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Abstract

Mucin solutions offer a simplified, yet still very complex, opportunity to study the
microstructural and mechanical properties of mucosal fluids. The complex viscoelastic behavior
of mucus is a result of electrostatic and hydrophobic interactions of large, polymeric mucin
glycoproteins with other mucin molecules and their environment. Understanding mucin behavior
and how to manipulate it is a crucial research field, presenting opportunities for advancement in
drug delivery through mucosal membranes as well as mucus-related conditions like chronic
obstructive pulmonary disease (COPD) and cystic fibrosis.

Work presented here is aimed at developing a stronger understanding of mucin
microstructural and viscoelastic properties and the effects of pH, calcium chloride, small molecule
compounds, and negatively-charged silica nanoparticles (SiNPs). Specifically, findings are
presented regarding (1) the sol-gel transition behavior and the effect of pH and Ca?*, (2) the effects
of choline chloride, phenylboronic acid, and triethanolamine on mucin aggregation and rheology,
and (3) synthesis of SiNPs and their effects on mucin aggregation and rheology. The data and
findings presented were characterized using frequency-dependent rheology, dynamic light
scattering (DLS) particle measurements, zeta potential (ZP), Fourier-transform infrared
spectroscopy (FTIR), and Du Noly ring surface tensiometry.

Mucus was simulated using solutions of porcine gastric mucin (PGM) in water and
concentration was held constant throughout the entire study. pH modification and CaCl» addition
were used to modify the gelling behavior of mucin, which was characterized in situ using all the
methods described above. Small molecule compounds were obtained and added to mucin solutions
to induce changes in mucin-mucin interactions, measured using DLS, ZP, and rheology. SiNPs
were synthesized, characterized, and added to mucin solutions and their effects were also measured
using DLS, ZP, and rheology.

The results demonstrate the known phenomenon of PGM aggregation and gelling at pH
<4, as well as an increase in viscoelastic properties at pH 4.0 and 5.8 with the addition of CaCl; at
10 mM. FTIR was used in a new way to demonstrate increased glycosylation in mucin solutions
at pH values of 2-5, suggesting a mechanism for aggregation seen through other methods.
Rheological results for the small molecule compounds were mixed, but DLS and ZP confirmed a
reduction in aggregation of ~70% at higher concentrations of each compound. The effects of ion
content and changes in pH may have played a role, but do not interfere with or contradict the
general finding. The Stober process was successfully used to synthesis fairly uniform SiNPs, which
produced consistent trends in PGM behavior. As negatively-charge particles with -OH
functionality, they behaved similar to phenylboronic acid, inducing a decrease in viscoelastic
properties at all concentrations and a decrease in ZP and particle size with increasing NP
concentration.

vii



Chapter 1. Introduction

1.1. Biological Role of Mucus and Implications for Health

On a daily basis, most people do not have regular thoughts about their mucus unless they
are sick, deal with chronic allergies, or have a mucus-related condition like chronic obstructive
pulmonary disease (COPD) or cystic fibrosis (CF). In fact, most people don’t think about the
majority of their bodily functions until something goes wrong. Most of the time, our bodies
function well and keep us healthy, but they are constantly bombarded with external threats in the
forms of bacteria, viruses, particulate matter, and harmful chemicals. There are also an endless
variety of ways our health can be negatively impacted by internal factors like genetic
predisposition to disease, a weak immune system, unbalanced gut microflora, or poor metabolism.

With the numerous internal and external threats to human health, it is quite incredible that
the average person stays healthy for much of their life. Thousands of years of hominid evolution
have resulted in a species that not only survives the numerous threats to our health, but actively
searches out new ways to improve our health. Through advancements in basic sciences,
physiology, pharmacology, medicine, and engineering, we have been able to mitigate and
sometimes even eradicate diseases and dangerous health conditions.

Our bodies constantly work to protect us from threats, and one of the primary lines of
defense in our bodies is something most of us rarely think about. Mucus is everywhere in our
bodies. It is the interface between our body and the environment via our respiratory tract, mouth
and eyes, digestive system, and reproductive tracts. It is a critical part of so many major biological
functions including respiration, reproduction, and digestion, and it plays a role in the senses of
sight, smell, and taste. Arguably its most important functions are providing a protective barrier for
the body, lubricating epithelium surfaces, and transporting harmful molecules away from the
epithelium. Mucus is also incredibly important to hydrating respiratory and ocular tracts and acts
as a selectively permeable layer for diffusion of gas in the eye and and lung as well as nutrients in
the Gl tracts®.

Understanding mucus structure and behavior as well as how to manipulate its properties is
an important task in the fields of medicine and biomedical engineering. First, it is vital to
understand how it relates to diseases like COPD and CF as well as certain cancers. These are
situations in which mucus needs to be understood because something is not functioning properly
related to mucus in the body. On the other hand, there are often times when something else is
wrong in the body and a chemical therapeutic needs to be delivered.

Delivery of a therapeutic through the epithelium is very efficient, if the therapeutic can
reach it quickly. Goblet cells imbedded in the epithelium exist to make sure this doesn’t happen,
secreting mucus which usually forms a two-phase layer along the epithelium (Fig. 1). The outer
layer often exists in a gelled state characterized by aggregation of mucin, the structural biopolymer
in mucus, viscous behavior, and reduced transport properties. The inner layer usually behaves
more like a solution, with less mucin aggregation and better transport properties. The outer, gelled



layer works to adhere to and trap particles, while the inner layer serves to transport them away
from the epithelium, protecting the body from a harmful particle or chemical.

Gel

I [ —L LT

QN

Figure 1. Goblet cells in epithelium secrete mucus to protect epithelium and transport safe
particles through the solution regime. Reproduced from Yali Cadena®.

When the particle or chemical is a therapeutic meant to treat a patient’s disease or
condition, the incredible protective and transport properties of mucus pose a problem. In these
situations, it is vital to understand mucus structure and behavior so it can be modified to allow
transmucosal delivery of a drug or treatment. A better understanding of these properties has and
will continue to inform investigation and development of drug delivery vehicles that can penetrate
mucus networks and deliver treatments efficiently.

1.2. Mucin and its Importance in Mucus Properties and Behavior

Mucin is a polymeric glycoprotein with complex polyelectrolytic behavior and is the main
structual component in mucus. Mucus, which is 90-95% water, contains electrolytes (1%), lipids
(1-2%), non mucin proteins (<1%), and mucin glycoproteins (1-5%), which themselves are 50-
80% glycosylated carbohydrates by weight!. While mucus is mostly water, its microstructural and
viscoelastic behaviors are largely due to the properties of mucin, making mucin a primary target
for investigation into mucus-related applications, a general outline of which is provided in Fig. 2.
Since the 1960s, mucus and mucin solutions have been a significant topic of research, of which
many earlier studies focused on mucus-related conditions like cystic fibrosis®®. Since then,
research efforts regarding animal mucus and mucin have focused on understanding its
composition™®®, protective function®®*, role in drug delivery*?9, transport properties®?°®23 and
further examination of its role in COPD?* and cystic fibrosis?2>-27,

Mucin molecules are large and complex, meaning that study of mucin behavior can also be
complex, requiring a large, continually growing body of work to understand it sufficiently. As
mentioned, mucin proteins are made up of large glycosylated domains and smaller weakly or non-
glycosylated domains. Large glycosylated domains form the center of mucin fibers, with monomer
ends bound by von Willebrand Factor domains as well as cysteine knot and cysteine rich domains.
Monomers are bound to each other through S-S disulfide bonding between the cysteine domains



and long chains are composed of alternating glycosylated and non-glycosylated domains, shown
in Fig. 3. The mucin network structure is formed as a result of hydrophobic and electrostatic
interactions between non-glycosylated domains in mucin multimers.
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Figure 2. Mucus component breakdown and applications for the study of mucin.
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Figure 3. Mucin structure broken down by chemical domains. Reproduced from Bansil et al.?®




While the structure is complex, it is known from previous work that mucin network
formation is a result of hydrophobic®2°° and electrostatic®3!3? interactions between mucin chains
and disulfide bonding®*% between mucin monomers which drives mucin self-assembly. It is
incredibly importatnt to continue the study of these interactions and develop new ways of
manipulating them to control mucin behavior.

Mucin in solution behaves like a complex fluid, with variable properties that can be altered
in response to environmental factors. The most well-known effects are seen with regard to the
gelling behavior of mucus, which takes place at low pH values, generally less than 42°%-38 When
mucin is in the gel regime, it exhibits higher viscosity and decreased transport properties, which
contribute to its ability to protect the body from foreign substances. Conversely, mucin solutions
in the solution regime demonstrate behavior more closely resembling that of a liquid, with lower
viscosity higher transport properties. This transition from solution to gelled behavior is known as
the sol-gel transition and, in addition to pH, this can be manipulated through ion valency and
concentration®228-40 as well as the addition of functionalized particles’?**}42, The potential for
manipulation of mucin properties has provided a large opportunity for research and development
of applied particles used to adhere to mucosal surfaces and penetrate them, both of these goals
requiring a strong understanding of mucin chemistry and behavior.

1.3. Study Goals and Future Efforts

The purpose of the research presented in this body of work is to provide further
understanding of the effects of pH, Ca?*, various small molecular compounds, and nanoparticles
on the chemical, microstructural, and mechanical properties of mucin solutions. To do this,
partially purified porcine gastric mucin (PGM) solutions at 10 mg/mL were used as a model system
to examine mucin behavior. A range of pH and CaCl> concentrations was evaluated in order to
examine the sol-gel transition and how that transition can be manipulated. Mucin properties were
examined using a variety of techniques including rheology, dynamic light scattering (DLS) particle
sizing, zeta potential (ZP), Fourier-transform infrared spectroscopy (FTIR), and surface tension
characterization. These efforts are presented with ion addition the focus of Ch. 2, small probe
molecule addition in Ch. 3, and the addition of silica nanoparticles in Ch. 4. While findings and
conclusions are given in each of Ch. 2-4, overall conclusions will be presented in Ch. 5.

Future efforts will include continued research into the interactions of various functional
compounds with mucin and the resulting changes physicochemical, microstructural, and
mechanical properties. These efforts will be focused on nanoparticle synthesis, functionalization,
and testing and may include nanoparticles functionalized with polymers to promote mucoadhesion
or mucopenetration. For drug delivery and therapeutic applications, particle surface chemistry and
charge characteristics should be tailored towards producing desired changes in mucin properties
to promote transport into mucosal membranes and increased adhesion once reaching a target.
Amphiphilic compounds are promising for this application as their surface interaction can be
controlled and regulated based on their chemical environment (pH, ion content, etc.).

The work presented here has flaws and inconsistencies that should also be addressed in
future efforts. Most notably, rheological data was not always consistent with findings regarding



mucin particle size and surface charge. It may be useful to introduce micro-rheological techniques
or particle tracking to understand what is happening to transport and viscoelastic properties on the
micro-scale. With regard to data presented on small molecule effects, future work should do a
better job of taking into account and reducing the effects of pH and ion content so that stronger
conclusions can be drawn regarding the effect of each functional molecule.



Chapter 2. Characterization of Mucin Solution Gelling Behavior in Response
to pH and [Ca?']

