples. The same downward trend and inflection between pH
5-6 is also observed for PGM surface tension at 5 wt%.

Atomic force microscopy and rheology experiments on gastric mucin have revealed
aggregation at low pH. 1 2%30 Aggregation of mucin samples cause the lower pH samples to have
strong effects on the network structure of the mucin which in turn affects the surface tension
values. Studies have shown that at lower pH values, the contracted chains build up a network with
weak connectivity and strongly heterogeneous networks of entangled chains are formed3! causing
higher surface tension values. The surface tension at higher pH values significantly decrease

especially between pH values of 5 and 6. Under these conditions, a homogeneous network with
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evenly spread out chains are observed. 3 A schematic illustration of the network structures

observed at different values of pH is displayed in Figure 11.

& § I
& I 1

pH< 2 3<pH< 4 pH> 4

Figure 11: llustration of network formation in PGM at different pH values. Constricted chains
observed under very acidic conditions and network structure seen at higher pH. Adapted from ref
[31].

To further study how the change in the mucin network structure affects it properties, zeta
potential (ZP) and dynamic light scattering (DLS) experiments were conducted. These
experiments study the changes in the net surface charge and particle size of PGM. The magnitude
of electrostatic interactions between charged surfaces was studied by running zeta potential
experiments on PGM samples with varying pH and concentrations. Varying the pH value of the
aqueous phase influences two mechanisms: functional group dissociation and ion adsorption. In
addition to the solution pH, the concentration and type of salt present in the solution affects ionic
state of the biomolecules.®? In Figure 12 below, we notice that PGM is negatively charged at pH
values greater than 3 and the charge density increases progressively with rising pH, leading to

more extended chains due to enhanced electrostatic repulsions.®® At low pH, biomolecules
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generally presented positive zeta potentials which decreased when pH was raised *? and a similar
trend is observed in Figure 12.
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Figure 12: PGM zeta potential as a function of pH. At pH values > 5, the PGM samples are
significantly electronegative and the PGM strands should another and remain stable in solution.
At lower pH, the zeta potential decreases approaching the isoelectric point. The PGM samples
show that charge-related aggregation is likely under very acidic conditions (pH < 4) and

aggregation is expected to occur under these conditions.

A point of interest in this experiment in this experiment is the isoelectric point (IEP). The
IEP is the pH of a solution at which the net charge or zeta potential of protein is zero.*? At the IEP,
the PGM structure is more hydrophobic, more compact and less stable due to absence of inter-
particle repulsive forces thus making it easier for particles to aggregate and precipitate.3>3* The
IEP of the 1, 2 and 5wt% PGM solutions shown vary and this is caused by different ionic
environment such as ionic strength, pH and ion type. 3?The trend above the isoelectric point was
surprising. We anticipated that at very low pH there would be very little impact on the surface
charge of the particles, however, the surface charge began to decrease. This is likely due to a strong

association of the mucin with H* ions at low pH.
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We further studied the effect of pH on the size of PGM aggregates. We hypothesized that
the nature of the charge of PGM observed in Figure 12 would play an important role in the size of
the particles. To investigate this further, we studied changes in diameter of the mucin with changes
in pH of the solution using DLS. It was observed that the size of the particles is significantly

smaller at pH values higher and lower than the isoelectric points of the respective concentrations.
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Figure 13. DLS results show maximum aggregation of PGM molecules observed at the onset of

the isoelectric point region (pH 3-4) for the 1, 2, and 5 wt% PGM samples.

DLS results shown in Figure 13 show that the maximum diameter occurs at pH 3
(isoelectric point) and this suggests that aggregation, gelation, and the formation of intertwined
chains are promoted occurs under these conditions. This is likely due to high density of charge in
the samples with pH lower and higher than the isoelectric point which exhibits electrostatic
repulsions between the polymer chains at the microscopic level, leading to the formation of smaller
aggregates. On the other hand, as we reach the isoelectric point, the reduced electrostatic repulsions
result in the formation of larger aggregates. *® A comparison of the DLS and ZP results are shown
in Figure 14 and this indeed proves that there is a direct relation between surface charge and
particle size. A sol-gel transition map showing the effect of pH on the state of PGM considering

the surface tension, DLS, and ZP data can be found in Figure 43 in Appendix C.
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Figure 14: DLS and ZP results show decrease in diameter at pH lower and higher than the
isoelectric point for PGM solutions at (A) 1 wt%, (B) 2 wt%, and (C) 5 wt%.

2.7. Conclusions

This study confirms that microstructural changes in PGM occur in response to changes in
concentration, temperature, and pH. Nano- and micro-structural changes have been examined
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using surface tension, rheology, dynamic light scattering, and zeta potential experiments.
Temperature and concentration studies show that the surface tension and mean diameter by number
decrease with increase in concentration, however polymer-polymer interaction increases at
elevated temperatures causing aggregation and leading to larger particle sizes. Rheology studies
also show that PGM higher frequencies are needed to achieve sol-gel transition at elevated
temperatures. Conducting pH studies show direct relationship between dynamic light scattering
and zeta potential proving that surface charge greatly affects the aggregation of PGM and the
isoelectric point supports gelation which induces polymer-polymer interaction that causes particles
to aggregate. Surface tension experiments revealed higher surface tension values when a more
constricted network structure is present under acidic conditions. In future work, a more in-depth
examination of the relationship between pH and temperature for PGM would be interesting
especially as the structure of gastric mucin controls drug and nutrient uptake in the digestive
system and the pH and temperature vary significantly under physiological and pathological

conditions.
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Chapter 3. Effect of Silica Nanoparticle Addition on Mucin Microstructure

3.1. Abstract

In this work, silica nanoparticles (SiNPs) synthesized using the Stober method were
integrated into aqueous porcine gastric mucin (PGM) and studied at different concentrations. The
synthesis method is described and samples were characterized using SEM, static surface tension,
rheology, FT-IR, zeta potential, and dynamic light scattering. Zeta potential and dynamic light
scattering revealed that with increased addition of nanoparticles, the surface charge decreased and
approached the isoelectric point which induced aggregation in PGM samples. Frequency sweep
data shows that a gel-like material response is maintained when SiNPs are incorporated into PGM

samples.

