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ABSTRACT

Polysaccharides are an important class of biomolecules with many different biological
functions and unique properties, thus it is unsurprising that polysaccharides are heavily
researched as materials solutions in medicine and dentistry. This dissertation explores the
potential of harnessing inherent and well-understood biological properties of polysaccharides,
using chemical and materials modification techniques to create clinically useful systems for
medical and dental challenges. Engineered polysaccharides systems were prepared and
characterized, including starch nanoparticles with control of particle size, charge, loading, and
attachment of functional molecules, and glycocalyx-mimetic polymer brushes. These systems
were applied as a diagnostic aid for dental caries, as an anti-bacterial treatment, and in targeting
tumor-associated macrophages.

In the first application, fluorescent cationic (+5.8+1.2 mV) starch nanoparticles (size
101+£56 nm) were prepared to target and adhere to early caries lesions to facilitate optical
detection, test lesion activity, and monitor the impact of remineralization treatments in vitro. In
the second application, similarly designed starch nanoparticles (size 440£58 nm) were loaded
with antibacterial copper nanoparticles (6-7nm size, ~0.35% loading) to create a system which
targets bacteria electrostatically and by their enzymatic metabolic processes. This system
showed high antibacterial efficacy (3-log and 7-log bacterial reductions for S. aureus and B.
subtilis, respectively, for copper nanoparticle dose of 17 pg/ml). The final application
demonstrated high positive predictive value (>0.8 for M2 over M1) for cellular binding of
glycocalyx-mimetic mannose-coatings with M2-polarized tumor-associated macrophages, with
potential applications in cancer diagnostics and therapeutics. These examples highlight the utility

of modified polysaccharides in the design of clinically useful systems in medicine and dentistry.
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CHAPTER 1

Introduction

1.1 Background on Polysaccharides and Sugars

Carbohydrates refer to the class of biological molecules including sugars and
polysaccharides. They are thus named because the structural formula is typically
Cn(H20),, where n is a natural number, and consequently can be described as a hydrated
carbon. A variety of sugars, including glucose, sucrose, mannose, fructose, and galactose
play important biological roles and possess similar chemical structures, as demonstrated
in Figure 1-1. Polymers built upon these monosaccharides are called polysaccharides,
with some common biological examples shown in Figure 1-2, highlighting both the
chemical similarities and variability that can be created using these molecules, similar to
synthetic macromolecules. Polymer characteristics such as degree of polymerization
(DP) and molecular weight (MW), branching, copolymerization with other saccharides
and other biological molecules, and secondary interactions with other biomolecules
impart incredible flexibility into the molecular properties and biological function of

polysaccharides.
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Figure 1-1: Chemical structures of simple sugars. Slight changes in stereochemistry effect large impact in
their biological function.
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Figure 1-2: Chemical structures of various polysaccharides, highlighting the flexibility in chemical
structures and functionalities, while maintaining similar chemical framework.*



1.2 Biological Roles of Polysaccharides

Carbohydrates serve several key roles in biology, including as metabolites, as
structural support materials, and in biological interfaces as the glycocalyx. Glucose is the
predominant monosaccharide and biologically functions primarily as an easily accessible
energy currency via glycolysis and/or the Kreb’s Cycle. Both amylose starch and
cellulose are relatively simple polysaccharides that are chemically polymers of glucose

with linkages at the 1-4 carbon atoms, demonstrated in Figure 1-3.
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Figure 1-3: Difference in stereochemistry of amylose starch and cellulose.

Because glucose is a chiral molecule, the orientation of the monomers can play a
key role in function. The key difference between starch and cellulose is that the linkage
in starch is an alpha 1-4 link, with every glucose monomer aligned, while cellulose is a
beta 1-4 link, with the orientation of glucose monomers alternating. This simple
difference gives rise to very different properties, crystallinity, and biological function:

starch is primarily used by plants to store glucose molecules as an energy reserve, as the



glucose is more readily accessible by hydrolysis from starch rather than cellulose, which
makes it a choice food source; while cellulose serves a structural function, and cannot be
easily digested. While starch can be water-soluble, cellulose has limited solubility, high
rigidity, and high tensile strength, lending itself well for use in clothing (cotton),
construction materials (wood), and paper applications. Another polysaccharide, chitosan,
serves as a functional structural molecule — it forms the basis of crustacean and insect
shells, but also has non-fouling and anti-bacterial properties.? By understanding the
natural properties of polysaccharides, new applications can be discovered in medicine
and industry.

Sugar molecules have also been adopted by biological systems for functional
interfaces. The glycocalyx, literally meaning “sugar coat”, is a glycoprotein coating
which surrounds the cell membrane of bacteria and epithelial cells, as shown by the

schematic in Figure 1-4.
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Figure 1-4: The glycocalyx on the surface of cells.®*

These complex molecules contain carbohydrate, protein, and lipid molecules, and

can extend from nanometers to microns in thickness.” On a cellular scale, the
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carbohydrate portion of the glycocalyx plays an important biological role in cell-cell
recognition, cellular communication, and intercellular adhesion.® The glycocalyx
cushions the cellular plasma membrane to protect from chemical injury, and also enables
the immune system to recognize and selectively attack foreign organisms, including
cancer cells. Furthermore, this sugar brush sheaths the inner lumen of blood vessels,
acting as a shield from the shear forces from direct blood flow, while simultaneously
acting as a vascular permeability barrier. This helps to prevent coagulation and non-
specific adhesion from immune cells, such as leukocytes, which regulates the immune
response.” The glycocalyx and its properties are an interesting biological inspiration to
the design of materials that will interface with biological systems and some early work
has identified these properties can be mimicked using synthetic analogues.®*
Understanding the roles of polysaccharides in biological settings can provide
insight into desirable properties that can be manipulated towards the intelligent design of
engineered materials for clinical applications. In particular, noting the roles of
polysaccharides as key metabolites and in multifunctional biological interfaces can assist

in designing systems that harness these properties towards a clinical objective.