2.1. Abstract

In both the treatment of pathological conditions and drug delivery design, it is important to
understand how the range of chemical states that may be present can affect mucus properties
responsible for controlling transport and barrier function in biological systems. In this study,
microstructural and viscoelastic properties of aqueous solutions of porcine gastric mucin (PGM)—
the biopolymer in mucus—were investigated in response to changes in pH and CaCl;
concentration. Mucin solutions were characterized using rheology, dynamic light scattering
(DLS), zeta potential, surface tension, and FTIR spectroscopy to correlate microscale structural
changes with macroscale viscoelastic behavior. A pH range of 2.1 to 5.8 was examined in PGM
solutions, and a transition from solution-like to gel-like behavior occurred at and below pH values
of ~ 4 which was accompanied by a more than 10x increase in viscoelastic moduli. Addition of 10
mM CacCl; increased the sol-gel transition pH value to nearly 5.8 and the mucin network structure
demonstrated a doubling of the loss moduli at low frequencies and a 10x increase in the storage
modulus. The addition of 10 mM CaCl> also caused an increase in the isoelectric point of PGM
solutions and through increased glycosylation of PGM. The relationships demonstrated between
pH and ionic effects on the sol-gel network transition in mucin can be extended to other
biopolymers, biomimetic polymers and synthetic polyelectrolyte systems, as well as other
hydrogel materials.

2.2. Introduction

Mucin is a polyelectrolyte glycoprotein found in mucus, the structured complex fluid found
in all types of organisms from bacteria to humans. In vertebrates, mucus is produced by mucus
membranes and can be found lining the eyelids, mouth, and nose, as well as gastrointestinal,
respiratory, and genital tracts. Since the 1970s,° animal mucus and mucin solutions have been well
studied, especially the roles mucus plays in drug delivery,®36414344 disorders like cystic
fibrosis,?®?” and its protective biological functions.®#2454¢ Mucin glycoproteins are present in
mucus at concentrations of 1-5%, along with electrolytes (ca. 1%), lipids (1-2%), other proteins
(1-2%) and water (90-95%).%” Despite being present in low concentrations, mucin glycoproteins
are primarily responsible for the protective and lubricative functions of mucus within the body.

Solubilized mucin behaves as a complex fluid with changing viscoelastic and structural
properties in response to its environmental conditions. Mucin glycoproteins are responsible for the
majority of the physical properties of mucus, and their conformation, intra- and inter-strand
bonding and microstructure changes in response to environmental factors such as pH,%27363°
temperature, >4 and ion content.>3*4% All of these factors affect the reversible supramolecular
bonding groups present in the protein strands, which modifies the microstructure as well as the
mechanical and transport properties of the mucin network. Gel hydration also plays an important
role in mucus properties,?>° as well as the size(s)*°! and surface chemistry*424552-4 of any non-



native particles present. The ability for mucin solutions to reversibly form a gel is important for
controlling the barrier properties of mucus and impacts not only disease protection and lubrication,
but also drug delivery efficacy. The transition from solution state to gel state is accompanied by
changes in interactions between mucin strands, physical structures present in solution, and
mechanical properties. As shown in Fig. 4, the sol-gel transition in mucin solutions is reversible
and the transition point can be modulated using parameters such as pH, temperature, and ionic
strength.

> ApH, AT,
addition of electrolyte,
t functional molecule, t
surface modified
nanoparticles, etc.

Figure 4. Sol-gel transitions can take place in structured fluids in response to changes in
environmental factors such as pH, ion concentration, particle chemistry, temperature and/or shear
forces. Gels form when the self-affinity of solubilized material increases while the aggregates
remain soluble.

Native mucus, especially non-reconstituted, can be difficult to obtain without regular
access to human or animal subjects, so porcine gastric mucin (PGM) solutions are often used a
model for mucus studies. PGM solutions are generally considered a viable system to examine
mucus sol-gel behavior due to the relative ease of extraction, availability, and biological function
exhibited®3®%5, although this point was debated by Crater et al. in a study on nanoparticle
transport.>® The main benefit of using PGM solutions is facilitation of fundamental studies of
mucin behavior by removing variations in mucin concentration, type, and extraction method that
can occur between different patient (native mucus) sources. By eliminating variability in the



mucin composition, interactions between mucin, effects of pH and salt on the sol-gel transition,
rheology, and particle size distributions can be effectively studied.

An examination of the literature provides a number of studies that each examine isolated
aspects of mucus and mucin properties, but these properties are often not connected, especially
within the same body of work. The microstructure and mechanical properties of mucin have been
characterized using rheology®®®’, light scattering techniques®®“®, zeta potential®®*®, infrared
spectroscopy®®®, and various other techniques. Of these methods, IR spectroscopy is the most
recently used tool (as it was not used before 1995%) and shows promise for demonstrating
glycosylation in mucin®,

In order to gain a better understanding of the complex relationships between chemical and
structural properties of mucin, these and other studies have been performed on mucus and various
forms of mucin, although many focused on a single characterization technique or aspect of mucin
property changes. This study is intended as an effort to characterize and more clearly correlate
micro- and macro-scale properties of mucin during the sol-gel transition by examining the results
of pH and ion effects over multiple length scales. Mucin viscoelastic behavior was examined using
oscillatory frequency sweep and flow sweep rheology experiments, and the elastic and storage
moduli and viscosity were measured as a function of pH and Ca?* ion concentration. In addition
to rheological characterization, structural properties related to mucin-mucin interaction and the
sol-gel transition were studied using zeta potential, dynamic light scattering, surface tension, and
Fourier transform infrared spectroscopy. Particle size and particle size distribution data were
coupled with changes in net surface charge, interfacial tension, and functional group interactions
to examine the how the microstructural changes observed with rheology could be correlated to
molecular-level changes. Structure-property changes related to the sol-gel transition for PGM was
examined with regards to ion effects and pH value. A better understanding of the relationship
between the viscoelastic behavior of mucin and its dynamic network structure is critical for
predicting and controlling mucin properties, which can aid in designing therapeutic treatments for
diseases and drug delivery vehicles related to mucus.

2.3. Materials and Methods

Materials. Solutions of PGM mucin (Type Il, Sigma Aldrich, CAS No. 84082-64-4) at 10 mg/mL
were prepared using filtered Nanopure™ water. The concentration of PGM solutions was kept at
a constant 10 mg/mL in accordance with another study?®, allowing observation of pH and ion
effects on gelling behavior to be decoupled from the effects of higher concentration. For the
rheology study, nitric acid and potassium hydroxide were used to form a series of PGM solutions
at various pH values. Samples of PGM in water (neat) with an ‘as prepared’ pH value of 3.83 +
0.03 were adjusted to three discrete pH values of 2.1, 4.0, and 5.8. In addition to these pH-adjusted
PGM samples, a set of PGM solutions was prepared by adding 10 mM calcium chloride (via
calcium chloride dihydrate, VWR International, >99%) to the aqueous PGM solutions at each pH
value tested. PGM solutions were prepared over a wider pH range—at values of 2.1, 3.0, 4.0 and
5.0—in the same manner as described previously to test the impact of pH and calcium chloride
concentration using zeta potential (ZP), dynamic light scattering (DLS) particle sizing, and FT-IR



spectroscopy characterization methods. All solutions were stirred vigorously over a period of 4-8
hours and refrigerated overnight to obtain homogeneous solutions prior to characterization and
allowed to warm to room temperature for characterization. (Solutions were also refrigerated
between sampling events.) To obtain zeta potential and particle sizing data, the 10 mg/mL PGM
solutions were stirred 4-8 hours until homogeneous and then were diluted 100x to 0.1 mg/mL for
the light scattering experiments.

Rheology. Rheological measurements were collected with a TA Instruments Discovery Hybrid
Rheometer Il (DHR-2) using TRIOS software (v4.3). A 40 mm cone and plate geometry with
2.013° angle and a 53 pm gap was used for frequency and flow sweeps. The cone and plate
geometry was chosen to maintain a constant shear rate throughout each sampling period.
Rheological data were obtained using a solvent trap to discourage evaporation during each run and
maintain proper filling of the sample liquid.

Frequency and flow sweeps were performed on 6 samples at 3 different pH values both
with and without the addition of CaCl>. PGM concentration and temperature were also examined
in @ more cursory manner. Higher concentrations (20-60 mg/mL) were shown to increase
viscoelastic properties, but increasing temperature to a more physiologically relevant 37 °C had
almost no effect on these values (see Appendix).

To perform frequency sweeps, the linear viscoelastic regime (LVR) of each sample was
determined to ensure that the measure properties are independent of imposed strain. Tests
performed in this region are reliable and more reproducible.®? The LVR is the range of shear stress
values over which the elastic modulus (G’) and the loss modulus (G’’) and other viscoelastic
properties are independent of applied forces.®® Frequency sweeps were performed in the LVR to
ensure the mucin properties are independent of strain, allowing the viscoelastic moduli to be
assessed consistently between samples. To determine the LVR, an oscillating amplitude sweep
was performed on each sample at a frequency of 1 rad/s over a stress range of 0.01 to 100 Pa. The
LVR was determined by choosing the average strain value that produces constant elastic moduli
values (in the range of ~0.01 strain for each sample). Frequency sweeps were performed at each
sample’s strain value related to the LVR at 25 °C over a 0.01 to 100 rad/s frequency range. All
error values for data are displayed or written as 95% confidence intervals.

Flow sweeps were performed on a range of shear rates from 0.001 to 100 s™ at 25 °C with a sample
period of 30 s for each data point collected. All error values for data are displayed or written as
95% confidence intervals.

Zeta Potential. A Brookhaven Instruments Nanobrook Omni phase analysis light scattering
(PALS) instrument was used to perform zeta potential experiments. To obtain zeta potential data
as a function of pH a BI-ZTU 4-pump autotitrator unit was utilized along with a BI-ZELF flow
cell. The PALS program within the Brookhaven Instruments Particle solutions software was used
to control experiments and collect and analyze data. The flow cell was rinsed with Nanopure™
water and emptied before each experiment. The pH of the sample was modified by the autotitrator
with nitric acid and potassium hydroxide, and then zeta potential measurements were collected at
each discrete pH value in order to determine the pH value for the point of zero charge (pzc).



Dynamic Light Scattering Particle Sizing. The Nanobrook Omni PALS instrument equipped with
Brookhaven Instruments Particle Solutions Software was also used to perform particle sizing via
dynamic light scattering (DLS). DLS measurements were collected for the PGM solutions at
discrete pH values of 2.1, 3.0, 4.0, and 5.0.

Surface Tension. A Dynamic Contact Angle Measuring Device and Tensiometer (DCAT) 25 from
Dataphysics was used to measure the surface tension of PGM solutions at discrete pH values of
2.0, 3.9, and 6.0. All measurements were taken using a Du Noliy ring geometry and data analyzed
using DCATS software and Microsoft Excel.

ET-IR. FT-IR spectroscopy experiments were performed using a nitrogen-purged Thermo Fisher
Nicolet iS50 instrument using a deuterated triglycine sulfate (DTGS) detector, attenuated total
reflectance (ATR) accessory with diamond-ZnSe crystal and a XT-KBr beamsplitter. PGM
solutions were each deposited dropwise onto the ATR crystal and spectra collected (with a
minimum of 256 scans) using ambient air as background. Absorbance spectra were collected and
analyzed using Thermo Scientific OMNIC™ software. Water spectra were collected and
subtracted from each sample spectra to remove absorbance bands from the sample solvent.

2.4. Results and Discussion

Electrostatic and hydrophobic interactions have a significant impact on protein
conformation, solvency, interactions with substrates and particulates and barrier properties.t3864
The ionic state of the solution can be adjusted by changing the pH, ionic strength and ion valencies
present.1*43 By adjusting the solution ionic state, sol-gel transitions can be controlled in mucus
and mucin solutions>32, Calcium chloride was added to mucin solutions as multivalent cations
have been shown to impact mucin conformation even at very low concentrations (~1 mM).453
Unlike the electrostatic screening seen in monovalent ion studies, the multivalent ions show
evidence of binding with specific anionic sites on mucin side chains. In addition, calcium (Ca?*)
is known to play a role in cystic fibrosis, where increased concentration is known to increase
density and viscosity and decrease solubility of mucus.*?’