3.2. Introduction

Mucus is a viscoelastic, complex fluid that coats the surfaces of the gastrointestinal,
urogenital, and respiratory tracts, as well as the ocular surface. It is critical to the hydration of these
surfaces and their protection from contact with environmental irritants. Mucus is mainly water (90-
95% w/w) with approximately 1% w/v electrolytes.®® Mucins are high-molecular weight
glycoproteins, which consist of a protein core and feathering polysaccharide side chains (Figure
15). When mucins are hydrated in water, the mucins swell and can physically entangle with each
other. Mucins also participate in primary and secondary inter-polymer and intra-polymer chemical
bonding. The physical and chemical interactions among mucins establish a cross-linked mucin

network which gives rise to the viscoelastic behavior of mucus.®®
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Figure 15: Schematic representation of a bound (transmembrane) mucin. This study uses
porcine gastric mucin, which contains mainly secreted mucins collected from the gastric
epithelium. [Image Source: Sigma-Aldrich, Mucin]

The mucin network is selectively permeable to particles of specific (i) sizes and (ii)
chemistries. (i) Non-mucoadhesive particles are involved in length-scale-dependent interactions
with mucus that influence the mucus’ microrheological behavior. This interactive length-scale
depends on the type of mucus and is usually between tens of nanometers to microns.3®
Mucoadhesive compounds or polymers are chemically attracted to reactive sites on mucins.
Chitosan is a well-known mucoadhesive polymer with alcohol and amine groups that bond to
charged groups on the polysaccharide chains of mucin.®” Coupled together, NPs functionalized
with mucoadhesive compounds are of interest as a drug delivery system. NPs can be loaded with
drugs, and the mucoadhesive surface draws the NPs to a mucosal surface where the drugs can be

released®.

The goal of this research is to determine the rheological, surface tension, and structural
effects of the doping concentration of unfunctionalized silica NPs on aqueous mucin solutions.

This research will establish a baseline to build future studies about the rheological effects of
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functionalized, mucoadhesive NPs in mucin solutions. SiNP concentrations of 2, 1, 0.5, 0.3, and
0.1 mg/mL in 1% w/w mucin solutions were studied. The SiNP concentrations used fell within the
range of NP concentrations used in previous studies on mucus.®* “° Fourier transform infrared
spectroscopy (FTIR), surface tension pendant drop, dynamic light scattering particle sizing (DLS),
zeta potential Phase Analysis Light Scattering (PALS), and rheometer frequency sweeps were used

to characterize the mucin solutions.

3.3. Materials and Methods

Silica Nanoparticles. Uniform, monodisperse, SiNPs were synthesized using the Stéber process as
shown in Figure 16. For this study, 100 mL ethyl alcohol (EtOH, 200 proof, anhydrous, >99.5%,
Sigma-Aldrich), 6 mL ammonium hydroxide (NH4OH, ACS reagent grade, 28-30%, VWR), and
8 mL tetraorthosilicate (TEOS, 98%, Sigma-Aldrich) were reacted in a well-stirred round-bottom
flask for 24 hours.
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Figure 16: One-step base-catalyzed Stober process synthesis mechanism. First, an ethoxy group on
a tetraorthosilicate molecule is cleaved via hydrolysis. Immediately, the newly formed ethoxysilanol
joins another silanol via the condensation reaction. Ammonium hydroxide acts as a catalyst in the
hydrolysis reaction. [Image Source: Wikimedia Commons, Sol-Gel-Cartoon]

The reaction mixture was completely dried using a rotary evaporator, and the NPs were

resuspended in 20 mL Nanopure™ water and sonicated for 30 minutes. Unreacted TEOS was
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removed from the NPs via Spectrum™ Spectra/Por™ 1 RC dialysis membrane tubing (6000-8000
Dalton MWCO). The NP-water solution was loaded into the dialysis tubing and placed in a
Nanopure™ water bath with a volume ratio of 1:100 (NP solution: water bath). The water bath
was heated to 40°C and stirred moderately with a magnetic stir bar (<100 rpm). The water bath

was replaced after 1, 3, 6, and 20 hours to maintain the concentration driving gradient.

After processing with the dialysis membrane, the NP solution was completely dried in a
drying oven at 70°C. The dried NPs were massed and resuspended in Nanopure™ water to a NP
concentration of 10 mg/mL. The stock NP solution was sonicated for 30 minutes to return the NPs
to their original uniform, monodisperse state. Diluted NP solutions (~0.05 mg/mL) were prepared
in isopropy! alcohol and Nanopure™ water to be used in baseline characterization with FTIR and

DLS, respectively.

The morphology of the SiNPs were examined using scanning electron microscopy (SEM).
Figure 17 shows images of the synthesized 75nm SiO2. Samples were taken from the reaction
mixture and dried on a wafer before imaging. Nano spheres are spherical, monodispersed and no

visible pores are observed. Some agglomeration is observed in the particles.

Figure 17: SEM micrographs of Stdber process-synthesized silica nanoparticles indicate particle
diameter around 70 nm. The batch of nanoparticles scanned here were not the same batch used to
prepare the mucin solutions; however, both batches were synthesized using the same ratios of

chemicals and the same reaction conditions.
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Preparation of blank and silica nanoparticle-doped mucin solutions. Rehydrated mucin is used in

this study as it is comparable structurally to native mucus and readily available. A blank mucin 10
mg/mL (1 wt%) solution was prepared with lyophilized Mucin from Porcine Stomach Type Il
from Sigma-Aldrich (PGM) and Nanopure™ water. The blank mucin solution was used as a
control and reference for the silica NP-doped mucin solutions. The stock silica NP solution was
diluted with Nanopure™ water to 2, 1, 0.5, 0.3, and 0.1 mg/mL, and PGM was added to each NP
solution to make 1% w/w mucin solutions. To ensure thorough hydration of the mucins, all mucin
solutions were sonicated for 30 minutes and refrigerated for 24 hours before experiments were run.

All experiments were conducted at room temperature.

The blank mucin solution was used as a control and reference for the silica NP-doped
mucin solutions. The stock silica NP solution was diluted with Nanopure™ water to 2, 1, 0.5, 0.3,
and 0.1 mg/mL, and PGM was added to each NP solution to make 1% w/w mucin solutions. To
ensure thorough hydration of the mucins, all mucin solutions were sonicated for 30 minutes and
refrigerated for 24 hours before experiments were run. All experiments were conducted at room

temperature.

Pendant Drop. Surface tension measurements at room temperature were collected using a Kriss
Drop Shape Analyzer-DSA25. This was used to measure the surface tension of PGM + SiNPs.
SiNPs were made to 2, 1, 0.5, 0.3 and 0.1 mg/mL concentrations and 10 mg/mL of PGM was
added to the solutions. After drops were dispensed, a wait time of 30 seconds was observed before

collecting data. All error for data is shown as 95% confidence intervals.