1.3 Use of Polysaccharides in Medical Applications

Because of their roles in biology, modifiability, and ease of availability, it is not

surprising that polysaccharides have been used in a variety of medical applications.

Polysaccharides are used successfully in drug delivery, tissue engineering, and food



applications, and several review articles and textbooks have been released on these

topics.’®*? An overview of these applications is outlined in Figure 1-5.
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Figure 1-5: Overview of the clinical applications of polysaccharides.

1.3.1 Polysaccharides in Drug Delivery

There are several different uses for polysaccharides in drug delivery applications,
including as excipients, in the composition of nano- and micro-particles, and as biological

targeting molecules for active targeting of diseased cells.



Excipients

Excipients are materials used in addition to the active component to assist with
the manufacture, administration, and pharmaceutical efficacy of a drug formulation."
For many pharmaceuticals, the appropriate dose of an active ingredient is too small for
practical consumption, and excipients can act as a bulking agent or diluent to make
dosing simpler and additionally improve long-term stability or the formulation.
Furthermore, excipients can facilitate the manufacturing process, imparting improved
powder flowability or non-stick properties, while also preventing denaturation or
aggregation of the active ingredient. Excipients can enhance the therapeutic efficacy of
the active ingredients by modifying the drug solubility and absorption, thereby impacting
the pharmacokinetics and pharmacodynamics of the formulation. Of course, in the
development of a drug formulation, it is required that all ingredients, as well as the
products of their decomposition, be identified and proven to be safe for human use.
Finally, development of novel excipients allows for patentability, and there can be
significant value in the design and application of excipients, and combinations therein,
within a formulation.

Polysaccharides have been used commercially as excipients in drug formulations
by the pharmaceutical industry for decades, in large part due to their safety, ease of

modification, and accessible supply.'**

Glucose and other sugars are useful as
sweeteners for bitter tasting drugs. Saccharides such as sucrose and lactose, sugar
alcohols like sorbitol, xylitol, and polysaccharides such as starch, cellulose, and various

modifications therein can be used as binders to provide volume and mechanical resilience

to pill formulations. Modified polysaccharides such as hydroxypropyl methylcellulose



can be formulated to act as coating, to prevent degradation of active ingredients due to
water absorption, or mask bitter flavors. Other polysaccharides are used in enteric
coatings for orally delivered formulations, which act to control the release and absorption
of active ingredients within specific regions of the digestive tract. Finally, modified
polysaccharides, including cross-linked carboymethylcellulose and modified starch

sodium glycolate, can be used to control the disintegration of tablet formulations.*

Nanoparticle Drug Delivery

Nanoparticles have emerged as novel materials which are advantageous in the
treatment and diagnosis of various diseases.”>" In particular, nanomaterials have shown
relevant properties for the targeting and treatment of cancer including: longer circulation;
modifiable surface properties; and controlled release. These result in reduced side effects
and improved therapeutic efficacy.® Various systems have been developed and are
currently used in clinical practice or in clinical trials.'® Some of these systems use
polysaccharides as the primary composition of the nanoparticulate drug delivery system

or as specific targeting molecules for a particular indication.**

Nanoparticle Composition

Many different nanoparticle compositions have been developed and studied for
drug delivery applications, including synthetic polymers, liposomes, inorganic materials,
and biobased polymers, including proteins or polysaccharides.”>*"*® Some examples of
more successful polysaccharides in drug delivery include chitosan,?® cyclodextrin,?* and

22,23

acetal detxtran, with examples of these chemical structures shown in Figure 1-5.
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Figure 1-6: Chemical structures of polysaccharides used in drug delivery applications and the reaction to
prepare and degrade acetal dextran.2%#+2*

For each of these systems, success has been found when harnessing the innate
biological properties of the polysaccharides within the design of the material. Chitosan is
a polysaccharide which forms the structure of shells of insects and crustaceans, and has
been successfully used to prepare modifiable nanoparticles capable of loading a variety of
drugs for multiple different indications.?®*> Some of the biological properties of chitosan
which are beneficial in drug delivery applications include sensitivity and degradation at
low pH,”® useful for triggerable degradation in acidic media, hydrophobicity,??’
beneficial in the loading of hydrophobic drugs, and innate resistance to fouling by

20,28

proteins, useful in decreasing non-specific clearance of prepared nanomaterials by the



immune system. Cyclodextrins (CDs) are interesting polysaccharides which are ring-
shaped oligomers of sugars, which have a unique structure with a hydrophobic core
capable of loading hydrophobic drugs as host-guest complexes, and a hydrophilic

21

modifiable exterior.”~ When loaded with a hydrophobic drug, CDs are capable of self-

assembly into larger nanoparticles, and can thus take advantage of certain size-specific

advantages.?**

Primarily lead by Mark Davis (CalTech), a formulation using CDs
loaded with Camptothecin is currently in clinical trials,** and additional work has
explored loading siRNA for gene knockdown therapy.*> As a more recently developed
polymer, acetal dextran, as prepared by the reaction scheme shown in Figure 1-5,% is a
modification of dextran, a polysaccharide produced by bacteria that is similar to starch,
but not digestible by humans. Dextrans are used clinically primarily as osmotic agents as
highly hydrophilic non-degradable polymers.®®  Acetal-modified dextrans are
hydrophobic at neutral pH, but revert to their original hydrophilic state upon exposure to
an acidic environment. This pH-sensitive degradation facilitates targeted release of
hydrophobic drugs within a tumor microenvironment,® areas of inflammation,® or
within cellular endosomes.?® One potential advantage using these polymers in drug
delivery vehicles is their high osmotic potential which may facilitate endosomal escape,
leading to improved therapeutic efficacy.** Due to their availability as plant-derived
commodity resources, cellulose and starch have found some use in the preparation of
drug-delivery vehicles, with more work focusing on cellulose.® Starch will be examined

more closely later in this chapter. As emphasized in the examples of chitosan,

cyclodextrins, and acetal dextran, specific advantages can be obtained by harnessing
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particular biological properties of these molecules towards the development of clinically

useful drug delivery platforms.