Fig. 5 shows the results of six independent measures run at 25 °C from 0.01 to 100 s™* shear
rate on 10 mg/mL PGM solutions at various pH values with and without 10 mM CaCl> (denoted
by PGM+Ca?*) The results illustrate non-Newtonian shear-thinning behavior in mucin solutions;
these higher shear rates studied correspond to physiological processes like inhalation and
coughing.®>%  As shown in Fig. 5, the addition of a small concentration of calcium results in a
significant increase in viscosity. This is a significant finding as calcium is known to play a strong
role in not only mucus secretion but also the intragranular storage of mucin.®” A better
understanding of the rheological behavior of mucus and mucin solutions under physiological
conditions is important for designing pulmonary therapeutics and drug delivery applications.
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Figure 5. Flow sweeps over a shear rate of 0.001-100 s show samples at pH 2.1, 4.0, and 5.8
with 10 mM CacCl; display shear-thinning behavior.

To further understand the structural responses of mucin, oscillatory sweeps over a low
frequency range were performed to characterize PGM gelling behavior. Fig. 6 shows the results of
the average of three frequency sweeps performed on PGM solutions at pH 2.1, 4.0, and 5.8. There
is a clear response due to changes in pH, shown by the transition from gel-like behavior at pH 4
and below to liquid-like behavior in the sample at pH 5.8. This response matches previous work
done with PGM solutions, indicating a transition to gel behavior taking place at pH 4 and below.3®
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Figure 6. Oscillating frequency sweep rheology data over 0.01-100 rad/s for aqueous PGM
solutions showing G’ (closed symbols) and G’ (open symbols) at pH values of 2.1, 4.0, and 5.8.
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Fig. 7 shows the results of the same experiments performed on PGM solutions at pH 2.1,
4.0, and 5.8 with added CaCl, at 10 mM. As discussed previously, the sol-gel transition takes place
around pH 4 for neat PGM solutions and the frequency sweep data in Fig. 7 shows the effect of
Ca?" on either side of the pH-induced sol-gel transition. With the addition of calcium chloride, the
moduli of the pH 2.1, 4.0, and 5.8 samples respectively decreased, increased, and increased. Below
pH 4, the addition of calcium chloride caused a decrease in viscoelastic moduli, likely indicating
a disruption of the mucin polymeric structure. At pH 4.0 and 5.8, the opposite was true which
potentially indicates a stabilizing mechanism in which the mucin particles were able to bind more
strongly with one another. The samples at pH 4.0 and pH 5.8 both showed an increase in G” and
G”’ with the addition of calcium chloride. However, the pH 5.8 sample showed a transition from
solution to gel-like behavior, again indicative of a stabilizing mechanism. It is possible that the pH
4.0 sample was just entering the gel regime and displayed behavior indicative of both regimes.
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Figure 7. Oscillating frequency sweep rheology data over 0.01-100 rad/s for agueous PGM
solutions at pH values of 2.1 (triangle), 4.1 (square), and 5.8 (circle), with 0.01M calcium chloride
added.

The PGM mucin solutions at pH 2.1 are in the gelled regime (Fig. 8), as exhibited by the
dominant elastic moduli in both samples. In this regime, the addition of 10 mM calcium chloride
caused a decrease in both the elastic and storage moduli. Divalent ions, such as calcium, are known
to cause the mucin gel to collapse at low pH because of the fixed nature of the mucin’s negative
charges.® This behavior is exhibited in the PGM samples, where it is clear that the presence of
Ca?" caused a decrease in viscoelastic properties. It should be noted that the elastic modulus
continues to dominate the sample viscosity, indicating gel behavior even with CaCl> present.
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Figure 8. Storage (G') and loss (G") moduli of PGM solutions at pH 2.1 are shown to decrease
with the addition of 10 mM calcium chloride.

The solutions at pH 4.0 (Fig. 6) are also in the gelled regime, as seen by the dominant
elastic moduli. However, in this case, both the elastic and storage moduli of the samples increase
with the addition of 10 mM calcium chloride. This behavior suggests that the addition of CaCl»
may promote intramolecular bonding between PGM fibers.
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Figure 9. Storage (G') and loss (G") moduli of PGM solutions at pH 4.0 increase with the addition
of 10 mM calcium chloride.
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Examining Fig. 10, the PGM solution at pH 5.8 shows solution-like behavior in the absence
of calcium chloride, as indicated by the loss modulus dominating the elastic modulus. With the
addition of calcium chloride, the pH 5.8 PGM sample—Ilike the pH 4 solution—showed an
increase in both moduli. However, unlike the pH 4.0 PGM samples, pH 5.8 PGM exhibited a
transition to the gel regime upon addition of CaCl,, as shown by the dominant elastic modulus.
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Figure 10. Storage (G') and loss (G") moduli of PGM solutions at pH 5.8 increase with the addition
of 10 mM calcium chlorides.

At higher, more neutral pH values (~5-7), PGM molecules are largely electronegative.
Their non-glycosylated domains are arranged with salt bridges between carboxylates and
positively charged amino acids (pKa values around 4) enfolded around the hydrophobic regions
of PGM®. In this neutral pH regime, the addition of Ca", a positively charged divalent ion, can
disrupt the salt bridges, exposing the hydrophobic domains and promoting aggregation of PGM
molecules through crosslinking, illustrated in Fig. 11. This is supported by previous work by
Raynal et al. which demonstrated a significant increase in the molecular weight and viscosity of
salivary mucin in the presence of 10 mM CaCl,%. At lower pH values (<4), aggregation is
promoted through the side chain interactions, which result in folding of mucin strands and
intermolecular crosslinking to take place. In this low pH regime, Ca®" may play a different role,
maintaining the gelled behavior of mucin but causing swelling as it substitutes for H" ions.
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Figure 11. Visualization of PGM structural changes proposed from the rheological behavior as a
function of pH and CaCl, concentration. At pH 2, addition of CaCl, induces slight swelling, at pH
4, almost no effect, and at pH 5.8, a transition from solution- to gel-like behavior.

Both electrostatic and hydrophobic interactions of the mucin dictate gelling behavior.
Therefore, the effect of pH and CaCl, addition was examined for PGM solutions using zeta
potential-a method to measure net surface charge of materials in dilute solutions. PGM particles
in aqueous solution typically have a negative surface charge at pH values of 3 and above %79, so
zeta potential measurements were taken at discrete pH values < 4 to examine the effects of CaCl..
Zeta potential as a function of pH are displayed in Fig. 12. Comparing the results of the neat PGM
solution to PGM+Ca?®" revealed that the addition of CaCl, increased the isoelectric point (pI) of
PGM particles. This increase in pl implies that electrostatic forces are neutralized at a higher pH
value with the addition of CaCl,, which correlates with the increase in viscoelastic properties seen
in the rheological experiments. The addition of CaCl; shifted the isoelectric point, where the zeta
potential is 0 mV, from ca. pH 2.75 to pH 3.1. This finding is a result of the ability of added Ca**
ions to expose hydrophobic domains in mucin and neutralize the negative surface charge of PGM.
At low pH values, the impact of the Ca** ions is mitigated, as there is a large concentration of H"
ions available in solution.
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Figure 12. Zeta potential data show a higher isoelectric point for PGM solutions with 10 mM
CacCl; present.

Mucin solutions form large, non-uniform polymeric particles. The state of the mucin
structure in solutions can be analyzed using dynamic light scattering (DLS) to determine average
particle sizes and particle size distributions in solution. The average hydrodynamic particle size
and particle size distributions measured using DLS were compared for PGM solutions with and
without CaCl> added and at varying pH levels. The DLS data was analyzed to determine the
dominant peak, in terms of number of particles present, in order to determine a metric of ‘average’
particle size for each sample. The average particle diameter by number data display a clear and
sharp increase in particle size at pH values < 4 (Fig. 13). Results from studies by other
researchers?®313¢ as well as data from this study, show that PGM undergoes a sol-gel transition
around pH 4. The particle size data in Fig. 13 clearly illustrate the structural changes associated
with the sol-gel transitions—as the average diameter increases approximately 5-fold at pH values
of 4 and below. This increase in effective particle size is the result of increased interactions between
adjacent PGM strands/particles. These mucin-mucin interactions are due to multiple
supramolecular interactions including hydrophobic and electrostatic interactions?>®’, disulfide
linkages®*34, and glycosylation'®, which is known to increase in highly acidic environments’*.
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Figure 13. Average PGM hydrodynamic diameters determined by DLS reveal a sharp decrease in
effective particle size at pH 4 and above, regardless of CaCl, addition of 10 mM.

Fig. 14 presents the results of surface tension measurements taken for PGM solutions at
pH 2.0 (n=4), pH 3.9 (n=4), and pH 6.0 (n=3). The results show a clear decrease in surface tension
corresponding to the solution regime as a function of pH. This supports the DLS particle sizing
data that showed a decrease in particle aggregation above pH 4. In addition to this finding, the Du
Nody ring method also induced a shear-thinning effect in which the surface tension decreased as
a function of each pull and push of the geometry in the solution (see Appendix).
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Figure 14. PGM solutions show a clear decrease in surface tension at pH values corresponding to
the solution regime. Addition of 10 mM CacCl: had a negligible effect on the surface tension.
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FT-IR analysis (Fig. 15) was used to identify functional groups present in the neat and pH-
adjusted mucin samples, as well as changes in absorbance upon the addition of calcium chloride.
Samples showed absorbance peaks in the range of 3200-3300 cm™ which likely indicate O-H
stretching of a carboxylic acid, but this was especially pronounced in samples with added CaCl..
In fact, across all wavenumbers, absorbance was around fourfold higher in samples with CaCl..
Shoulders indicating C-H stretching were also seen in the samples with CaCl, (~2950-2800 cm™)
as well as strong peaks at 800 cm™ and below which may be N-H out of plane bending or C-ClI
stretching. All samples had C=C stretching between 1640 and 1620 cm™ with larger differences
found at lower wavenumbers. Strong C-O stretching peaks at 1260, 1095, and 1020 cm™
(carbohydrate region) in samples with added CaCl., with the most pronounced found in the pH 2
solution with CaClz. This indicates stronger C-O bonding and glycosylation of mucin proteins,
which strengthen polymer-polymer interactions within the mucin network.®* This increase in
absorbance and the indication of glycosylation provides evidence for increased intramolecular
bonds as a result of Ca?* interactions with the PGM network. Disulfide bonding, although known
to play a role in this process, is much more difficult to characterize using spectroscopy and was
not seen here’.
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Figure 15. Representative FTIR spectra of 10 mg/mL PGM solutions at various pH values, both
with and without 10 mM CaCl..
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2.5. Conclusions