Fourier Transforming Infrared Spectroscopy (FTIR). Physical characterization of mucin bound

SiNPs was confirmed using FTIR spectroscopy. Spectral data was acquired using a Thermo Fisher
Nicolet iS50 instrument with a deuterated triglycine sulfate (DTGS) detector, attenuated total
reflectance (ATR) accessory with diamond-ZnSe crystal and a XT-KBr beam splitter.
Nanoparticles in isopropyl alcohol and NP: PGM solutions were drop-cast onto the ATR crystal

for measurements at ambient temperature (approximately 23 °C).
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Rheology. Rheological measurements were collected using a TA instruments Discovery Hybrid
Rheometer II using Trios software (v5.00). A 40 mm cone with an angle of 2.013° was used to
perform frequency and flow sweeps on the solutions containing SiNP+ PGM solutions. The angled
40 mm geometry was chosen because the diameter was appropriate for samples with medium
viscosity and the cone shape produces a smaller gap height closer to inside so the shear on the
sample is constant. *°

Before rheological measurements were taken for the samples, the linear viscoelastic regime
(LVR) was determined for each concentration solution; this is an important step to determine the
range in which the storage modulus (G’) and the loss modulus (G’”) are independent of stress
amplitude (c0). This was done by performing a dynamic stress sweep to observe how the material
responds to increasing deformation at a constant frequency and temperature. For the LVR
experiment, a constant frequency of 1 rad/s was selected over a stress range of 0.01 to 100 Pa at
25 °C. The LVR was determined by choosing the average strain value that produces constant elastic
moduli variable.

Frequency sweep oscillation experiments were carried out on the 1, 2 and 5 wt% mucin
solutions at each samples strain value related to the LVR results at 25 °C and 37 °C. over a 0.01 to

100 rad/s range. All error for data is shown as 95% confidence intervals.

Dynamic Light Scattering. DLS particle sizing was preformed using a NanoBrook Omni PALS

instrument equipped with Brookhaven Instruments Particle Solutions Software. This equipment
was used to perform particle sizing of the PGM + SiNP solutions. When running DLS particle
sizing, sample must be transparent to allow the laser beams pass through to interact with the
particles. To prepare samples, 1:100 dilutions were performed by method of serial dilution before
running the experiments. Experiments were conducted using a 90-degree laser angle, and a 640nm

laser wavelength. All error for data is shown as 95% confidence intervals.

Zeta Potential. Zeta potential experiments were performed using a Brookhaven Instruments

NanoBrook Omni phase analysis light scattering (PALS) instrument. This equipment was used to
assess the surface charge of the various nanoparticle solutions dispersed in PGM. To prepare
samples for this experiment, 1:100 dilutions were performed by method of serial dilution before

running the experiments. Experiments were conducted at a 640 nm laser wavelength. Data were
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collected from ten 30-cycle measurements, with 5 second pauses between measurements. Blank
NPs and the blank mucin solution were again measured as controls. All error for data is shown as

95% confidence intervals

3.4. Results and Discussion

To confirm the presence of SiO2 from the Stober process, FTIR data was collected using
an attenuated total reflectance (ATR) accessory on a Thermo Fisher Nicolet iS50 FTIR instrument.
To sufficiently coat the ATR crystal, approximately 5 drops of a solution of 0.05 mg/mL silica
NPs in isopropyl alcohol were dropped and dried on the crystal. Figure 18 shows the spectra of the
pure silica NPs. The small C-H stretch peaks at 2900 cm™ are likely due to remnant TEOS that
was not removed through the dialysis filtration step (small amounts of TEOS should be expected
as dialysis is a concentration driven membrane separation). The peaks at 1090 cm™ and 800 cm'?
correspond to Si-O-Si bonds, and the peak at 950 cm™ corresponds to Si-OH bonds in the silica
NPs.
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Figure 18: IR spectrum of dried silica nanoparticles (air background).

Figure 19 shows IR spectra of the 2 mg/mL NP PGM solution with respect to different

backgrounds. FTIR spectra shows no clear evidence of bonding between SiNP and PGM.
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Figure 19: IR spectra of 2 mg/mL silica nanoparticles in 1% w/w PGM solution, run with
different background subtractions: (A) blank 1% w/w PGM solution background, (B) 2
mg/mL silica nanoparticles in water background.

The effect of SiNPs on the surface tension of PGM was studied using the pendant drop
technique. The surface tensions of water, blank PGM at 10 mg/mL, blank SiNPs at 2 mg/mL, and
PGM (10 mg/mL) + SiNP (10 mg/mL) were referenced and used as controls. Results for these can
be seen in Table 3 and Figure 20 below. From these results, we gather that the surface tension of
SiNP loaded PGM does not deviate much from the surface tension of blank PGM, however slight
changes were observed in the data collected. Higher surface tension values were observed for
solutions with higher concentrations of SiNPs in PGM solutions. It was interesting to see the
surface tension of the highest concentration studied (2 mg/mL), was closest to the surface tension
of blank PGM and that lower NP concentrations caused the surface tension to deviate. We can

conclude that at the studied concentrations mucin dominates at the interface.
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Figure 20: Surface tension values for PGM solutions increase with increasing SiNP concentration.

Table 3: Concentration of SiNPs in PGM solutions do not have significant effects on the surface

tension as measured by pendant drop.

Sample SiNP Conc. PGM Conc. SFT +95%
Name (mg/mL) mgmL) | mwm) | onteval
SiNP Control 2 0 77.13 0.1425
PGM Control 0 10 68.36 0.3036
Water 0 0 78.23 0.3036
0.1 mg/mL 0.1 10 66.03 0.3470
0.3 mg/mL 0.3 10 66.5 0.5206
0.5 mg/mL 0.5 10 66.8 0.4524
1 mg/mL 1 10 67.5 0.3346
2 mg/mL 2 10 68.35 0.3532
10 mg/mL 10 10 66.67 0.3532
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The tabulated ZP data for the PGM solutions with SiNPs added, along with the controls,
are shown in Table 4. The ZP of the SiNP control (-26.79 + 3.34 mV) agrees with literature
values.*! The ZP of the blank NPs is 5-15 mV less in magnitude than literature values, which were
measured in water with a pH of 7.4.** The blank NPs were dispersed in water with pH 5.4 which
accounts for their lower ZP and thus lower stability. Higher absolute values of zeta potential mean
that the colloidal system is more stable, thus allowing a suspension that can be used for adsorption

mechanism in drug delivery systems.*> 43

The ZPs of the NP loaded PGM samples is seen to decrease in magnitude as NP
concentration increase, however all values of NP loaded samples are higher than the ZP values of
native PGM. The SiNP seem to cause the mucin molecules to interact more with itself thereby
making it more stable when added in small concentrations. This suggests that even lower NP
concentrations would be more adequate to stabilize SINP loaded PGM samples for biomedical
applications and this hypothesis should be tested.

Table 4: Zeta potential values for 10 mg/mL PGM solutions with added SiNP are electropositive
and show additional stability versus the PGM control. Increased SiNP concentration moves the
zeta potential towards the isoelectric point region.