Targeting molecules

Saccharides are also used in drug delivery as targeting molecules, because of the
ability of these biomolecules to interact specifically with proteins found naturally in
biology. A significant targeting application has been with mannose, or the polymeric
mannan, which bind specifically the mannose receptor (CD206). The mannose receptor
is over-expressed on inflammatory macrophages, and consequently is an appealing target
for inflammation in the context of cancer,* cardiovascular disease,®” diabetes,® and other
illnesses.*® Mannose and/or mannan have been attached to a variety of nanoparticles and
therapeutics for various applications, and specific applications will be examined more
closely in Chapter 5.2 Similarly, due to over-expression of glucose binding lectins,
glucose has also been used as a targeting molecule for cancer® and also to facilitate
permeability of drugs across the blood-brain-barrier, disguising the drug as a potential

metabolite for resource-hungry cells.***

Fucoidan is an interesting polysaccharide
material which is derived from brown seaweed, with the structure shown in Figure 1-6.
This polysaccharide has been shown to target and facilitate extravasation across inflamed
vasculature, which can naturally target cancer or other indications, and can be activated

4649 additional research has

synergistically by precisely targeted radiation treatment.
suggested that coating nanoparticles or other surfaces with saccharide-based molecules
acts similar to the cellular glycocalyx in creating a non-fouling hydrophilic water shield

which prevents non-specific protein adsorption, thus improving the biocompatibility of
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the substrate material.>®

In these examples, specific bio-interactions of the used sugars
and polysaccharides are beneficial in their clinical utility. Understanding these

interactions can guide the design of novel materials for clinical applications.

HO.S0O

Figure 1-7: Chemical structure of fucoidan, a polysaccharide derived from seaweed. The sulfate
functionalities facilitate specific binding to biological receptor molecules.*®

1.3.2 Polysaccharides as Functional Foods and Nutriceuticals

Polysaccharides are a significant food source for humans and other animals
because of their role in glycolysis and the Kreb’s cycle, and even undigestible
polysaccharides are beneficial to the digestive process, facilitating peristaltic transport of
waste.>> Beyond simple variations of glucose for their base nutritional value, some
polysaccharides have been found to have additional health benefits when incorporated in
food, and this has been used by humans for centuries.®® Functional foods are foods
enriched with functional components that offer medical and physiological benefits, while
nutriceuticals are bioactive materials that can be derived from foods to be used
specifically as medicines.”® Many unusual polysaccharides are derived from marine

sources such as seaweed or fungi, which result from adaptation to harsh environmental
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conditions to use different metabolic pathways, store ions and vitamins, and protect
against oxidative stress.”*>> For example, carageenan, which is a polysaccharide derived
from macroalgae, is often used to assist with gel formation and coatings in the meat and
dairy industries, but has also been linked to anti-viral activity and anticoagulant
properties.®® Chitin and chitosan are used as gelling agents and edible protective films,
but also function like dietary fiber and help reduce lipid absorption, while demonstrating
bactericidal and fungicidal properties.® Fucoidan, discussed earlier, has shown benefits
as a standalone nutraceutical in reducing oxidative stress.*® Polysaccharides derived from

5257 and further

mushrooms are used clinically in the treatment of certain cancers,
demonstrate immunomodulating, antimicrobial, hypocholesterolemic, hypoglycemic and
health-promoting properties.”® Similarly, intake of dietary fiber has been linked to
improved outcomes in patients with coronary heart disease,> and intake of
glycosaminoglycans has been studied as a treatment for arthritis®® and inflammatory
bowel disease.® These examples identify the potential to harness the specific properties

of a wide range of polysaccharides to be used for medical benefit, even without

additional engineering design.

1.4 Starch Nanoparticles (StNPs)

Starch is one of the most abundant biopolymers in the world, and is a critical part
of the human diet. For use in many different food and industrial applications, starches

from a variety of different feedstock have been used and chemically modified to obtain
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useful properties. Nevertheless, preparing starch nanomaterials is challenging because
starch polymers are crystalline in their native form and exist as granules on the order of
tens of microns. To decrystallize the polymer, the starch is usually cooked at high
temperatures, however upon cooling the polymer retrogrades and forms a gel.®* To

create a colloidal starch, chemical modifications are used to disrupt the crystallinity of the

61,62 60,63

polymer, possibly by acidic or enzymatic hydrolysis, or chemical cross-linking.
EcoSphere® starch nanoparticles (StNPs) are a commercially available starch-based
nanoparticle with particle size ranging from 50-200 nanometers produced by a reactive
extrusion process.** With the process of extrusion, high amounts of heat and mechanical
force are applied to starch granules in the presence of aqueous solvent to disrupt the
crystalline structure. Addition of cross-linking agents, such as dialdehydes, results in a

dry agglomerate extrudate, which when dispersed into water or other appropriate solvent

becomes a nanoparticle colloidal dispersion.?*®® Other prepared starch nanoparticles can