Solutions of porcine gastric mucin (PGM) were shown to exhibit a sol-gel transition that
could be shifted using pH and addition of divalent CaCl,. Rheological behavior of PGM solutions
was shown to be highly sensitive to shear forces. All solutions exhibited shear-thinning behavior
in flow sweeps, which showed an increase in viscosity for solutions at pH 4.0 and 5.8 with the
addition of CaCl.. PGM solutions without CaCl. exhibited gel-like behavior at pH values at and
below ca. pH 4. With the addition of CaCly, viscoelastic moduli decreased at pH 2.1 and increased
at pH 4.0 and 5.8, which matches the increase in viscosity shown from flow sweep experiment.
The addition of CaCl: also induced a transition to gel-like behavior at pH 5.8, illustrating an
increase in the sol-gel transition point. Zeta potential measurements supported the well-known
gelling behavior of PGM at low pH values (<4) and illustrated the stabilizing effect of CaCl». Zeta
potential of PGM solutions was around 0 mV below ca. pH 3 and a slight increase in isoelectric
point of PGM was seen with the addition of CaCl, due to the neutralization of negative mucin
surface charges by Ca?* ions. Particle sizing results showed an approximately five-fold increase in
effective particle size for mucin solutions at or below pH 4.0. The larger effective particle size as
a result of aggregation supports a gelled mucin network existing in more acidic conditions. These
data were supported by surface tension measurements, which also showed increased values at and
below pH 4.0. In addition to these findings, FTIR spectroscopy illustrated a portion of the chemical
nature of the stabilizing effect of CaCl,, which promotes intramolecular bonding via glycosylation
in mucin aggregates. Future work will focus on characterizing the effects of various chemistries
and molecule types on the structural and mechanical properties of mucin solutions.
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Chapter 3. Using Small Molecules to Chemically Disrupt Mucin-Mucin
Interactions

3.1. Abstract

Electrostatic effects are known to drive the structural properties of porcine gastric mucin (PGM)
and can be regulated through the addition of functional compounds. Choline chloride (ChCl),
phenylboronic acid (PBA), and triethanolamine (TEA) were used as model compounds to
investigate the effects of quaternary ammonium, alcohol, and tertiary amine groups to alter mucin
structure and viscoelastic properties. ChCl induced up to a 100-fold increase in viscoelastic
behavior, caused an approximate 70% decrease in particle size, and maintained a constant zeta
potential at all concentrations, which suggesting more investigation into that compound. PBA and
TEA showed mixed results of increased viscoelastic behavior at only 0.01 M, which was coupled
with a similar 70% decrease in particle size and a strong reduction in PGM zeta potential from -
6.3 £ 0.30 mV to -13.31 £ 0.53 mV with PBA and -27.39 £+ 0.95 mV with TEA, indicating
significant dispersion of PGM particles. In the case of TEA, an increase in pH also played a role
in the dispersion, but the decrease in particle size was also seen at pH values closer to that of PGM
solutions in water (~3.83).

3.2. Introduction

While mucin is a minor component of mucus in terms of weight percent, it is the primary
component in determining the microstructure and related properties, thereby controlling the
biological functions to control transport and lubricate respiratory, genital, and digestive tracts®. It
is also present in saliva, nasal passages, and eyelids, where it plays an important role as a first line
of defense against bacteria, viruses, particulates, and chemicals harmful to the human body. Mucin,
which comes both secreted and membrane bound forms?, is a structured glycoprotein and is
responsible for mucus’s ability to adhere to, trap, and transport particles out of mucus membranes.
Mucin’s properties vary significantly depending on water content (hydration), but they are also
dependent on pH%3373 jon content*®>%, and the chemistry of trapped or diffusing
particles?t:23245274 = The surface chemistry?*™® and charge!®?t?® play a large role in
mucoadhesion and mucopenetration which are dependent on changes in the microstructure of
mucin networks. These concepts are important to consider when developing treatments for mucus-
related diseases like COPD and cystic fibrosis (CF) as well as applications for drug delivery
through mucus membranes!®4+77:78,

Work has been done by other researchers examining various combinations of mucus and
nanoparticle systems functionalized with various surface chemistries?®’47>7983 Tg understand
mucus and mucus-related biological systems more fully, it is useful to study the effect of the
surface chemistry in a more direct way and decouple its effects from the size or shape of the
polymer or nanoparticle solid substrates. The present study evaluates the effect of three small
molecules, with each including different combination of functional group type and number, to
examine the impact on changing the mucin properties. The hypothesis is that by adding these
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small molecules, the bonding that occurs between mucin strands can be disrupted and change the
microstructure. These changes in network microstructure will be evaluated using rheology,
dynamic light scattering, zeta potential, and FTIR. Triethanolamine, a tertiary amine, choline
chloride, a quaternary amine, and phenylboronic acid, an anionic alcohol, were chosen as the small
interrogation molecules in this study. Amine-functionalized*®*%8* and phenylboronic-
functionalized®25868 polymers and nanoparticles have been the subject of recent studies focused
on mucoadhesion and drug delivery. The alcohol was chosen in order to provide similar chemistry
to the silica nanoparticle study (Ch. 4).

3.3. Materials and Methods

Materials. Solutions of porcine gastric mucin (PGM, Type Il, Sigma Aldrich, CAS No. 84082-
64-4) at 1.0 w/w% (10 mg/mL) were prepared using filtered Nanopure™ water. Choline chloride
(ChCl), phenylboronic acid (PBA, also known as benzeneboronic acid), and triethanolamine
(TEA) were all received from ThermoFisher Scientific Chemicals (98+%, used as received) were
added to 10 mg/mL PGM solutions at various concentrations (Table 1). Neat PGM solutions at 10
mg/mL in water, with no added molecules, have a natural pH value of 3.83 = 0.03, which was not
changed significantly in these samples, except those with TEA concentrations above 1 mM
because it is a relatively strong base. All small molecule-doped PGM solutions were stirred
vigorously and then refrigerated overnight to obtain homogeneous solutions. Prior to
characterization the solutions were allowed to warm to room temperature (ca. 25 °C).

The compounds chosen for this study (chemical structures shown in Fig. 16) were selected
because of their unique charge characteristics and potential ability to interact with and disrupt
charged domains and side chains in PGM molecules. Choline chloride is a bifunctional molecule
with both a quaternary ammonium salt and alcohol moiety, giving it potential amphiphilic
properties. In solution, ChCl is highly electronegative with a surface charge of -37.08£0.74 mV.
Phenylboronic acid is also very electronegative with a surface charge of -24.03+3.92 mV and pKa
of 8.9%. It also behaves as a mild Lewis acid, allowing it to act as an electron acceptor.
Triethanolamine is both a tertiary amine and triol with a surface charge of -7.06+1.81 mV and pKa
of 7.76%. ChCI, PBA, and TEA have respective hydrogen bond donor and acceptor counts of 1
and 2 (ChCI®, 2 and 2 (PBA)%, and 3 and 4 (TEA)%, giving TEA the highest potential for
electrostatic interactions with mucin domains. ChCl and TEA are both fully miscible in water®?%
and while PBA has a predicted solubility limit of 10 mg/mL®%, the 0.1 M solution (12.19 mg/mL)
was fully dissolved with no precipitation.
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Figure 16. Chemical structures of a) choline chloride (ChCl), b) phenylboronic acid (PBA), and
c) triethanolamine (TEA).

Table 1. Properties of PGM solutions at 10 mg/mL.

Choline Chloride (ChCI) Phenylboronic Acid (PBA) Triethanolamine (TEA)
+PGM + PGM +PGM

Sample Conc. (M) pH Sample Conc. (M) pH Sample Conc. (M) pH
Cl 1.00E-05  3.817 P1 1.02E-05 3.812 Tl 1.00E-05  3.802
C2 1.00E-04  3.812 P2 1.02E-04  3.807 T2 1.00E-04  3.818
C3 5.00E-04  3.804 P3 5.21E-04  3.807 T3 5.00E-04  3.894
C4 1.00E-03  3.794 P4 1.04E-03  3.806 T4 1.00E-03  4.003
C5 2.00E-03  3.789 P5 2.04E-03  3.803 T5 2.00E-03  4.228
C6 1.00E-02  3.785 P6 1.00E-02  3.808 T5 1.00E-02  7.099
C7 1.00E-01 3.731 P7 1.00E-01 3.773 T7 1.00E-01  8.652

Rheology. Rheological measurements were collected with a TA Instruments Discovery Hybrid
Rheometer Il (DHR-2) using TRIOS software (v4.3). A 40 mm cone and plate geometry with
2.013° angle and a 53 pm gap was used for frequency and sweeps. Rheological data were obtained
using a solvent trap to discourage evaporation during each run and maintain proper filling of the
sample liquid.

Frequency sweeps were performed on twelve samples at various concentrations of ChCI, PBA,
and TEA (4 per molecule). To properly perform the frequency sweep measurements, first the
linear viscoelastic regime (LVR) of each sample was determined to ensure that the measured
properties are independent of the imposed strain. All frequency sweep experiments were
performed in the LVR to ensure the mucin properties are independent of strain, allowing the
viscoelastic moduli to be compared between samples. To determine the LVR, an oscillating
amplitude sweep was performed on each sample at a frequency of 1 rad/s over a stress range of
0.01 to 100 Pa. The LVR was determined by choosing the average strain value that produces
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constant elastic moduli values (on the order of ~0.01 strain for each sample). Frequency sweeps
were performed at each sample’s strain value related to the LVR at 25 °C over a 0.01 to 100 rad/s
frequency range. All error values for data are displayed or written as 95% confidence intervals.

Zeta Potential. A Brookhaven Instruments Nanobrook Omni phase analysis light scattering
(PALS) instrument was used to perform zeta potential experiments on each solution. The PALS
program within the Brookhaven Instruments Particle solutions software was used to control the
instrument during the experiments, as well as collect and analyze data. Zeta potential
measurements were collected at each discrete concentration to assess the effect of each compound
on PGM surface charge. All error values for data are displayed or written as 95% confidence
intervals.

Dynamic Light Scattering Particle Sizing. The Nanobrook Omni PALS instrument equipped with
Brookhaven Instruments Particle Solutions Software was also used to perform particle sizing via
dynamic light scattering (DLS). DLS measurements were collected for the 21 PGM solutions at
various concentrations of ChCl, PBA, and TEA. All error values for data are displayed or written
as 95% confidence intervals.

3.4. Results and Discussion

The results of the study show that all three compounds have the ability to alter mucin
viscoelastic and structural properties, but present conflicting trends when rheological data is
compared to zeta potential and particle sizing data. Zeta potential and DLS were coherent in that
all three compounds were shown to disrupt mucin aggregation, although potentially through
different mechanisms of action. All three can H-bond with mucin domains, but the effects of ChCl
and TEA were also influenced by the presence of the CI" counterion in ChCl and a large increase
in pH at higher concentrations of TEA. These influences may have played a role in the conflicting
results seen regarding the viscoelastic behavior of the PGM solutions.

Rheology oscillatory frequency sweeps were used to examine the effects of particle surface
chemistry and concentration on the viscoelastic properties of PGM solutions. The addition of
choline chloride, with choline being cationic in acidic environments, resulted in a decrease of
viscoelastic properties compared to neat PGM solutions (see Ch. 2). This was also connected to a
trend of higher values of storage and loss moduli with increasing concentration (Fig. 17). The
effect of phenylboronic acid (Fig. 18) is not nearly as clear as the lowest and second highest
concentrations tested were shown to cause the greatest increase of the viscoelastic moduli, with
concentrations of 2 mM and 0.1 M showing little deviation from values obtained from neat PGM
solutions (see Ch. 2). The case for triethanolamine is similar, with the only concentration shown
to increase moduli values being 0.01 M (Fig. 19). This increase in viscoelastic properties is not
linked with a clear increase or decrease in concentration and is not consistent with pH effects seen
in Ch. 2. These would predict a decrease in viscoelastic properties at high enough concentrations
of TEA to increase pH above 4. This occurred at concentrations above 2 mM TEA.
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Figure 17. Storage and loss moduli of ChCI-PGM solutions are shown to increase at higher ChCl
concentrations.
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Figure 18. Storage and loss moduli of PBA-PGM solutions are shown to increase at 0.01 mM and
0.01 M PBA.
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Figure 19. Storage and loss moduli of TEA-PGM solutions are shown to increase at 0.01 M TEA.