Sample SiNP Conc. PGM Conc. pH Zeta Potential +95%
Name (mg/mL) (mg/mL) (mV) Confidence
Interval
SiNP Control 2 0 7.203 -26.79 3.34
PGM Control 0 10 4.699 12.14 0.62
0.1 mg/mL 0.1 10 3.699 18.63 0.59
0.3 mg/mL 0.3 10 3.728 18.36 0.54
0.5 mg/mL 0.5 10 3.802 16.18 0.19
1 mg/mL 1 10 3.683 14.11 0.58
2 mg/mL 2 10 3.684 13.22 0.86

Zeta potential has been proven to be directly linked with particle size and aggregation of

particles.'® 323 From the zeta potential results of loaded SiNP PGM samples, the downward trend
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suggests that the particles are approaching the isoelectric point (IEP) which would cause the
particles to aggregate more and have larger diameters.® The IEP occurs when the net charge of
the samples equal zero. At the IEP, the structure is more hydrophobic, more compact and less
stable due to absence of inter-particle repulsive forces thus making it easier for particles to

aggregate and precipitate. 3234

Knowing the relationship between zeta potential and particle size, the aggregation of silica
nanoparticle loaded mucin samples were studied using dynamic light scattering to confirm this
trend. The tabulated mean particle diameter in Table 5 shows that the mean diameter of the
solutions increases with an increase in concentration of the SiNPs added to mucin. This is also due
to mucin interacting more with itself when SiNPs were introduced in small concentrations. The
SiNPs used in this experiment act similar to previously conducted studies relating ZP of proteins

to the particle diameter. 4

Table 5: Increase in SiNP concentration in 10 mg/mL PGM solution induces aggregation.

S Ay SiNP Conc. PGM Conc. | Mean Diameter COiI’-]?iE(ZZ(I)’ICG
(mg/mL) (mg/mL) (nm) Interval (nm)
SiNP Control 2 0 74.79 21.80
PGM Control 0 10 456.88 151.7
0.1 mg/mL 0.1 10 320.30 126.40
0.3 mg/mL 0.3 10 349.43 138.33
0.5 mg/mL 0.5 10 383.42 144.12
1 mg/mL 1 10 385.58 133.02
2 mg/mL 2 10 500.75 155.73

Looking at ZP and DLS data together in Figure 21, we can see that as the zeta potential
approaches the IEP (zero), the particles become more unstable and aggregation increases leading

to larger particle diameters.
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Figure 21: Lower zeta potential results in particles in solution aggregating more. Zeta potential

approaches the isoelectric point region as SiNP concentration increases.

To study changes in the viscoelastic properties of the studied samples, frequency sweep
experiments were carried out on the PGM + SiNP samples. The frequency sweeps were run at a
strain located within the LVR of the sample and over a range of oscillation frequencies from 0.1-

100 rad/s as seen in Figure 22 below.
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Figure 22: Rheology frequency sweeps on 1% w/w PGM samples with various SiNP
concentration: : (A) Blank PGM at10 mg/mL with no nanoparticles, (B) 2 mg/mL MNPs +
10 mg/mL PGM, (C) 1 mg/mL MNPs + 10 mg/mL PGM, (D) 0.5 mg/mL MNPs + 10 mg/mL
PGM, (E) 0.3 mg/mL MNPs + 10 mg/mL PGM.

Note that when the raw phase surpasses 175°, data become unreliable because the inertia
of the rheometer dominates the measurement. All samples except the blank PGM run surpassed
the 175° raw phase before a frequency of 1 rad/s, so the comparable data is limited to frequencies

between 0.1-1 rad/s. Within this range of frequencies, storage moduli (G’) dominated the loss
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moduli (G”’) in all solutions with NPs, while the loss modulus dominated in the blank solution.
G’ of the NP solutions were consistently three orders of magnitude lower than G”’ of the blank
solution. Additionally, the gap between G’ and G’ in the NP solutions trends towards larger
separations at higher NP concentrations. The data suggests silica NPs increase the gel behavior

(G’ dominates G’”) of mucin in the low frequency range of 0.1-1 rad/s.

3.5. Conclusions

Unfunctionalized, uniform, monodisperse silica nanoparticles with mean diameter of 75
nm do not display significant evidence of chemical or physical interactions with mucins in 1 %
w/w aqueous PGM solutions when added at concentrations of 2, 1, 0.5, 0.3, and 0.1 mg/mL. IR
peaks indicating new chemical bonding were not found in the 2 mg/mL PGM solution, when
subtracted from nanoparticle and mucin backgrounds. Zeta potential experiments show a decrease
in charge as the concentration of the SiNPs in mucin increases. The trend observed suggests that
the SiNPs present in mucin causing it to aggregate and approach the isoelectric point (charge of
zero). Aggregation hypothesis was confirmed by running DLS particle sizing experiments. To
improve stability of NPs in mucin solutions, even smaller NP concentrations (0-0.1 mg/mL) should
be used to make the zeta potential far away from the isoelectric point and determine if a relative
maximum zeta potential occurs within this range. Frequency sweeps should be rerun to increase

the range of useable data.

The size of the Stdber process-synthesized NPs can be decreased by decreasing the amount
of NH4OH, which acts as a catalyst. There also exist studies that tabulate reaction recipes to
achieve specific particle size* or model the predicted particle diameter as function of the relative
volume of the reaction chemicals*®. Future work can investigate the effects of larger or smaller
NPs on mucin rheology by using such models to carefully control NP size. Eventually, we aim to
functionalize silica nanoparticles with mucoadhesive nanoparticles and characterize their effects

on mucin solution rheology.
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Chapter 4. Effect of Magnetic Nanoparticle Addition on Mucin Microstructure

4.1. Abstract

In this study we looked at the synthesis of iron oxide based nanoparticles using the Massart
method. The interaction and binding of the synthesized MNPs to porcine gastric mucin (PGM)
were studied using FT-IR, pendant drop, dynamic light scattering, zeta potential and rheology. FT-
IR spectra collected suggest that no chemical interaction took place when making MNP loaded
mucin samples. These nanoparticles however had an effect on the rheological properties of the
mucin samples by increasing the gel behavior and as we observe the sol-gel transition occur at
higher frequencies than that of neat PGM). An increase in the zeta potential of samples was seen

to correlate to a decrease in the mean diameter measured using dynamic light scattering.