67-69 67,70,71

be made using emulsion, nano-precipitation, and electrospray® techniques,

often incorporating cross-linkers such as citric acid,®® hydrophobic grafted polymers,®

sodium trimetaphosphate,’® or dialdehydes.”® Most of these materials are used in

60-62,65,72,74

composites, though some research has explored release applications in

agriculture”™ and medicine 5769737679

1.5 Starch Nanoparticles for Drug Delivery
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While StNPs are used commercially as a replacement for synthetic latexes in the

paper and composotie wood industries,®*®

these nanoparticles are interesting as a novel
drug delivery system. Initial research by EcoSynthetix and Duke University successfully
encapsulated a number of toxic anti-cancer drugs, demonstrating sustained release
performance.*® Using StNPs it is possible to encapsulate fluorescent compounds,
including the anticancer agent doxorubicin, using a phase inversion method.
Doxorubicin was successfully loaded into StNPs, validating a phase separation method
using lyophilization for loading small molecules. The release profile could be followed
using a fluorescence technique and demonstrated a biphasic release profile. Similar
studies were performed by Xiao et al. using starch particle prepared using emulsions to

379 Animal studies conducted in

release doxorubicin with similar release Kinetics.
collaboration with Duke University Cancer Center demonstrated a 30% increase in
survival for athymic mice with glioblastoma multiform tumors treated with doxorubicin-
loaded StNPs relative to the appropriate controls. The key aspect of this initial success is
thought to be due to the size of the starch nanoparticles and the ability of the drug-loaded
particles to enter the cancer cells. Continued research at the University of Waterloo
validated the functionalization and attachment of DNA aptamers to StNPs, as shown in
Figure 1-8(a), to impart the ability for specific targeting and uptake of the nanoparticles
by cancer cells as demonstrated in the confocal microscopy images in Figure 1-8(b).%°
This resulted in nearly doubling the cell-killing efficacy of loaded doxorubicin, as shown

in the results of an LDH assay, in Figure 1-9. Similar concepts were shown by attaching

folate to starch nanoparticles.””  More recent research has identified the benefits of
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hydrophobic modifications to starch nanoparticles to facilitate drug loading and also
explore alternative routes of administration for drug delivery, including trans-nasally’’

and trans-dermally.®”®

Finally, incorporating poly-L-lysine with starch has been
explored for gene delivery in vitro.”® These results begin to identify the potential of using
StNPs as a modifiable platform for medical applications, and the continued work in this
dissertation looks to build upon these principles by more specifically looking at the

biological roles and interactions of starch and harnessing these to address clinical

problems.

Free DNA Conjugated

Control

AS 1411

A .
\ﬁ_l

AS1411
Figure 1-8: A) Validation of attachment of single-stranded DNA aptamer to starch particles by
polyacrylamide gel electrophoresis. The stained unattached DNA moves freely to the bottom in channel 1,
but the StNP-bound DNA (yield ~60%) in channel 2 remains trapped at the top. B) Confocal microscopy
images showing nucleus stain (blue), actin stain (green), and fluorescent nanoparticles (red). Particles

targeted with the AS1411 DNA aptamer showed specific uptake into HelLa cervical cancer cells, while
untargeted particles (control) showed no uptake.*
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Figure 1-9: Results from an LDH toxicity assay on HeLa cells exposed to modified StNPs for 24 hours.
Non-loaded StNPs (EcoSphere) showed no toxicity, however doxorubicin-loaded targeted particles doubled
the efficacy of cell killing for the equivalent doxorubicin dose.*

1.6 Objectives of This Work

Polysaccharides are important biomolecules with a great range of properties and
functions. These molecules play critical roles in biological systems as a biological
energy currency, in the cellular glycocalyx affecting cellular surface properties and
interactions, and structural functions in plants and animals. There is a large body of
research exploring the use of polysaccharides in medicine, including in drug delivery,
tissue engineering, and food applications, which has resulted in key clinical
improvements, but there remains potential for further work in this field. The hypothesis
of this thesis is that the unique properties of polysaccharides can be harnessed for specific
medical and dental applications, and the following chapters will explore the preparation

and modification of several polysaccharide nanomaterial systems for use in diagnosing
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dental caries, providing targeted bactericidal delivery, and targeting cancer cells, towards

three aims:

Aim 1: Polysaccharide are well-suited for various modifications and processing
techniques that allow them to be prepared and functionalized for medical and dental
applications. Building on the significant work already known, we can chemically modify
polysaccharides to impart unique functionality, and process these as nanomaterials to

engineer and design practical solutions for clinical challenges in medicine and dentistry.

Aim 2: The natural enzymatic degradation of polysaccharides can be harnessed to
control the breakdown of nanoparticles for diagnostic and therapeutic applications.
After modification of polysaccharides to create new functional nanomaterials, the
inherent properties of the original material can still be maintained. The ability of these
materials to interact with particular enzymes to be degraded allows for specific targeted
degradation strategies in the design of a diagnostic for dental caries and an antibacterial

therapeutic.

Aim 3: The specific bio-interactions of polysaccharides can facilitate targeting of
eukaryotic or prokaryotic cells.  Similar to the cell glycocalyx, engineered
polysaccharide systems can interact with biological molecules and can have specific
interactions with prokaryotic and mammalian cells. In particular, mannose brushes and

cationic starches show high affinity for cancer cells and bacteria, respectively.
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CHAPTER 2

Chemical Modification & Preparation of Polysaccharides
The material in this chapter has been partially adapted with minor modifications from the
following articles:

(1) N.A. Jones, S. Chang, W.J. Troske, B.J. Clarkson, J. Lahann. “Nanoparticle-

based targeting and detection of microcavities”, Advanced Healthcare Materials,
2017, 6(1), 160883.2

(2) N.A. Jones, U. Kadiyala, B. Serratos, S. van Epps, J. Lahann, “Amylase-
Responsive Antibacterial Nanoparticles”, In preparation.