Neat PGM solutions have a net surface charge of -6.3 £ 0.30 mV, which can be neutralized
at pH values below 4 (see Ch. 2). At concentrations less than 2 mM, which is equivalent to ~0.025
w:w ratio of small molecule:PGM, the addition of ChCI, PBA, and TEA showed no effect on the
net surface charge (Fig. 20). Solutions with PBA or TEA > 2 mM showed a significant decrease
in the net surface charge to -13.31 £ 0.53 mV with PBA and -27.39 = 0.95 mV with TEA. This
decrease in net surface charge indicates a stronger repulsion between mucin fibers, leading to
increased electrostatic dispersion and disruption of the network structure. This finding is
supported by other studies which have examined the effect of negatively charge carboxyl- and
positively charged amine-functionalized nanoparticles on mucin solutions'*?*.  Amine-
functionalized nanoparticles have also been shown to diffuse more slowly through both native and
purified mucin solutions than carboxylate-functionalized particles, with Crater and Carrier
concluding that transport rates through mucin solutions are inversely related to the surface charge
of particles®®. This suggests that positively charge compounds have mucoadhesive properties,
which increases the potential for amine groups to change normal mucin properties, as seen with
TEA in this study. This dispersion effect is important for applications where it is necessary to
disrupt mucin-mucin interactions to allow a material to diffuse more quickly across a mucus lining
(e.g., drug delivery) or lower the viscosity to allow for ciliary clearance (e.g. therapeutics for cystic
fibrosis).
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Figure 20. Zeta potential and pH of PGM solutions. PBA and TEA caused large decreases in
surface charge at concentrations above 2 mM. Zeta potential changes upon TEA addition correlate
to large increases in solution pH.

Examining the zeta potential values more closely, it is clear there is an inverse correlation
between the zeta potential of each small molecule dissolved in water and the maximum zeta
potential observed in PGM solutions (Table 2). Choline chloride, which is highly electronegative
in aqueous solution, had little effect on the surface charge of PGM molecules, even at high
concentrations. The choline cation was expected to have mucoadhesive properties with the ability
to disrupt mucin structure through electrostatic effects, but this was not observed through zeta
potential characterization. The accompanying chloride cation may have played a role in
neutralizing any changes in zeta potential related to interactions between choline and PGM
molecules. Increased salt concentration is known to induce this neutralizing effect on the zeta
potential of biomolecules like PGM®. The amphiphilic properties of choline cannot be completely
overlooked and is worth further inspection in the future. At high concentrations PBA and TEA
were shown to decrease the net surface charge of PGM significantly, with TEA having a much
more significant effect. PBA’s alcohol groups likely achieved this effect through H-bonding with
mucin domains, breaking disulfide bridges and interfering with intramolecular bonding. TEA
likely has a similar mechanism, but also benefits from the synergistic effect of increased pH, which
decreases mucin aggregation and induces solution-like behavior.
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Table 2. Zeta potential of aqueous PGM solutions with addition of each compound. “H20 only”
indicates values taken for the small molecules dissolved in water with no added PGM.

Choline Chloride (ChCl) Phenylboronic Acid (PBA) Triethanolamine (TEA)

Zeta 95% Zeta 95% Zeta 95%

Potential ClI Potential ClI Potential ClI
Sample (mV) (mV) Sample (mV) (mV) Sample (mV) (mV)
Cl -6.78 0.33 P1 -6.39 0.57 Tl -6.67 0.70
C2 -6.50 0.64 P2 -6.62 0.87 T2 -6.17 0.63
C3 -6.35 0.26 P3 -6.75 0.43 T3 -6.53 0.45
C4 -6.63 0.35 P4 -6.09 0.40 T4 -7.62 0.68
C5 -6.60 1.02 P5 -6.75 0.46 T5 -7.44 0.62
C6 -5.79 0.76 P6 -12.56 0.34 T6 -16.36 0.68
C7 -5.93 0.31 P7 -13.31 0.53 T7 -27.39 0.95
H20 -37.08 0.74 H-0 -24.03 3.92 H20 -7.06 1.81
only only only

To further understand the effect of these compounds on mucin properties, dynamic light
scattering (DLS) was used to determine the particle size at various compound concentrations.
Measurements illustrated significant heterogeneity for lower concentration samples (Fig. 21) and
provided useful information regarding PGM aggregation. Mucin particle size was shown to be
reduced significantly from ca. 1 um to less than 300 nm for all three compounds at high
concentrations (>10 mM). ChCI, PBA, and TEA have respective pKa values of 12.5 (predicted
using ChemDraw™) |, 8.9%7 and 7.76% meaning that all should exist in cationic form in aqueous
solutions. TEA is a strong base, increasing the pH of solutions at 2 mM to 4 and greater, a regime
where PGM is known to have solution-like behavior and have decreased particle aggregation.
Also, interaction with bound sialic acids in PGM may allow these molecules to behave as anionic
particles in local mucin domains, inducing a reduction in mucin aggregation due to its general
electronegativity. It is also possible these compounds are interacting with and occupying terminal
cysteine groups on mucin molecules and preventing intermolecular disulfide bonding in PGM.
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Figure 21. Mean PGM hydrodynamic diameter decreased with the addition of all three
compounds. At 10 mM, Dn had been reduced by ca. 70%.

Particle diameter data (Fig. 21) show that at concentrations greater than 0.1 mM for all
three probe molecules the mucin average hydrodynamic diameters decreased. This indicates more
condensed conformations were induced by the addition of the probe molecules and so mucin-
mucin interactions (and resulting network structures) were diminished. The small probe molecules
may have served to disrupt electrostatic and hydrophobic interactions between mucin chains,
decrease their surface charges and promoting dispersion. It is also possible that the added
compounds affect disulfide bonding between mucin monomers, which would cause a decrease in
particle size as well.

A previous study by Saitoh et al. on the binding of tertiary and quaternary ammonium
compounds to gastric mucin concluded that tertiary amines like TEA had strong binding to mucin,
while quaternary ammonium compounds like ChCI did not®. Their finding regarding binding
affinity may be correct, but ChCl caused a clear decrease in average particle size across all
concentrations, which points to some significant interaction, although this could be a result of the
chloride content, which is known to cause swelling and increase dispersion of mucin®. Excepting
the PGM-TEA solutions at concentrations at 0.01 M and above (last two data points in Fig. 20),
the pH values for the solutions with ChCl, PBA, and TEA are nearly identical to the value of ca.
4 for a neat PGM solution at 10 mg/mL. Based on comparison to the neat PGM control sample,
the change in particle diameter in these solutions is concluded to be a result of the addition of the
small molecule compounds and not due to changes in pH. The TEA solutions, as mentioned, did
have increased pH at higher concentrations, but the particle diameter was shown to decrease even
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at lower concentrations before the increase in pH, implying that the electrostatic effects of TEA
played a significant role in hindering mucin aggregation.

3.5. Conclusions

Mucin behavior is incredibly complex, involving electrostatic and hydrophobic
interactions between mucin protein domains via intra- and intermolecular bonding. The surface
chemistry of compounds applied to PGM solutions is very important in determining the effect on
mucin properties, but the effects of ion content and pH can also be significant. Choline chloride, a
monovalent ammonium salt, was shown to increase mucin viscoelastic property values at
concentrations above 10 mM and zeta potential data support the potential for higher levels of
mucin aggregation. These results were conflicted by particle sizing measurements, which showed
a clear decrease in particle size at higher concentrations of ChCI. Clearly, the effect of the chloride
counterion needs to be further investigated in addition to the amphiphilic nature of the choline ion.
PBA and TEA also produced interesting results. PBA, with two alcohol functional groups was
shown to decrease viscoelastic properties at 2 and 10 mM, but values were increased at 100 mM.
This result conflicts with the clear correlation between decreasing zeta potential and particle size
with the addition of higher concentrations of PBA. TEA was shown to increase viscoelastic
properties at just one concentration (10 mM), but also drastically increased solution pH to 7 and
above at concentrations of 10 and 100 mM. The increase in viscoelastic properties at 10 mM TEA
seems anomalous as this increase in pH, coupled with decreasing zeta potential and particle size
should correlate to decreased viscoelastic property values.

From this study, all three compounds are recommended for further investigation and future is in
the functionalization of nanoparticles for mucus-related applications. The rheological data should
be re-examined and an attempt should be made to decouple the effects of counterions and pH in
ChCl and TEA.
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Chapter 4. Physicochemical Characterization of Mucin Interaction with Silica
Nanoparticles

4.1. Abstract

The Stéber process, developed in 1968, is one of the most widely used techniques to synthesize
uniform silica nanoparticles (SiNPs) and control their properties. This work describes the method
used to produce SiNPs with particle diameters of 74.79 + 21.80 nm. These particles were then
incorporated into aqueous solutions of porcine gastric mucin (PGM), whose physicochemical
properties were interrogated using rheology, zeta potential, dynamic light scattering. SiNPs were
shown to induce a significant decrease in storage and loss moduli of neat PGM solutions, which
point to a decrease in mucin aggregation. Addition of SiNPs also decreased PGM surface charge
from -6.30 £ 0.30 mV to -12.90 + 0.34 mV, indicating dispersion which was confirmed by a
decrease in PGM particle size of ca. 70%.

4.2. Introduction

Mucus is an important complex fluid found in the epithelia, digestive, respiratory, and
genital tracts of vertebrate animals. It is also present in invertebrates, serving a number of purposes
like navigation, defense, hydration, structural support, food, and movement. In humans, it plays a
critical role in protecting the body from particulate matter, bacteria, viruses, and harmful
chemicals. Mucin, the main functional molecule in mucus, is a biopolymer responsible mucus
structure, aggregation, and transport properties.® The type of mucin and location within the body
influences the microstructural, mechanical, and transport properties of mucus, making the study
of mucin vital to the advancement of many fields, including drug delivery, mucus-related disease
treatment, and treatments of certain forms of cancer.?1:247°

Prior studies have examined the development of polymer and nanoparticle chemistries for
use in various biological applications related to mucus.1%2342527580.97-99 gnecific areas of focus
include mucoadhesion, swelling, and dispersion of mucus and mucin solutions in response to
applied polymeric or nanoparticle chemistries or changes in the chemical environment through pH
or ion concentration,>152431:38.99-102 Many of the studies in this field use gold or silica nanoparticles
as a substrate for chemical functionalization, which makes it necessary to evaluate the individual
contribution of the nanoparticle itself when assessing the results of interactions within mucus and
mucin solutions. In this study, the Stéber process used to synthesize silica nanoparticles (SiNPs)
will be described and these SiNPs will be incorporated into mucin solutions in order to assess their
contribution—as solid nanoparticle inclusions and sources of SiOx (e.g., SiOH, SiO2) groups—in
changing the physicochemical properties of mucin aqueous solutions.

4.3. Materials and Methods

Silica Nanoparticle Synthesis, Characterization, and Preparation. Silica nanoparticles were
synthesized using a modified Stober process'®*!% (Fig. 22) using 100 mL of ethanol (EtOH,
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anhydrous, >99.5%, Sigma Aldrich), 6 mL of ammonium hydroxide (NH4OH, ACS reagent, 28-
30%, VWR), and 8 mL of tetraorthosilicate (TEOS, Si(OC2Hs)s, 98%, Sigma Aldrich). Reactants
were combined and stirred over a 24-hour period to produce uniform, monodisperse SiNPs, as
shown in Fig. 23.