4.2. Introduction

Magnetic nanoparticles have gained a lot of attention in many fields due to their diverse
and unique chemistry and their potential for many applications in a variety of fields. Their
biocompatibility, injectability lack of toxicity, and ability to be manipulated using magnetic field
makes it very attractive for research*’. Magnetic nanoparticles have shown usefulness in the
medical field for separation applications, contrast enhancing agents for MRI imaging, and drug

delivery applications.*®

The goal of this research is to determine the rheological, surface tension, and structural
effects of the doping concentration of unfunctionalized magnetic NPs on aqueous mucin solutions.
This research will establish a baseline to build future studies about the rheological effects of
functionalized, mucoadhesive NPs in mucin solutions. Magnetic NP concentrations of 2, 1, 0.5,
0.3, and 0.1 mg/mL in 1% w/w mucin solutions were studied. Fourier transform infrared
spectroscopy (FTIR), surface tension pendant drop, dynamic light scattering particle sizing (DLS),
zeta potential Phase Analysis Light Scattering (PALS), and rheometer frequency sweeps were used

characterize the mucin solutions.
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4.3. Materials and Methods

Iron (1) chloride tetrahydrate ((Fe(11)Cl2:4H20), 98%), iron (I1I) chloride hexahydrate
((Fe(11)Cls:6H20, 98%), ammonium hydroxide (NH4OH, 28-30%, ACS reagent) were purchased
from Sigma-Aldrich and used as received. Hydrochloric acid (HCI, 37%, ACS reagent) was

purchased from VWR and used as received.

Iron Oxide Nanoparticle Synthesis. Iron oxide magnetic nanoparticles (MNP) were synthesized

via the Massart method #° ; wherein, ferric/ferrous salts are precipitated in aqueous alkaline media.
In effort to reduce the oxidation of Fe?* and Fe* ions, the reaction was performed under an inert
atmosphere. Fe?* and Fe®* solutions were made by dissociating Fe(I11)Cl2:4H20 (3.18 g, 2 M) and
Fe(111)Cl3:6H20 (8.64 g, 3 M) in degassed HCI (2 M). In a reaction vessel equipped with condenser
and mechanical stirrer, NHsOH (38.5 mL, 0.7 M) was added to degassed Millipore Nanopure™
water and slowly heated to 60°C. The Fe?* and Fe®* solutions were injected simultaneously into
the aqueous alkaline media under vigorous stirring conditions and allowed to react for 30 min at
the elevated temperature. The reaction vessel was allowed to cool while maintaining constant
agitation. Once the solution reached room temperature, the mixture underwent three washing
cycles comprised of injecting degasified Nanopure™ water into the solution, allowing the solution
to become well-mixed, separating the MNP by magnet, and decanting the supernatant. The MNP

were then dried in a vacuum oven at 50 °C.

The morphology of the MNPs were examined using a Zeiss NEON Field-Emission
scanning electron microscope (SEM) / Focused lon Beam (FIB). Samples were prepared by
sonicating in a pure volatile solvent and were drop-casted onto a UV-ozone treated Si wafer. Upon
removal of the solvent, the particles were forced into closer proximity with each other, leading to
further aggregation effects and artifacts in the sample (coffee ring effect). Images were taken using
particles that were filtered through 0.2 um surfactant free cellulose acetate (SFCA) syringe filter

and dried in a vacuum oven. SEM images are seen in Figure 23 below.
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Figure 23: SEM micrographs of Massart method synthesized magnetic nanoparticles show
irregular shape and agglomeration of MNPs. Imaging was done after nanoparticles were
filtered with 0.2 um SFCA syringe filter.

It is observed that majority of the particles are fused together and smaller particles have
agglomerated and aggregated together. The morphology is also very irregular, jagged, and more
rigid as a result of using the Massart synthesis method. Bare MNPs tend to aggregate naturally
without any surface modification when using this synthesis method. Iron oxide (Fe3Os and Fe203)
NPs also have a low solubility in water causing significant agglomeration and sedimentation. Upon
redispersion, filtration, and drying, the MNPs underwent induced aggregation. Use of
ultrasonication helped in redispersing the particles somewhat; however, this was not sufficient in

keeping the particles stabilized.
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Preparation of blank and magnetic nanoparticle-doped mucin solutions. Rehydrated mucin is used

in this study as it is comparable structurally to native mucus and readily available. A blank mucin
10 mg/mL (1 wt%) solution was prepared with lyophilized Mucin from Porcine Stomach Type Il
from Sigma-Aldrich (PGM) and Nanopure™ water. The blank mucin solution was used as a

control and reference for the MNP-doped mucin solutions.

After synthesis, the magnetic nanoparticles were very huge in size and so they were
dispersed in Nanopure™ water and filtered using a 0.2 um surfactant free cellulose acetate (SFCA)
syringe filter. The filtrate was dried in a vacuum oven and particles were measured out to make
NP solutions of 2, 1, 0.5, 0.3, and 0.1 mg/mL. PGM was added to each NP solution to make 1%
w/w mucin solutions. To ensure thorough hydration of the mucins, all mucin solutions were
sonicated for 30 minutes and refrigerated for 24 hours before experiments were run. All
experiments were conducted at room temperature. The blank mucin solution was used as a control

and reference for the magnetic NP-doped mucin solutions.

Pendant Drop. Surface tension measurements at room temperature were collected using a Kriss
Drop Shape Analyzer-DSA25. This was used to measure the surface tension of PGM + MNPs.
MNPs were made to 2, 1, 0.5, 0.3 and 0.1 mg/mL concentrations and 10 mg/mL of PGM was
added to the solutions. After drops were dispensed, a wait time of 30 seconds was observed before
collecting data. All error for data is shown as 95% confidence intervals.

Fourier Transforming Infrared Spectroscopy (FTIR). Physical characterization of mucin bound

MNPs was confirmed using FTIR spectroscopy. Spectral data was acquired using a Thermo Fisher
Nicolet iS50 instrument with a deuterated triglycine sulfate (DTGS) detector, attenuated total
reflectance (ATR) accessory with diamond-ZnSe crystal and a XT-KBr beam splitter.
Nanoparticles in isopropyl alcohol and NP: PGM solutions were drop-cast onto the ATR crystal

for measurements at ambient temperature (approximately 23 °C).

Rheology. Rheological measurements were collected using a TA instruments Discovery Hybrid

Rheometer 11 using Trios software (v5. on 00). A 40 mm cone with an angle of 2.013° was used to
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perform frequency and flow sweeps the solutions containing MNP+ PGM solutions. The angled
40 mm geometry was chosen because the diameter was appropriate for samples with medium
viscosity and the cone shape produces a smaller gap height closer to inside so the shear on the
sample is constant.’®

Before rheological measurements were taken for the samples, the linear viscoelastic regime
(LVR) was determined for each concentration solution; this is an important step to determine the
range in which the storage modulus (G’) and the loss modulus (G’’) are independent of stress
amplitude (c0). This was done by performing a dynamic stress sweep to observe how the material
responds to increasing deformation at a constant frequency and temperature. For the LVR
experiment, a constant frequency of 1 rad/s was selected over a stress range of 0.01 to 100 Pa at
25 °C. The LVR was determined by choosing the average strain value that produces constant elastic
moduli variable. Frequency sweep oscillation experiments were carried out on the 1, 2 and 5 wt%
mucin solutions at each samples strain value related to the LVR results at 25 °C and 37 °C. over a

0.01 to 100 rad/s range.