(3) R. Kumar, N.A. Jones, N. Habibi, J. Zarif, K. Pienta, J. Lahann. “a-Mannose
functionalized polymer brushes for the isolation of M2-polarized associated
macrophages”, In preparation.

2.1 Motivation and Background

Polysaccharides are a broad class of bio-based materials and have been used in
many different industries and applications. Many of the properties of naturally occurring
polysaccharides are desirable for medical and dental applications, including their
hydrophilicity and water-solubility; biodegradability by natural biological processes; non-

toxicity; and specific bio-interactions.™ A wide variety of polysaccharide chemical
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modifications have been well-studied because of the abundance of these materials,
particularly starch and cellulose, with applications in medicine (pharmaceuticals and
cosmetics), commodity industrial products (e.g. paper & board, fermentation for the
production of amino acids, organic acids, enzymes and yeast, for surfactants,
polyurethanes, resins, and in biodegradable plastics, in the construction industry for
concrete admixtures, plasters and insulation, as well as in oil drilling, mineral and metal
processing, etc.), and consumer products (e.g. textiles and widespread food applications
including human and animal food products, beverages, etc.). However, additional niche
properties may be desired for particular applications and modification of naturally
occurring polysaccharides allows for control of particle size, charge, attachment of
functional molecules such as fluorophores or biological targeting, and manipulation of
drug-loading and release kinetics. In this chapter we explore the application and
characterization of various chemical and material modifications of polysaccharides to

prepare these materials for potential medical and dental applications.

2.2 Experimental Methods

2.2.1 Materials

Starch nanoparticles were provided by EcoSynthetix Inc. (Burlington, ON,
Canada). Tetramethylpiperidinenitroxide (TEMPO), sodium bromide, sodium

hypochlorite, glycidyltrimethylammonium chloride (ETA), fluoresceinamine isomer 1, 1-
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ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), FITC-Dextran
(10K mol. wt.), fluorescein sodium salt, poly(ethylene glycol) diglycidyl ether, and a
Tox8 cell viability assay were used as purchased from Sigma Aldrich, USA. Isopropyl
alcohol, sodium hydroxide, ethanol, N-hydroxysuccinimide (NHS) were purchased from

Fisher Scientific.

2.2.2 Chemical Modification & Functionalization of Starch Nanoparticles

Cationization of Starch Nanoparticles

Starch nanoparticles were modified to be cationic according to a variation on the
procedure shown in Huang et al.®” Seven grams of starch nanoparticles were dispersed at
0.07 g/ml into 100 ml of 0.01 g/ml sodium hydroxide in deionized water. To this
dispersion, 3 ml of isopropyl alcohol and 4.3 g (1:2 moles based on glycosidic repeat
units of starch) of glycidyltrimethylammonium chloride (70% purity) were added, and
allowed to mix for one hour. The mixture was then heated to 75 °C and left overnight,
prior to precipitation in anhydrous ethanol and centrifugation, followed by lyophilization,

yielding cationic starch nanoparticles (StNP-2)

TEMPO Oxidation of Starch Nanoparticles

Starch nanoparticles were oxidized according to a modification of the procedure
described in Kato et al.® Briefly, a 100 ml 0.05 g/ml (5 g or 0.03 mol) dispersion of
nanoparticles in deionized water was mixed with a 100 ml aqueous solution containing
0.048 g of TEMPO (0.3 mmol) and 0.635 g of sodium bromide (6.2 mmol). The mixture

was cooled in an ice bath, and the pH value was adjusted above 10.0 by titrating with a
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10% sodium hydroxide solution. Next, 20 g of an 11% sodium hypochlorite solution (1:2
molar ratio to starch nanoparticles) were slowly added to the mixture, while maintaining
a pH value above 10.0. The reaction was continued overnight and the product was
precipitated in ethanol and separated by centrifugation, followed by lyophilization to

isolate the oxidized starch nanoparticles.

Preparation of Zwitterionic Starch Nanoparticles

Zwitterionic Starch Nanoparticles can be prepared by combining the cationization
and TEMPO oxidation reactions on the same batch of nanoparticles. As the TEMPO
oxidation is specific to the C6 hydroxyl of the starch structure, but the cationization
reaction is able to modify any of the starch hydroxyls, these reactions are semi-
orthogonal. The experimental protocol for preparation of zwitterionic nanoparticles
involved running the TEMPO oxidation protocol on cationic starch nanoparticles,

collected after the cationization reaction and purification.

Functionalization of Carboxylated Starch Nanoparticles via EDC/NHS Coupling
EDC/NHS coupling reactions are well-documented as a means of covalently
linking molecules containing primary amines (-NH,) to molecules containing carboxyls (-
COOH) in non-harsh aqueous conditions. Both the oxidized starch nanoparticles and the
zwitterionic starch nanoparticles contain carboxyl functionalities which allow for use of
this chemistry to add additional functionality to the particles via any amine-modified
functional molecule. For example, to create fluorescently-labelled starch nanoparticles,

the following protocol was used, modified from Fischer.®® Two grams of oxidized
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nanoparticles were dispersed in a 20 ml solution of 0.1 M MES, 0.5 M NaCl buffer. A
10-fold molar excess of EDC was added (0.2 g) and allowed to mix for 20 minutes,
followed by the addition of a 1.5-fold mass excess of NHS (0.3 g). A 20 ml solution of
0.1 M PBS, 0.15 M NaCl was added to raise the pH above 7. Fluoresceinamine was
added at a 1:75 molar ratio (0.05 g) to the oxidized starch glycosidic units, and allowed to
react for 2 hours. The particles were precipitated in ethanol, separated by centrifugation,
and lyophilized, yielding fluorescein-labeled starch nanoparticles. Depending on the
initial starch particles used (zwitterionic StNP-3, or anionic StNP-5), the final particles
are fluorescent cationic starch nanoparticles (StNP-4) or fluorescent anionic starch

nanoparticles (StNP-6).