EtO
EIO\\

+ V gj— OH -H;0
E0 -E1OH /
EtO

Figure 22. Simplified schematic of the
Stober process reaction schematic showing
hydrolysis and condensation of TEOS.
Adapted from Wikimedia Commons'®®.

Date 23 Apr2019 |
Time :11:54:33

Figure 23. SEM micrographs of SiNPs
produced using Stéber process show a fairly
uniform particle size of 77.3 £ 5.7 nm.

The reaction mixture was stirred for 24 hours, after which it was dried using rotary
evaporation. The SiNPs were suspended in 20 mL of Nanopure™ water and sonicated for 30
minutes and unreacted TEOS was removed using Spectrum™ Spectra/Por™ 1 RC dialysis
membrane tubing (6000-8000 Dalton MWCO). The suspended SiNP solution was loaded into the
dialysis tubing, which was then placed in Nanopure water at a 1:100 v/v ratio of SiNP
solution:water. The water was heated to 40°C with continuous stirring, and the water replaced at
1, 3, 6, and 20 hours. After dialysis, the SiNP solution was dried in an oven at 70 °C, weighed,
resuspended in water at 10 mg/mL, and then sonicated for 30 minutes.

Dilute SiNP solutions at approximately 0.05 mg/mL in water were prepared for baseline
characterization using DLS and zeta potential. 0.05 mg/mL solutions were also prepared in
isopropanol to be used in FTIR characterization.

Silica nanoparticles produced from this process had an average particle diameter of 77.3 £
5.7 nm as shown by SEM imaging (Fig. 23) and measured using open source ImageJ software.
DLS measurements showed good agreement with the SEM data, with an average hydrodynamic
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diameter of 74.79 + 21.80 nm. The net surface charge was measured using zeta potential to be -
26.79 + 3.34 mV, which agrees fairly well with the literature value for SiO2 powder'® of
approximately -30 mV. Although it should be noted that Klapiszewski et al. have measured values
ranging around -15 mV for SiNPs synthesized with the Stober process at the same pH value (5.4)
with average particle diameters between 290 and 295 nm1%4197:108 Syn et al. have produced SiNPs
also using the Stdber process with average diameters between 243 and 823 with zeta potential
values from -39.1 to -31.0 mV at pH 7.41%, Zeta potential of SiNPs is known to decrease at higher
pH values, and it is clear from the work of Sun et al. that smaller particles have lower zeta potential
values. Taking into account these effects of pH and particle size as well as the good agreement
between the literature value for zeta potential of silica powder, the synthesis process described was
determined to be successful. The zeta potential value measured for our synthesized SiNPs is also
in good agreement with the zeta potential of phenylboronic acid (see Ch. 3), a compound whose
chemical structure is dominated by two -OH groups, which is very similar to silica.

FTIR spectroscopy (Fig. 24) was used to confirm the chemical structure of the synthesized
silica nanoparticles (SiNPs). The strongest peaks were assigned as Si-O asymmetric stretching
(1250-1000 cm™) and Si-O-Si bending at 467 cm™. Si-OH asymmetric and Si-O symmetric
stretching are seen at 950 and 795 cm™. More subtle O-H stretch peaks are observed at higher
wavenumbers for mutually hydrogen-bonded SiNPs at ~3660 cm™ and Si-OH hydrogen-bonded
with water at 3550-3300 cm™. This slight water absorption (likely from adsorbed water) is
confirmed by the short OH bending peak at 1635 cm™. There is also asymmetric and symmetric
stretching for CHs at 2956 (as) and 2867 (s) cm™ and CH at 2920 (as) and 2855 (s) cm™, which
is evidence of remaining ethoxy groups on TEOS molecules that were not fully reacted.
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Figure 24. FTIR spectra for Stober-synthesized SiNPs confirms the particle structure, with only a
small amount of unreacted TEOS.
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Table 3. IR wavenumber assignment for functional groups present in the Stober-synthesized

SiNPs.

Wavenumber (cm™)

Bond Assignment

3660
3550-3300
2956-2855

1635
1250-1000

950
795
467

SiNP-Mucin Solution Preparation. Porcine gastric mucin (PGM, Type Il, Sigma Aldrich) was used

H-bonded Si-OH (mutual) and Si-OH stretching
Si-OH stretching, H-bonded to water

C-H stretching of unreacted TEOS

O-H bending of water

Si-O asymmetric stretching

Si-OH asymmetric stretching

Si-O symmetric stretching

Si-O-Si bending

to create solutions at 10 mg/mL, to which various amounts of SiNPs were added to study the effect
of concentration on mucin properties. Six samples were prepared at the concentrations listed below

(Table 1) and sonicated for 30 minutes. The neat PGM solution (B) had a pH value of 4.1.

Table 4. Summary of PGM solutions with various amounts of added SiNPs.

PGM Conc. SiNP Conc. SiNP:PGM

Sample mg/mL mg/mL (WAL

B 10 0 0

2 10 2 0.2

1 10 1 0.1

0.5 10 0.5 0.05

0.3 10 0.3 0.03

0.1 10 0.1 0.01

Rheology. Rheological data was collected using a Discovery Hybrid Rheometer Il (DHR-2, TA
Instruments) equipped with a 40 mm cone and plate geometry (2.013° angle and 53 pum gap) and

temperature-controlled Peltier plate. All runs were completed at 25 °C.
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Oscillatory amplitude sweeps were run to find the viscoelastic region of each ample, which
is required before running a frequency sweep. Each sample was then characterized using frequency
sweeps over a range of 0.1-100 rad/s.

Dynamic Light Scattering. DLS particle sizing results were obtained with a Nanobrook 90Plus
(Brookhaven Instruments) using polystyrene sample cuvettes. Samples were sonicated for 30
minutes plus an additional 2 minutes immediately prior to data collection. Solutions were diluted
approximately 200x and run at 25 °C.

Zeta Potential. Zeta potential results were obtained with the same Nanobrook 90Plus using Phase
Analysis Light Scattering (PALS) functionality. Data were collected using 30-cycle measurements
at 25 °C.

ETIR. FTIR spectra were obtained 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 beamsplitter. SiNPs in isopropyl alcohol and SiNP:PGM
solutions were drop-cast onto the ATR crystal for measurements at ambient temperature
(approximately 23 °C).

4.4. Results and Discussion

The rheology frequency sweep data (Fig. 25) for all samples except the neat PGM solution
is only shown for frequencies less than 1 rad/s. The data sets were developed from three frequency
sweeps and each had issues with inertia correction at frequencies greater than 1 rad/s for solutions
when SiNPs were added. (Note that inertia correction issues occurred at frequencies greater than
10 rad/s for the neat PGM solutions.) Above each of these inertia correction cut-off frequencies,
the raw phase angle (measured by the rheometer) was 175° or greater. For the DHR-2 rheometer,
this is the upper limit for inertia correction. Since data collected above this upper limit is not
reliable, it was omitted in Fig. 25. Inertia correction must be examined with all rheology
measurements at high frequency, especially in lower viscosity samples. At high frequencies, if the
raw phase angle (measure and reported by the TA Instruments DHR-2) is greater than 175°, then
that data point should be truncated. The neat PGM sample required truncation above 10 rad/s,
whereas the SiINP-doped solution data had to be truncated at 1 rad/s. This suggest that the viscosity
of the solutions with SiNPs are lower than the neat PGM solution, which is also confirmed by the
decreased storage and loss moduli in these samples.
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Figure 25. Frequency sweeps indicate a decrease in viscoelastic properties for all PGM samples
doped with SiNP at 10 mg/mL.

The frequency sweep data sets in Fig. 25 show the viscoelastic behavior of the neat PGM
solution (pH 4.1) at low frequencies is dominated by the loss modulus (G’”). This liquid-like
behavior at low frequency values suggests that the sample is in the solution regime, only displaying
gel-like behavior above 1 rad/s, where the storage modulus (G”) dominates. This behavior is in
direct contrast to the PGM solutions doped with SiNPs, which all display gel-like behavior over
the same frequency range. In addition, it is seen that the viscoelastic moduli do not change
significantly for samples with SiNP concentrations between 0.3 and 1 mg/mL. At 2 mg/mL, the
storage modulus increased to a value approximately five times that of the other samples. The
notable decrease in the loss modulus of mucin solution may be a result of mucin aggregation
around SiNPs, which could account for the frequency-independent solid-like behavior displayed
at all concentrations. The overall rheological behavior may also indicate that there is bonding
taking place between Si-OH groups and mucin domains to promote mucin transition to the gel
regime, in which mucin fibers are seen to aggregate into small clusters®’. This stabilization through
weak H-bonding, however, would also be accompanied by electrostatic repulsion which serves to
reduce the viscoelastic behavior of PGM solutions overall. This likely takes place through
repulsive effects in which mucin aggregates are pushed away from one another and intramolecular
bonding is reduced.

The dispersion of mucin particles is supported by particle sizing measurements (Fig. 26),
which illustrate a strong connection between the presence of SiNPs and a decrease in mucin size.
All solutions were polydisperse, so average hydrodynamic diameters are reported with relatively
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large 95% confidence intervals. There is a strong correlation between SiNP concentration and a
decrease in particle size. This supports the hypothesis that SiNPs have a disrupting effect on mucin
domains and that the frequency-independent and dominant storage moduli seen in rheology (Fig.
25) are a result of a nanoparticle-dominated viscoelastic character in the solutions.
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Figure 26. Dynamic light scattering measurements show decreased mucin size with increased SiNP
loading.

Zeta potential measurements further support the idea that the addition of SiNPs promotes
dispersion of mucin particles. PGM has a negative surface charge and the zeta potential of PGM
solutions is -6.30 £ 0.30 mV. With the addition of SiNPs, the surface charge decreased to a
minimum of approximately -12.90 £+ 0.34 mV at SINP:PGM ratios of 0.1 (w:w) and higher, shown
in Fig. 27. Other researchers have shown that positively charged particles are generally
mucoadhesive, decreasing swelling and dispersion and the opposite effect is observed for
negatively charged particles, which excel more strongly in terms of mucopenetration!423241% The
trend towards a more electronegative surface charge in this study supports the claim that
negatively-charged SiNPs discourage aggregation of PGM particles and likely have better
mucopenetrating ability than positively-charged particles. This is also supported by large decreases
in zeta potential with the addition of phenylboronic acid and triethanolamine, which both contain
-OH functional groups (see Ch. 3).
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Figure 27. Zeta potential measurements of PGM-SiNP solutions decrease surface charge as a function of
SiNP loading.