Dynamic Light Scattering. DLS particle sizing was preformed using a NanoBrook Omni PALS

instrument equipped with Brookhaven Instruments Particle Solutions Software. This equipment
was used to perform particle sizing of the PGM + MNP solutions. When running DLS particle
sizing, sample must be transparent to allow the laser beams pass through to interact with the
particles. To prepare samples, 1:100 dilutions were performed by method of serial dilution before
running the experiments. Experiments were conducted using a 90-degree laser angle, and a 640nm

laser wavelength. All error for data is shown as 95% confidence intervals.

Zeta Potential. Zeta potential experiments were performed using a Brookhaven Instruments

NanoBrook Omni phase analysis light scattering (PALS) instrument. This equipment was used to
assess the surface charge of the various nanoparticle solutions dispersed in PGM. To prepare
samples for this experiment, 1:100 dilutions were performed by method of serial dilution before
running the experiments. Experiments were conducted at a 640 nm laser wavelength. Data were
collected from ten 30-cycle measurements, with 5 second pauses between measurements. Blank
NPs and the blank mucin solution were again measured as controls. All error for data is shown as

95% confidence intervals
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4.4. Results and Discussion

To confirm the presence of Fe304 from the Massart method, FTIR data was collected using
an attenuated total reflectance (ATR) accessory on a Thermo Fisher Nicolet iS50 FTIR instrument.
To sufficiently coat the ATR crystal, approximately 5 drops of a solution of 2 mg/mL magnetic
NPs in ethanol were dropped and dried on the crystal. Figure 24 shows the spectra of the pure
MNPs. The intense peaks observed at 556 cm™ and 435 cm™ are attributed to the stretching
vibration mode associated to the metal-oxygen Fe-O bonds in the crystalline lattice of FesO4 which

confirms our synthesis was successful.

Figure 24: IR spectrum of dried magnetic nanoparticles (air background).

Figure 25 shows IR spectra of the 2 mg/mL MNP + 10 mg/mL PGM, 10 mg/mL PGM,
and 2 mg/mL MNP solutions. All backgrounds taken were air and have been subtracted from
spectra. The absence of new peaks in the 2 mg/mL MNP + 10 mg/mL MNP spectra indicates a
lack of chemical bonding or formation of new products from the interaction between the NPs and

the mucin.
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Figure 25: FT-IR stacked spectra showing absence of new functional groups in MNP
loaded PGM samples (A): 2 mg/mL MNP + 10 mg/mL PGM; (B): 10 mg/mL PGM; (C):
2 mg/mL MNP

From the PGM spectra (B), a broad O-H stretch from the carboxylic acid groups (COOH)
present is observed in the 3240 to 3000 cm™ range. C-H stretch is also seen in the ~2900-2800 cm’
! range.*%° Further down, the peaks found at wave numbers 1628 cm™ and 1547 cm* Correspond
to Amide | (C=0) and Il (C-N and N-H) groups respectively.** 5! Strong peaks at 1047 cm*
represents sulfoxide (S=0) stretching. Disulfide bonding has also been known to play a role in the

network formation of mucin®°* . These are seen at strong peaks observed at 556 cm™.

Most biochemical reactions occur on the surface of various tissues and organs that are lined
with mucin instead of in solution, therefore, it is very important to know the surface characteristics
of nanoparticles in mucin for biological applications and studies.> The surface tension of MNP
loaded PGM samples and controls were collected and shown in Table 6 below. The surface tension
values of the nanoparticle loaded mucin solutions did not deviate much from the surface tension
of the control (10 mg/mL PGM solution without MNP). We can conclude that at the studied

concentrations of nanoparticle solutions, mucin properties dominate at the surface of the solutions.
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Table 6: PGM properties dominate at the surface level. Loading PGM samples with MNPs of

different concentrations has very little effect on the surface tension values.

Sample Name Nzrl\rllz /ﬁcl)_r;c. P?ml\g /g:q?_r;c. SFT (mN/m) igf:@ﬁg?zwﬂ;ce
MNP Control 2 0 76.21 0.421
PGM Control 0 10 68.36 0.304
Water 0 0 78.23 0.304
0.1 mg/mL 0.1 10 67.42 0.254
0.3 mg/mL 0.3 10 68.67 0.180
0.5 mg/mL 0.5 10 67.48 0.186
1 mg/mL 1 10 67.21 0.267
2 mg/mL 2 10 65.43 0.254
10 mg/mL 10 10 65.41 0.620

Zeta potential experiments were conducted to investigate the changes in the charge of PGM
upon adding MNPs. The zeta potential property is highly dependent on the pH of the sample and
so the pH values of the solutions were measured before running experiments. From Table 7 below,
we see that the pH of the MNP loaded PGM samples do not change significantly and so the zeta

potential of the MNP samples did not vary too much.

Table 7: Zeta potential depends the pH of the solution. Very little variation in the pH of the

different samples causes ZP values by much.

Sample Name MNP PGM pH Zeta Potential | £95%
Conc. Conc. (mV) Confidence
(mg/mL) (mg/mL) Interval (nm)
MNP Control 2 0 5.944 | -1.01 1.760
PGM Control 0 10 4.699 | -0.36 1.376
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0.1 mg/mL 0.1 10 4.973 | 0.76 1.965
0.3 mg/mL 0.3 10 4947 | 1.19 1.463
0.5 mg/mL 0.5 10 4.867 | -0.92 1.624
1 mg/mL 1 10 4.365 | 2.29 0.880
2 mg/mL 2 10 4909 | 2.48 0.953

The zeta potential values stayed around the isoelectric point and cross twice indicating that
the samples were aggregating a lot. This was investigated by performing particle sizing
experiments using dynamic light scattering. Particle sizing results shown in Table 8 below
recorded a fluctuation in the size of the particles in relation to the concentration of nanoparticles

present in the mucin solutions. Overall, it was observed that the MNPs caused the mucin to swell

in solution, but this was not directly related to the concentration of the MNPs in solutions.

Table 8: Failure of large magnetic nanoparticles to bind to mucin structure caused variation in

particle mean diameter of MNP +PGM solutions.