2.2.3 Chemical Characterization of Modified Starch Nanoparticles

Fourier Transformed Infrared (FTIR) Spectroscopy

Fourier Transformed Infrared (FTIR) spectroscopy was performed using a
Thermo Scientific Nicolet 6700 instrument. Samples were prepared by spin coating a 1%
by mass dispersion of modified starch nanoparticles onto a gold-coated silicon wafer,

followed by vacuum drying for 24 hours. 128 scans were collected for each sample.

Nuclear Magnetic Resonance (NMR) Spectroscopy
H’ Nuclear Magnetic Resonance (NMR) analysis was performed using a Varian

MR400 instrument. Samples were dispersed in D,O at approximately 5% by mass solids
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and resonance peak positions and integrations were compared to results from the

literature.®

X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was run on lyophilized dry starch
nanoparticle powder samples using an Axis Ultra X-ray photoelectron spectrometer
(Kratos Analyticals, UK), equipped with a monochromatized Al Ka X-ray source at a

power of 150 KW.

2.2.4 Characterization of Modified Starch Nanoparticle Physical Properties

Starch nanoparticle samples StNP-1 - StNP-6 were dispersed in 0.01M phosphate
buffered saline solution at 2.5x10™ g/ml and analyzed by zeta potential and dynamic light
scattering (DLS) analysis using a Malvern ZetaSizer, and Nanoparticle Tracking Analysis
(NTA) using a NanoSight NS300. All samples had a pH of 7.4 and were measured at
25°C. The zeta potential measurements were conducted by inserting 1 ml of the
dispersed nanoparticle formulations into a folded capillary cuvette and run using a
standard protocol on the Malvern ZetaSizer, involving three repeat measurements to
ensure repeatability. DLS measurements were performed by inserting 1 ml of the
dispersed nanoparticle formulations into a polystyrene cuvette and running a standard
protocol on the ZetaSizer. NTA size measurements were performed by injecting the

sample into the flow chamber and completing three 30 second video measurements,
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leading to a cumulative of thousands of individual particle size measurements for each

sample condition.

2.2.5 Electrohydrodynamic (EHD) Jetting of Starch Nanoparticles

EHD jetting was performed on starch nanoparticles using the conditions detailed
in Table 2-1, showing variations of the polymer solution concentration, modifications of
starch nanoparticles, and addition of a secondary solvent to water to affect the viscosity
and surface tension of the solution. Jetting distance was maintained at 10 inches from
needle to collection plate, and voltage was optimized for each incident of jetting, but

typically was in the range of 12-15 kV.

Table 2-1: Jetting conditions for starch nanoparticles

Trial | Starch Nanoparticle | StNP concentration (mass percent) | Solvents

A Unmodified (StNP-1) | 5% 80/20 Water/Ethanol
B Unmodified (StNP-1) | 10% 80/20 Water/Ethanol
C Unmodified (StNP-1) | 15% 80/20 Water/Ethanol
D Cationic (StNP-2) 5% 80/20 Water/Ethanol
E Anionic (StNP-5) 5% 80/20 Water/Ethanol

Scanning electron micrographs of jetted particles were collected using an Amray
1910 Field Emission Scanning Electron Microscope with a voltage of 5 kV and a beam
current of 0.34 nA. From these images, particle size was measured using ImageJ image
analysis software.
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2.2.6 Cross-Linking of Jetted Starch Nanoparticles

To prevent fracture upon dispersion of EHD-jetted nanoparticles in water, a
poly(ethylene glycol) diglycidyl ether (PEGDGE) cross-linker was added into the jetting
solution. Initial cross-linking was validated macroscopically using a 10% by mass
solution of unmodified, cationic, or anionic starch nanoparticles and adding diepoxide
relative concentration of 10, 20 and 30% by mass relative to starch. Samples were left at
22 °C, 37 °C, or 45 °C, and monitored periodically for relative viscosity and qualitative
gelation as evidence of cross-linking. Optimized cross-linking conditions from this
experiment, as detailed in the discussion and Figure 2-7 and Figure 2-8, were applied to
EHD jetted particles resulting in no significant variation in particle size and morphology.
Validation of the particle stability following curing was performed by examining SEM

micrographs with particles exposed to water.

2.2.7 Evaluation of Modified Starch Nanoparticle Cellular Toxicity

Starch nanoparticle samples StNP-1 — StNP-6 were evaluated for cellular toxicity
with a TOX8 (Resazurin based) assay on HelLa cells. The assay was performed
according to manufacturer's instructions with appropriate controls. Cells were seeded in
96 well microtitre plates (1 x 10* cells/200 pl growth medium/well) followed by
overnight incubation. Supernatants from the wells were aspirated out and fresh aliquots
of growth medium (containing StNP in desired concentrations in the range of 0.1-10

mg/ml) were added. After 2 hour incubation time, supernatants were aspirated out and
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the cell monolayers in the wells were washed with 200 uL. PBS (0.1 M, pH 7.4).
Subsequently, TOXS8 reagent (20 pl) was added in each well, incubated for 3 h and
fluorescence was recorded at a wavelength of 590 nm using an excitation wavelength of
560 nm using the plate reader, allowing for calculation of cell viability for each well.

Each concentration was evaluated in triplicate to assess experimental variability.