The changes seen in rheology, DLS, and ZP measurements were expected due to the
electronegativity of silica nanoparticles, which predicts repulsion from the large negatively
charged domains in PGM. From these data, it is suggested that the effects of SiINPs on PGM
solutions seen through these techniques are due to electrostatic effects, where the presence of
SiNPs increases repulsion and limits self-interaction between PGM domains. These effects match
generally with the results found in the examination of small molecule compounds (see Ch. 3),
specifically, the decrease in particle size and zeta potential with increasing concentrations of added
molecules. The results provide further evidence supporting the idea that electrostatic forces are a
driver of mucin aggregation and structural properties®#297.110.111

4.5. Conclusions

This study served multiple purposes, the first of which was a demonstration of a successful
method to easily synthesize small (~75 nm) silica nanoparticles with good uniformity. Silica
nanoparticles provide a perfect substrate for chemical modification in the form of surface
functionalization or functionalized polymer growth. However, it is first necessary to understand
the effect of adding another phase, solid nanoparticles, on the viscoelastic and physicochemical
properties of mucin solutions. This was demonstrated through the addition of SiNPs to PGM
solutions at various concentrations. At all concentrations, viscoelastic properties, particle size, and
zeta potential decreases (away from neutral), point towards SiNP addition promoting dispersion
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of mucin particles and decreasing intramolecular bonding. This dispersion and decrease in particle
aggregation match the findings from Ch. 3 regarding -OH functionalized compounds and previous
research focusing on the effects of negatively and positively charged particles. Future work should
be aimed toward functionalization of SiNPs via silane self-assembled monolayers and/or grafted
polymer brushes in order to add specific functional groups and functional group densities on the
NP surface in order to further assess the ability of functionalized NPs to significantly alter the
mucin structure.
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Chapter 5. Conclusions and Future Work

5.1. Study Conclusions

The findings from the work described here contribute positively to the understanding of
mucin and mucin-related systems, especially with regards to the effect of pH, divalent ions, charge
molecular compounds, and unfunctionalized silica nanoparticles.

The effects of pH and CaCl> on PGM solutions were clearly demonstrated and confirmed
prior findings by other research groups. The addition of 10 mM CacCl; induced a clear increase in
viscosity for solutions at pH 4.0 and 5.8, indicating that Ca?* has the ability to collapse a mucin
network and induce gelling behavior. The sol-gel transition was seen to take place at a pH of 4, at
and below which PGM solutions displayed gel-like behavior. With the addition of CaCly, the sol-
gel transition was seen to increase significantly, with gel-like behavior taking place at a pH of 5.8.
DLS measurements did not show effects related to the presence of CaCl,, but showed an
approximate 5-fold decrease in mucin particle diameter at pH values above 4.0. The gelling
behavior of PGM at pH values <4 were also confirmed with zeta potential measurements, which
indicate the isoelectric point of mucin is approximately pH 2.75. This value was increased to pH
3.1 with the addition of CaCly, which supports the changes that took place with regards to
viscoelastic behavior. CaCl, induces mucin aggregation through promoting bonding between
PGM carbohydrate side chains, a process known as glycosylation.

To inform future work with functionalized particles, the effects of various functional
compounds and silica nanoparticles on mucin properties were characterized. The surface chemistry
of molecules applied to mucin plays a large role in controlling mucin properties and must be
considered in addition to the effects of pH and ion content. Quaternary ammonium compounds
like choline chloride have been demonstrated in the past to have lower mucoadhesion than other
compounds, but this study showed that may not always be the case. ChCl seemed to have
conflicting effects on mucin solutions, increasing viscoelastic properties and decreasing particle
size at higher concentrations all while maintaining a surface charge close to that of un-modified
PGM solutions. Triethanolamine, a tertiary amine, known for mucoadhesive properties, caused an
increase in PGM viscoelastic moduli at 10 mM, which conflicted with a strong decrease in surface
charge and particle size which correlated clearly with increasing concentrations. TEA is a strong
base which increased solution pH above 4 at concentrations higher than 2 mM. The effect of the
pH change on PGM aggregation cannot be ignored, but the changes in zeta potential and particle
size were also demonstrated at pH values closer to that of neat PGM solutions. Phenylboronic acid
has two -OH groups and induced a general decrease in PGM viscoelastic behavior, which was
accompanied by a strong correlation between concentration and decreased zeta potential as well
as particle size.

Silica nanoparticles with a particle size of 74.79 = 21.80 nm were synthesized via the
Stober method and their effects on PGM solutions were examined. SiNPs have -OH
functionalization across their surface with a similar surface charge and functional role as PBA.
Their effect on the viscoelastic behavior, surface charge, and particle size of PGM was similar as
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well. Viscoelastic moduli were reduced across all frequency values measured and the viscosity of
PGM solutions was lowered, a conclusion reached by comparing the data truncation required by
instrument correction between neat PGM and PGM solutions with applied SiNPs. The decrease in
viscoelastic properties was supported by a decrease in PGM surface charge from -6.30 = 0.30 mV
to -12.90 £ 0.34 mV, indicating decreased aggregation of particles. This dispersion of PGM
particles was also confirmed through DLS measurements which illustrated an approximately 70%
decrease in particle size with the addition of SINPs.

5.2. Future Work and Recommendations

Future work should focus on characterizing the effects of functional compounds on mucin
solutions, potentially expanding to other mucin types and native mucus samples. FTIR, which was
used to demonstrate glycosylation in Ch. 2, has potential to be a good tool for examining changes
in chemical bonds in PGM samples. More experimentation with this tool should be done, as strong
conclusions regarding the effects of small molecule compounds and nanoparticles were not
obtained using the simple method of dropwise collection on the ATR crystal.

In addition to the recommendation in Ch. 3 to re-examine rheological data, it would be
helpful to couple macro-scale rheology with micro-rheological techniques as well as diffusion or
particle tracking studies. This would help provide connections between observable mechanical
properties with micro-scale particle interactions. Future studies should also aim to better control
ion content and pH when studying the effects of an individual compound, as this was not done
effectively in the case of ChCl and TEA, leading to results that were very likely influenced by
anion content and changes in pH.

To expand this research more firmly into the fields of drug delivery and therapeutics, work
should be aimed at functionalization of silica and gold nanoparticles through changes in surface
chemistry and polymeric growth from these substrates. Positive functionalization should be
examined as it relates to mucoadhesion alongside negatively-functionalized particles, which have
greater mucopenetrative abilities. Combining these through examination of amphiphilic particles
also shows promise and could be used to modulate transport through mucosal layers in the body
and subsequent release of a therapeutic.
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Appendices

Appendix A: Sample Preparation

Mucin solutions were prepared using porcine gastric mucin (PGM) Type Il in powdered
form, obtained from Sigma Aldrich (CAS 84082-64-4) and refrigerated continuously between
sample preparation times. Nanopure™ water, obtained using a Millipore Synergy® Water
Purification System with Biopak® polisher, was used in the preparation of all samples described.
The majority of samples were prepared at 10 mg/mL as well as other samples at higher
concentrations (15-60 mg/mL), which were used to test the effect of concentration on rheological
properties. All solutions were stirred over a period of 4-8 hours, refrigerated overnight, and stirred
again to ensure dissolution of PGM in the water. For rheology, FTIR, and surface tension
measurements, solutions were tested at their prepared concentration. DLS and ZP measurements
were made after diluting 100x to 0.1 mg/mL as higher concentrations resulted in adverse scattering
effects that made characterization impossible.

Al. pH and Ca?*-Adjusted Samples

At 10 mg/mL, PGM solutions had pH value of ~3.85, which was then adjusted using nitric
acid (HNOs3) and potassium hydroxide (KOH). PGM was added to maintain all samples at 10
mg/mL for each pH value studied. Calcium chloride (CaCl) was added at 0.01 M in the form of
calcium chloride dihydrate (>99%) obtained from VWR International. pH values were tested for
all samples before characterization.

A2. Small Molecule-Doped Samples

Choline chloride (ChCI), phenylboronic acid (PBA), and triethanolamine (TEA) were
purchased from ThermoFisher Scientific Chemicals (98+%) were used as received to study their
effects on PGM. ChCl and PBA were obtained in solid form and were dissolved in water at 7
different concentrations (0.01 mM — 0.1 M) before powder PGM was added at 10 mg/mL. TEA
was received in liquid form and was diluted in water at the above concentrations after which PGM
was added at the concentration of 10 mg/mL.

A3. Silica Nanoparticle-Doped Samples

Silica nanoparticles (SiNPs) were synthesized using the Stober method (described Ch. 4),
after which they were dried using rotary evaporation, suspended in water, then sonicated for 30
minutes. Unreacted TEOS was removed through dialysis in a stirred bath at 40 °C, with water
replaced at 1, 3, 6, and 20 hours. The solution was then dried at 70 °C, after which the solid
particles were weighed and resuspended at 10 mg/mL. This solution was used as a stock solution
from which 5 PGM solutions were prepared with SiNP concentrations from 0.1 to 2 mg/mL.
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Appendix B: Operating Procedures

B1. Rheology

All rheological data were collected using a Discovery Hybrid Rheometer Il (DHR-2) and
analyzed using TRIOS software (v4.3), both from TA Instruments. A liquid-regulated Peltier plate
was used to maintain a constant sample temperature during each analysis period. Two geometries
were tested during initial experiments-a 40 mm flat plate and a 40 mm cone-and the cone was
chosen due to its ability to maintain a constant shear rate for each data set. The 40 mm cone had a
2.013° angle and a 53 um gap and a solvent trap was used for each run to discourage water
evaporation.

Flow sweeps were performed at 25 °C over a shear rate of 0.001 to 1 s™* with 5 points per
decade. TRIOS software was used to implement steady state sensing for the instrument, which is
an automated algorithm used to record the steady-state viscosity at each shear rate. Steady state
sensing was set with a maximum equilibration time of 45 s, sample period of 30 s, and a 10 %
maximum tolerance.
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@ 1: Flow Sweep
Environmental Control
Temperature 25 °C Inherit Set Point
Soak Time 0 5 ‘\Wait For Temperature

Test Parameters

Logarithmic sweep

Shear rate 1.0e-3 to 1.0 1is

Points per decade

| Steady state sensing

Max. eguilibration time 450 E
Sample period 30.0 E
% tolerance 10.0

Consecutive within
Scaled time average

@ Controlled Rate Advanced
Mator mode
Auto

@ Data acquisition
| Save point display

Save image

@ Step termination
Lirmit checking
Enabled

Equilibrium
Enabled

Step Repeat
| Enabled

Repeat Count:

Adjuststep  Mone

Figure 28. Screenshot from TRIOS procedure panel for flow sweep setup.

Frequency sweeps involved a slightly more difficult process which requires the user to
determine the linear viscoelastic regime (LVR) of a sample. This was done to ensure that the
measured properties (G’ and G’’) are independent of the strain induced during the oscillations and
also ensure reproducibility and reliability of data. The LVR was determined by performing an
oscillating amplitude stress sweep on the sample over a wide stress range (0.001 to 100 Pa). G’,
G”’ and complex viscosity were displayed and examined to find the strain values where their
magnitude is constant. From this area, a strain value was chosen and used in the programming of
the frequency sweeps. Frequency sweeps were then performed at 25 °C over a range of 0.01 to

100 rad/s.
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@ 1: Oscillation Amplitude

Environmental Control

Temperature 25 °C Inherit Set Point
Soak Time 0.0 s | Wait For Temperature
Test Parameters
Angular frequency 10 radis
Logarithmic sweep
Stress 9.6e4 to 10.0 Pa
Puoints per decade 10

@ Controlled Stress Advanced
@ Data acquisition
() Controlled flow
@ Step termination

Figure 29. Screenshot of TRIOS procedure pane for stress sweep setup.

@ 1: Oscillation Frequency

Envircnmental Contral

Temperaturs 25 *C Inherit Set Point
Soak Time 300 5 | Wait For Temperature
Test Parameters

Strain % 1.064 B2

Logarithmic sweep

Angular frequency 01 to |100.0 rad/s

Puoints per decade 5

(%) Controlled Strain Advanced
@ Data acquisition
@ Step termination

Figure 30. Screenshot of TRIOS procedure pane for frequency sweep setup.