Sample Name MNP Conc. | PGM Conc. | Mean Diameter | £95% Confidence
(mg/mL) (mg/mL) (nm) Interval (nm)

MNP Control 2 0 276.03 97.96

PGM Control 0 10 240.69 67.24

0.1 mg/mL 0.1 10 345.04 115.3

0.3 mg/mL 0.3 10 273.77 120.7
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0.5 mg/mL 0.5 10 391.18 138.2

1 mg/mL 1 10 244.95 107.2

2 mg/mL 2 10 228.34 81.20

Studies®® have shown that the binding and transporting capabilities of mucin are highly
dependent on the size and zeta potential of the loaded nanoparticles. The cross linked mucin fibers
present in mucus allow for easy binding of particles, however particles of large diameter such as
the MNPs with a mean diameter of 228.34 nm will have less surface area which can affect the

interaction and binding of particles to the mucin fibers.>®

It was expected that 2 mg/mL would have the highest mean diameter by number, however
the data does not follow our assumptions and this is likely due to the MNPs falling out of solution
because they are too large and unable to bind to the mucin which would explain the variation in

the mean diameter data.

To further study the relationship between size and charge in NMP loaded PGM solutions
zeta potential and particle diameter were graphed below in Figure 26 and it was observed that the
charge increased whenever the diameter of the particle became smaller. For biomedical
applications, the ideal zeta potential would be far away from the isoelectric point and particle
diameter be smaller than what was observed in my results so as to avoid aggregation of particles

that could lead to transport issues and complications.
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Figure 26: DLS and ZP results for nanoparticle loaded PGM show a positive increase in charge
with decreasing mean diameter.

Changes in the viscoelastic properties of the MNP samples were studied by performing
frequency sweep experiments at each samples determined LVR. The LVR information gives
frequency sweep operating range where the storage modulus (G’) and the loss modulus (G’’) are
independent of stress amplitude (c0). Frequency sweeps were done over a range of 0.1 to 100 rad/s
as seen in Figure 27 below.
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Figure 27: Frequency sweeps on 1% w/w PGM samples with various MNP concentrations: (A)
Blank PGM at10 mg/mL with no nanopatrticles, (B) 2 mg/mL MNPs + 10 mg/mL PGM, (C) 1
mg/mL MNPs + 10 mg/mL PGM, (D) 0.5 mg/mL MNPs + 10 mg/mL PGM, (E) 0.3 mg/mL
MNPs + 10 mg/mL PGM, (F) 0.1 mg/mL. MNPs + 10 mg/mL PGM.

Within the frequency range studied, we observe that the presence of MNPs in the mucin
samples causes the sol-gel transition to occur in the studied samples. When G’ crosses over G” a
gel-like response is observed. The concentrations and frequencies at which the transitions occur

can be attributed to the change in ionic strength of the PGM solution after the addition of MNPS.2
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24 The raw phase is represented by the cyan data points in Figure 27. Above a raw phase of 175°,
data becomes unreliable and inertia of the rheometer dominates the measurement. The raw phase
surpassed 175°, in the 0.5 mg/mL and frequency sweep run and as a result of that the sol-gel

transition occurs twice during the frequency sweep experiment.

4.5. Conclusions

The unfunctionalized magnetic nanoparticles do not display any evidence of chemical
interactions with porcine gastric mucin in 1 % w/w aqueous PGM solutions when added at
concentrations of 2, 1, 0.5, 0.3, and 0.1 mg/mL. IR peaks indicating new chemical bonding were
not found in the 2 mg/mL PGM solution, when subtracted from nanoparticle and mucin
backgrounds. Zeta potential did not vary significantly between the different concentrations,
however the ZP values were proven to be directly related to the particle diameter and increased
whenever the mean diameter by number decreased. Frequency sweeps performed showed an

increase in gelation of PGM samples when loaded with MNPs.

For future work, MNPs at smaller diameters and lower concentrations should be used to
avoid aggregation and nanoparticles falling out of solution. Suggested diameters would be 50-
100nm range and concentrations would be below 0.1 mg/mL. The magnetic nanoparticles studied
were also bare and unfunctionalized which affected the binding of the MNPs to the surface of the
mucin. To improve the binding, the surface characteristic should be modified with different

functional groups, surface charges, or by coating it with relevant substances.
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Chapter 5. Conclusions and Future Work

5.1. Study Conclusions

The results and findings in this work set the groundwork biomedical applications for
understanding the influence of pH, temperature, concentration, and nanoparticle addition to
porcine gastric mucin. Experiments conducted on PGM at 1, 2 and 5 wt% were seen to have
noticeable impacts on the surface tension, rheological, and DLS properties. A uniformed
decrease in the surface tension as the concentration of the PGM solutions increased was
observed. This was due to the stronger intermolecular forces in the more dilute solutions that
contained more water and therefore more hydrogen bonding. Rheology data showed that higher
angular frequencies were required to achieve a sol-gel transition of PGM at higher

concentrations.

Temperature increases showed changes in the sol-gel transition frequencies of PGM. The
sol-gel transition to occurred at significantly higher frequencies when runs were performed at
37°C versus those at 25°C. This was due to a disruption of bonds and increased vibration of the
molecules that required higher frequencies to stabilize the molecules. Varying the pH of PGM
from 1 to 6 confirmed that PGM becomes a gel and a highly networked structure is observed
under highly acidic conditions. Surface tension was seen to increase as the pH was decreased
which was likely due to increased gelation and changes in the network structure as the sample
became more acidic. ZP and DLS showed that at the isoelectric point (pH 3), the sample had the

largest mean diameter by number compared to samples at different pH values.

FTIR data confirmed that the addition of both silica and magnetic nanoparticles had no
chemical effect on PGM. DLS and ZP data were dependent on one another showing an increase
in particle diameter as the zeta potential approached the isoelectric point at the concentrations
studied. SiNP rheology data showed no sol-gel transition unlike the blank PGM samples. This
indicates that a gel-like material response is maintained when SiNPs are incorporated into PGM

samples.
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The filtration and drying process of the magnetic nanoparticles caused the particles to
aggregate in solution resulting in very large particle diameters that were unable to bind to the

mucin structure.

5.2. Future Work Recommendations

Future efforts for the work presented in Chapter 2 should explore the effect of gastric
mucin while simultaneously varying pH at elevated temperatures. This is important especially

for gastric mucin to model the true conditions in the stomach which is highly acidic and at 37 °C.

For the MNP mucin interaction discussed in chapter 4, | would recommend repeating the
experiments performed but with smaller particles and at lower concentrations as an aim to
stabilize samples and reduce aggregation of particles in solution. Getting the zeta potential values
further away from the isoelectric point will reduce aggregation and improve transport of
molecules for biomedical applications. Modification of both silica and magnetic nanoparticles

with different functional groups, surface charges, or by coating it with relevant substances.