2.2.8 Preparation of Mannose Brush Polymers

2’ Acrylamidoethyl-a-d-mannopyranoside was prepared by Domenic Kratzer and
Ramya Kumar of the Lahann Lab.®* The chemical structure of this product and a
schematic of the brush structure following surface-initiated atom transfer radical

polymerization (SI-ATRP) is shown in Figure 2-1.
o
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Figure 2-1: (A) 2’-acrylamidoethyl-a-d-mannopyranoside is a polymerizable acrylate with a mannose
pendant molecule, capable of being used to prepared mannose brushes. (B) Schematic of sugar brush
polymer coating prepared by SI-ATRP. (C) Schematic of sugar monolayer. Chemicals prepared by Ramya
Kumar and Domenic Kratzer.*
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2.3 Results and Discussion

Chemical Modification and Functionalization of Starch Nanoparticles

The chemical modification of starch nanoparticles followed the approach outlined
in Figure 2-2. The cationic reaction was performed first to effectively modify free
hydroxyl groups to make the starch cationic, followed by the TEMPO oxidation of
remaining hydroxyl groups. Following the steps shown in Figure 1, cationic (StNP-2),

anionic (StNP-5), and zwitterionic (StNP-3) particles were prepared.

HO \ HO \
HO \N+- NF— Nt —
H CH EDC/NHS

OH >Ha i q g g
%L 5_55 g/\'ﬂ*CHg Cl 0 OH . COOoH Fluorescein .
; CHa = TEMPO, NaBr, NaClO / -amine /

> / > - —

P ; IPA, NaOH ¥ ; 0°C, 24 hr ‘ ; 25°C, 2 hr : ;

759, 24 hr 1
StNP-1 StNP-2 StNP-3 StNP-4

NaClO Fluorescein
-amine

| TEMPO, NaBr, COOH EDC/NHS,

0°C, 24 hr 25°C, 2 hr

StN-P—S StNP-6
Figure 2-2: Chemical reaction scheme for preparation of starch nanoparticles. Unmodified particles
(StNP-1) underwent cationization to prepare cationic particles (StNP-2). TEMPO oxidation on cationic
particles (StNP-2) and unmodified particles (StNP-1) yielded zwitterionic particles (StNP-3) and anionic
particles (StNP-5), respectively. EDC/NHS chemistry was performed on particles (StNP-3) and (StNP-5)
with fluorescein amine to yield cationic fluorescent (StNP-4) and anionic fluorescent (StNP-6) StNP
particles, respectively.®
FTIR Characterization of Modified Starch Nanoparticles

FTIR spectra of these particles are shown in Figure 2-3. All samples share
characteristic bands of a starch backbone, including (C-O) stretching bands at 1154 cm™,
1121 cm™, and 1017 cm™, (CH) stretching bands at 2926 cm™, and a broad (OH)

vibration band centered around 3414 cm™. There are increased bands at 2932 cm™ (CH
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alkane), 1450 cm™ (CH alkane), and 1390 cm™ (CH aldehyde) and the appearance of new
bands at 2830 cm™ (CH aldehyde), 1720 cm™ (C=0 aldehyde), and 1493 cm™ (C-N).
These results are consistent with previously reported data on similar reactions.?®®%® The
IR spectrum of anionic StNPs indicates a sharp increase of the bands at 1710 cm™ (C=0
carboxyl) and 1422 cm™ (-COOH). The zwitterionic StNPs show evidence of all of these

bands, suggesting the presence of both carboxyl and cationic functional groups.

CH (3000-2695 cm™) C=0 (1740-1650cm™?) CH (1450-1380cm?)
StNP-1
StNP-2
I I 1
StNP-5
StNP-3 A
— "R
/ \ - //\_~ » L~ | J .‘.\_\
—= — — — T i

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Figure 2-3: FTIR spectra for unmodified (StNP-1), cationic (StNP-2), anionic (StNP-5), and zwitterionic
(StNP-3) starch nanoparticles. Regions of interest for C-H and C=0 peaks are highlighted.®*

X-ray Photoelectron Spectroscopy Analysis of Modified Starch Nanoparticles
XPS was performed to confirm the cationization of the starch nanoparticles, with

results as shown in Table 2-2.

29



Table 2-2: X-ray Photoelectron Spectroscopy results for unmodified and modified starch nanoparticles,
highlighting the efficiency of the cationization reaction by analysis of nitrogen content. Theoretically
predicted values are shown in brackets.®

StNP-1 (Unmodified) StNP-5 (Anionic) StNP-2 (Cationic) StNP-3 (Zwitterionic)

0 (532¢eV)  36.4% (45.5%) 31.7% (50%) 31.4% (31.6%)  26.3% (38.7%)
C(285eV)  63.3% (54.5%) 59.7% (50%) 65.7% (63.2%)  56.5% (58.1%)
N (401eV) 0% (0%) 0% (0%) 1.5% (5.3%) 2.0% (3.2%)
Na (1071 eV) 0% (0%) 3.9% (0%) 0.4% (0%) 2.9% (0%)
CI(198eV) 0% (0%) 4.7% (0%) 0.3% (0%) 7.1% (0%)

The unmodified (1), anionic (5), cationic (2), and zwitterionic (3) starch
nanoparticles were analyzed by XPS to determine the chemical composition, in particular
examining the presence of Nitrogen which is unigue to the cationic functional group, as is
common in the literature for analysis of starch cationization.®”*®"* Results shown indicate
the measured atomic percentage of Oxygen, Carbon, Nitrogen, the theoretical expected
maximum (in brackets) and the detectable most common impurities Sodium and
Chlorine, resultant from the presence of these chemicals in both the oxidation and
cationization reactions. It was noted that nitrogen was not detectable in the unmodified
and anionic StNP samples, but was present in the cationic and zwitterionic StNP samples
on the order of 1.5-2.0 atomic percent, which corresponds to a DS of approximately 0.28,
consistent with similar studied reactions for highly cationic starch (ranging from 0.22-
0.35).%% Starch cationization is a commonly used reaction in industrial settings for food
and textile applications,® and particularly in wet-end paper manufacturing due to
desirable electrostatic interactions with anionic cellulose fibers and fillers. Thus, there is
a wide body of work exploring nuances of reaction methodologies to control and
optimize starch cationization reactions using batch® and continuous extrusion methods.”