B2. Dynamic Light Scattering (DLS)

DLS data were collected using a Brookhaven Instruments NanoBrook 90Plus PALS
(Particle Size & Zeta Potential using Phase Analysis Light Scattering) instrument and analyzed
using Brookhaven’s Particle Solutions software (v. 3.5). The instrument is equipped at 20 mW 640
nm temperature-controlled red semiconductor laser with an Avalanche photodiode detector. All
data were collected using a 90° scattering angle in either disposable, plastic BI-SCP or non-
disposable, glass BI-SCGO sample cuvettes. Measurements were performed for each sample over
a 90-120 s duration with 10-15 measurements per sample. The refractive index of mucin particles
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was set at 1.6116 based on data from Nikonenko et al.*'? Automatic baseline normalization and
continuous size distribution were selected and “Globular Proteins” was selected for MW Analysis,
although this was not used.

#w tions 5-L e of — O *
File  Options  Protein Calc  Polymer Calc  SPC Help
H New Measurements Instrument Information
ecee )
©%¢ Brookhaven B - Instrument Disconnected
..E'nf‘fﬂstrumcnw News DLS Particle Sizing Measurement b Update
"
Measurements | pLS Reports] DLS Graphs| DLS 3D Graph| DLS 2 Var Graph | Health Reportl Summary Statisticsl
Type DLS ~|4& ||DLS | Layout ~ | Display - | Fiter - [OFF] Preview @
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Type Start Date/Time v Sample ID SOPID Operator ID Motes

} 1 +| -

2 DLS 8/11/2019 7:5241PM | PGM P7, PBA, 0.1, 0719 PGM General ADC Originally:

3 DLS 8/11/2019 7:1%:44PM  |PGM 7, Chcl, 0.1, 0712 PGM General ADC Originally:

4 DLS 8/11/2019 6:3%21PM | PGM T8, TEA, 0.01, 0719 PGM General ADC Originally:

5 DLS 8/11/2019 5:54:35 PM PGM P&, PBA, 0.01, 0719 PGM General ADC Originally:

5 DLS 8/11/2019 5:11:59PM | PGM C6, Chdl, 0.01, 0719 PGM General ADC Originally:

7 DLS 8/9/2019 7:25:27FM PGM 430f, 1 w3, 0.1 mg_ml SiNP, ... |PGM General ADC Criginally:

3 DLS 8/9/2019 5:51:40 FM PGM 430c, 1wt%, 1mg_ml SiNP, 0... |PGM General ADC Originally:

g DLS 8/9/2019 5:19:41 PM PGM 430a 1 wt%, 0519 PGM General ADC Criginally: =
| | 3
K| || page of 1(736 measurements) | [> | | [51| |48 Refresh Page size: | 1000

Figure 31. Screenshot of Particle Solutions measurements screen.
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B3. Zeta Potential (ZP)

ZP data were collected using the same instrument using two different accessories with
plastic BI-SCP or non-disposable, glass BI-SCGO sample cuvettes. The BI-ZEL electrode
assembly was used to measure the surface charge in individual samples at discrete concentrations
and pH values. Measurements were collected at 25 °C using 30 cycles of the electric field and
automatic voltage and frequency settings. 5-10 measurements were collected for each sample using
the Smoluchowksi ZP model preloaded in the software, which was recommend for large particle
sizes (colloids).
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Figure 33. Screenshots from the Particle Solutions SOP Editor for zeta potential measurements.

ZP data were also collected using the BI-ZELF electrode assembly for flow mode, which
was connected to the BI-ZTU 4 pump autotitrator with pH probe for regulation. This accessory
allowed the collection of ZP data at smaller pH intervals in a manner much more convenient than
creating and adjusting individual samples as discrete pH values. The setup for these measurements
was very similar; however, only 4 measurements were collected at each pH value, and the
“Titration” function was used in the SOP Editor to the desired final pH and number of steps
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desired. This required an exact volume of 20 mL to inform the pump controllers, which dispense
measured amounts of acid and base (HNOs and KOH) to adjust the sample pH.
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Figure 34. Screenshots from the Particle Solutions SOP Editor for zeta potential titration setup.

B4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using a nitrogen-purged Thermo Fisher Nicolet iS50
instrument using a deuterated triglycine sulfate (DTGS) detector, attenuated total reflectance
(ATR) accessory with diamond-ZnSe crystal and a XT-KBr beamsplitter. Spectra for samples were
collected by dropwise deposition onto the ATR crystal using 256 scans and ambient air as
background. The instrument was controlled using Thermo Scientific OMNIC™ software, which
was also used to analyze absorbance data. Water was also characterized using an air background
and this spectra was subtracted from that of PGM solutions to remove the absorbance bands of
water and isolate PGM interactions.

OMNIC was used visualize spectra and identify peak wavenumbers, using the “Find
Peaks” feature, shown in Fig. 8.
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Figure 36. OMNIC software was used to find peak wavenumbers to identify chemical bonds

B5. Surface Tension

Surface tension data was gathered using a Dynamic Contact Angle measuring device and
Tensiometer (DCAT) 25 from Dataphysics. All data was measured at 25 °C using an 18.7 mm Du
Noly ring probe made of platinum-iridium. Data was displayed and analyzed using DCATS
software and Microsoft Excel. Between each data collection period, the probe heated over a gas-
fed flame to decompose and vaporize any sample left from the previous run.
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Appendix C: Supplementary Data

C1. Rheology Stress Sweeps

Stress sweeps were not included in the main body of work, as they were not used in a
systematic way to study PGM solution properties. They were used primarily to determine the LVR
of each solution prior to running frequency sweeps, but also serve to clear demonstrate the shear-
thinning behavior of PGM solutions. These data were collected for all samples, but the figures
below used as examples are only for the pH and Ca?* samples.

51



6-12-18 PGM W2,618, 1.0w, pH 2.16, 25C, Strain Sweep
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Figure 37. Stress sweeps of 10 mg/mL PGM solutions at pH 2.1 without and with 0.01 M CaCl;
used to find LVR demonstrate shear thinning behavior.
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6-12-18 PGM W4,618, 1.0w, pH 4.022, 25C, Strain Sweep
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Figure 38. Stress sweeps of 10 mg/mL PGM solutions at pH 4.0 without and with 0.01 M CacCl;
used to find LVR demonstrate shear thinning behavior.
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6-12-18 PGM W6,618, 1.0w, pH 5.858, 25C, Strain Sweep
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Figure 39. Stress sweeps of 10 mg/mL PGM solutions at pH 5.8 without and with 0.01 M CaCl;
used to find LVR demonstrate shear thinning behavior.
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C2. Effect of Mucin Concentration on Rheological Properties

Higher concentrations of PGM (20-60 mg/mL) were shown to increase viscoelastic
properties, but this was not examined in depth as it is not a surprising or very interesting finding.
The figure below demonstrates this finding, which is a result of increased PGM particle
interactions due to increased concentration in solution.
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Figure 40. PGM solutions at 10 mg/mL (blue) shown to have approximately 10x lower
viscoelastic properties than solutions at 20 (green), 40 (red) and 60 (brown) mg/mL.
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C3. Effect of Temperature on Rheological Properties
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Figure 41. Sample of temperature experiment performed on a sample at pH 3.9 shows little to
temperature dependence for mucin viscoelastic properties.

C4. Flat Plate Surface Tension Experiments

Surface tension experiments were performed using a Wilhelmy (flat) plate at first, but this
proved to be an issue, as the surface tension values continued decreasing after the plate was initially
lowered into the solution. This was not investigated thoroughly and the Du Notly ring method was
used instead. This may demonstrate a local shear-thinning response to the insertion of the plate or
may be a result of local electrostatic effects in the are immediately surrounding the plate.
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Figure 42. Surface tension measurement of a 10 mg/mL PGM solution at pH 2 with 0.01 M added

CacCl,.

C5. Refractive Index of Small Molecule-Doped Samples

Table 5. Refractive index of agueous PGM samples at various concentrations of PGM and

ChCL.
ChCl Sample 10 mg/mL PGM 1 mg/mL PGM 0.1 mg/mL PGM
ChClI conc. S— ChCI conc. S— ChCI conc. p—
c1 (mg/mL) g (mg/mL) g (mg/mL) g
1.40E-03 1.3341 1.40E-04 1.3327 1.40E-05 1.3325
ChCl conc. S— ChCI conc. S— ChCI conc. p—
cp  |(mgmL) g (mg/mL) g (mg/mL) g
1.40E-02 1.3340 1.40E-03 1.3327 1.40E-04 1.3325
ChClI conc. . ChCI conc. . ChCI conc. .
ca (mg/mL) g (mg/mL) g (mg/mL) g
1.40E-01 1.3341 1.40E-02 1.3327 1.40E-03 1.3325
ChClI conc. . ChCI conc. . ChCI conc. .
C6 (mg/mL) g (mg/mL) g (mg/mL) g
1.40 1.3342 0.14 1.3327 0.01 1.3325
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ChCI Sample 10 mg/mL PGM 1 mg/mL PGM 0.1 mg/mL PGM
ChCl conc. B ChClI conc. A — ChCl conc. s
C7 (mg/mL) g (mg/mL) g (mg/mL) g
13.96 1.3360 1.40 1.3329 0.14 1.3325

Table 6. Refractive index of aqueous PGM samples at various concentrations of PGM and PBA.

PBA Sample 10 mg/mL PGM 1 mg/mL PGM 0.1 mg/mL PGM

PBA conc. A PBA conc. . PBA conc. -
P1 (mg/mL) g (mg/mL) g (mg/mL) g
1.22E-03 1.3340 1.22E-04 1.3327 1.22E-05 1.3325

PBA conc. A PBA conc. e PBA conc. A
P2 (mg/mL) g (mg/mL) g (mg/mL) g
1.22E-02 1.3340 1.22E-03 1.3327 1.22E-04 1.3326

PBA conc. A— PBA conc. — PBA conc. E——
P4 (mg/mL) g (mg/mL) g (mg/mL) g
1.22E-01 1.3340 1.22E-02 1.3327 1.22E-03 1.3325

PBA conc. E— PBA conc. — PBA conc. E—
ps  |(mg/mL) g (mg/mL) g (mg/mL) g
1.22 1.3342 0.12 1.3327 0.01 1.3325

PBA conc. - PBA conc. A PBA conc. A
p7 (mg/mL) g (mg/mL) g (mg/mL) g
12.19 1.3365 1.22 1.3329 0.12 1.3325

Table 7. Refractive index of aqueous PGM samples at various concentrations of PGM and TEA.

Sample 10 mg/mL PGM 1 mg/mL PGM 0.1 mg/mL PGM
T1 TEA conc. R TEA conc. AR TEA conc. I —
(mg/mL) g (mg/mL) g (mg/mL) g
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Sample 10 mg/mL PGM 1 mg/mL PGM 0.1 mg/mL PGM
1.49E-03 1.3340 1.49E-04 1.3327 1.49E-05 1.3325

TEA conc. e TEA conc. e TEA conc. I —
T2 (mg/mL) g (mg/mL) g (mg/mL) g
1.49E-02 1.3339 1.49E-03 1.3326 1.49E-04 1.3324

TEA conc. e TEA conc. e TEA conc. I —
T4 (mg/mL) g (mg/mL) g (mg/mL) g
1.49E-01 1.3340 1.49E-02 1.3326 1.49E-03 1.3324

TEA conc. A TEA conc. T TEA conc. R
T6 (mg/mL) g (mg/mL) g (mg/mL) g
1.49 1.3343 0.15 1.3326 0.01 1.3324

TEA conc. A TEA conc. T TEA conc. R
T7 (mg/mL) g (mg/mL) g (mg/mL) g
14.92 1.3362 1.49 1.3328 0.15 1.3325
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