Future efforts on examining structure-property relationships for mucin solutions should
explore the effect of gastric mucin while varying pH at elevated temperatures. The combined
effects from varying both parameters are important for mucins in order to model the true conditions

for transport across mucosal membranes where pH and temperature can vary significantly.

For the MNP mucin interaction study, repeating the experiments performed but with
smaller particles and at lower concentrations is recommended. Using smaller particles will help
stabilize MNP samples and reduce aggregation of particles in solution. Increase in stability
corresponds to zeta potential values further from the isoelectric point which reduces aggregation

and improves transport of molecules for biomedical applications.

Another recommendation would be to modify both silica and magnetic nanoparticles with
different functional groups and/or net surface charges—either natively or by surface modification
with relevant substances. Zeta potential and dynamic light scattering experiments for native mucin

at 10 mg/mL and should be repeated to improve consistency of values.

51



Appendices

Appendix A: Sample Preparation Methods

Al. Mucin Solutions: Mucin samples were prepared by rehydrating powdered porcine gastric
mucin (PGM) Type Il in Nanopure™ water that is produced in house using a Millipore Synergy®
Water Purification System #SYNSOHFUS with an EMD Millipore CDUFBIO01 Biopak
Ultrafiltration Cartridge. PGM was obtained from Sigma Aldrich (CAS 84082-64-4) and the
powder was refrigerated when not in use. Samples were prepared at 10 mg/mL, 20 mg/mL, and 50
mg/mL. After rehydration, samples were sonicated for 30 minutes to mix and refrigerated for 24
hours. Samples were also sonicated for 30 minutes before running tests for surface tension, DLS,
ZP and rheology. To prepare mucin solutions for DLS and zeta potential measurements,
previously prepared mucin solutions were serially diluted twice using Nanopure™ water to 0.1,

0.2, and 0.5 mg/mL to make characterization possible.

A2. Mucin pH solutions: When preparing discrete PGM samples for pH studies, the pH of serial
diluted (x100) PGM samples was changed using 0.01 M nitric acid (HNOz) and 0.01 M sodium
hydroxide (NaOH) buffers by adding drops and measuring. The pH meter used when preparing

the samples is a Thermo Scientific™ Orion™ Dual Star™ pH and ISE Benchtop Meter.
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Appendix B: Operating Procedures

B1. Surface Tension

Surface tension measurements were taken using the pendant drop technique on a Kriiss Drop Shape
Analyzer-DSA25. Before experiments, the instrument was calibrated by adjusting the camera
focus, specifying the needle diameter, selecting the region of interest, and setting the measuring
lines. A 0.51mm diameter needle was used for pendant drop experiments. It was important to make
sure the needle is straight and not tilted, the camera is in focus the drop is not deformed and that
the magnification is not too high or too low. The baseline is used to determine the part of the drop
that will be used for analysis, to select the area for measurement. It should be placed at the top of
the drop and if applied correctly, the fit line generated from the software will correspond exactly

to the profile of the whole drop® as shown in Figure 28 below.

: Select area

SFT:69.32 mN/m
B factor: 0.437
Volume: 8.3 uL

Figure 28: Representative image of static pendant drop.
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B2. Rheology

Rheology experiments were collected using a TA instruments Discovery Hybrid Rheometer 11
using Trios software (v5.00). A 40 mm cone with an angle of 2.013° was used to perform frequency
and flow sweeps on the solutions containing PGM at various concentrations. A 40 mm cone
geometry was chosen because the diameter was appropriate for samples with medium viscosity
and the cone shape produces a smaller gap height closer to inside so the shear on the sample is
constant °,

Stress sweep experiments were carried out at a constant frequency of 1 rad/s was selected over a
stress range of 0.01 to 100 Pa at 25 and 37°C to determine the LVR. The LVR was determined by
choosing the average strain value that produces constant elastic moduli variable. Experiment setup

for determining LVR is shown in Figure 29 below.
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Figure 29: Rheology stress sweep experiments to determine LVR .

B3. Dynamic Light Scattering

Dynamic light scattering data was collected using NanoBrook Omni PALS instrument equipped
with Brookhaven Instruments Particle Solutions Software. Experiments were conducted using a
90-degree laser angle, and a 640nm laser wavelength. Samples were serial diluted twice (x100)

before running experiments. Experiment setup is shown below in Figure 30.
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Figure 30: Dynamic light scattering experiment setup.



B4. Zeta Potential

Zeta potential experiments were performed using a Brookhaven Instruments NanoBrook Omni
phase analysis light scattering (PALS) instrument. This equipment was used to assess the surface
charge of the various nanoparticle solutions dispersed in PGM. To prepare samples for this
experiment, 1:100 dilutions were performed by method of serial dilution before running the
experiments. Experiments were conducted at a 640 nm laser wavelength. Data were collected from
ten 30-cycle measurements, with 5 second pauses between measurements. Experimental setup for

zeta potential is shown below in Figure 31.
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B5. Fourier Transform Infrared Spectroscopy (FTIR)

FT-IR data was acquired using a Thermo Fisher Nicolet iS50 instrument with a deuterated
triglycine sulfate (DTGS) detector, attenuated total reflectance (ATR) accessory with diamond-
ZnSe crystal and a XT-KBr beam splitter. SINPs were displaced in isopropyl alcohol and MNPs
were displaced in ethanol. NP: PGM solutions were drop-cast onto the ATR crystal for

measurements at ambient temperature (approximately 23 °C).

58



Appendix C: Supplementary Data

Figures 32 - 34 show static surface tension (SFT) data of different solvents discussed in Chapter

2. These data were obtained using the pendant drop method.
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Figure 32: Surface tension of hexadecane at 37 °C.
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Figure 33: Surface tension of pyridine at 25°.
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Figure 34: Surface tension of Nanopure™ water at 25 °C.

Figures 35 - 40 show rheology data for determining the LVR for PGM at 1, 2, and 5 wt% at 25
°Cand 37 °C.
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Figure 35: Dynamic stress sweep of 1 wt% PGM at 25 °C.
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Figure 36: Dynamic stress sweep of 2 wt% PGM at 25 °C.
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Figure 37: Dynamic stress sweep of 5 wt% PGM at 25 °C.
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Figure 38: Dynamic stress sweep of 1 wt% PGM at 37 °C.
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Figure 39: Dynamic stress sweep of 2 wt% PGM at 37 °C.
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Figure 41: Magnetic nanoparticles imaged using SEM after filtering with 2 pm syringe filter.
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Figure 42: Unfiltered magnetic nanoparticles imaged using SEM before
filtering with 2 um syringe filter.
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Figure 43: PGM sol-gel transition ‘map’ showing the effect of pH and PGM concentration on
PGM solution properties, including average SFT, ZP, and Du [ =solution; ©" =gel; =
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