The DS could conceivably be stretched further using techniques in Pi-Xin et al.,?® and
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future studies can examine how the modification of particle charge impacts the ability of

the particle to adhere to carious lesions.

TEMPO Oxidation of Starch Nanoparticles
To characterize the TEMPO oxidation reaction, "H NMR analysis was performed

and shown in Figure 2-4.

0%

1

"6 ppm =5 ppm

Figure 2-4: (*H-NMR results for TEMPO oxidation reaction, showing the peak shift corresponding to
conversion of the C6” hydroxyl to a C6” carboxyl (5.2->5.4ppm) with increasing amount of added sodium
hydroxide (percentage on left)).*

Common methods for the oxidation of starch typically involve degradation of the
ester backbone to create carboxylic acids.2> These methods are destructive of the starch
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chemical structure, and reduce molecular weight. In the modification of starch derived
from granules, where the polymers have incredibly high molecular weight and are
protected by the crystalline granule structure, these oxidation methods are acceptable,
however in the controlled modification of starch nanoparticles, this is undesirable.
Consequently, we explored the use of tetra-ethoxy-methyl-piperidine (TEMPO) as an
oxidizing agent, using reaction schemes previously published by Kato et al.®* This
reaction offers several advantages over standard starch oxidation techniques. First, the
oxidation is an additive chemical reaction compared to destructive. This allows for
preservation of the molecular weight of the polymer, which is critical to the integrity and
particle size of starch nanoparticles. Second, the oxidation is specific to the C‘6 hydroxyl
of the starch, because of steric hindrance of the TEMPO oxidant. This controls the
reaction to allow for stoichiometric substitution, and consequently more precise control
of the number of functional carboxyls, depending on the reaction conditions, which is
highly desired for the preparation of modified nanoparticles. Starch nanoparticles were
modified by TEMPO oxidation, and *H-NMR results were measured for increasing
amounts of added sodium hydroxide, shown as a percentage, with 100% corresponding to
a 1:1 molar ratio of NaOH : starch glucose units. This allowed for a determination of the
Degree of Substitution (DS) for the reaction by noting the peak shift of the C’6 hydroxyl
to a C’6 carboxyl, from 5.2->5.4 ppm. Measuring the relative peak integrals determined
that a maximum DS of approximately 55% was obtained. This reaction is limited from
possibly reaching full conversion because of the cross-linking and branched nature of the
starch, resulting in fewer chemically and sterically available C’6 hydroxyls.

Furthermore, as discussed by Kato,®? small levels of C’6 aldehyde or hemiacetal
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intermediates can be formed, which explain the additional peaks visible in the *H-NMR

spectra.

Characterization of Starch Nanoparticle Physical Properties
In addition to the chemical analysis, physical particle analysis was also performed
on these samples, including particle size analysis by NTA and DLS, as well as zeta

potential measurements (Table 2-3).

Table 2-3: Particle size and zeta potential results for modified StNPs. Size was measured by intensity-
weighted dynamic light scattering and number-weighted nanoparticle tracking analysis.®*

Zeta Potential DLS Size (Intensity- NTA Size (Number-

SINP Sample [mV] weighted) [nm] weighted) [nm]
(Sl.tl’r\llri-oldified) -0.6+1.0 53+ 23 41+ 28
(SAt:z;‘?C) -30.5+ 3.0 90 + 76 24+ 17
(S,:\Eliz;m?c Fluorescenty ~ 0523 36+32 45 £ 33
(Sctﬁg’(;ﬁic) +22.7+1.3 35133 20411
(Szt\,'\\',;'esrionic) +8.2+2.0 250 + 110 101 + 33
SINP-4 +5.8+1.2 209 + 110 101 + 56

(Cationic Fluorescent)

Variation in particle size between NTA and DLS occurs, because NTA provides a
number-weighted measurement, while DLS provides an intensity-weighted measurement
of particle size. Consequently, DLS measurements of polydisperse or aggregated
samples will report larger diameters than the NTA measurements of the same particles.®’

The NTA particle size distributions are shown in Figure 2-5.
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Figure 2-5: Particle size distribution of modified StNPs, measured by Nanoparticle Tracking Analysis.
StNP-1: Unmodified; StNP-2: Cationic; StNP-5: Anionic; StNP-3: Zwitterionic; StNP-6: Anionic

Fluorescent; StNP-4: Cationic Fluorescent.®

Initially, unmodified StNPs (StNP-1) showed a particle size of 41 nm and
negligible charge. After TEMPO oxidation (StNP-5), particle charge decreased to -30.5
mV and average particle size decreased to 24 nm. The subsequent reaction with
fluorescein via the EDC-NHS reaction reduced the particle charge from -30.5 to -9.3 mV
to result in anionic fluorescent StNPs. In a separate preparation, after cationization
(StNP-2), the average particle size decreased to 20 nm and the charge increased to +22.7
mV. For both anionically and cationically modified StNPs a decrease in particle charge
was expected because of the addition of charged modalities on the particle surface, which
inhibit aggregation, resulting in an overall decrease in average particle size. When both
reactions were combined through TEMPO oxidation of the cationic StNPs zwitterionic

particles were prepared, and the average particle size increased to 101 nm corresponding
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with an increase in PDI and particles showed a moderate net cationic charge of +8.2 mV.
This can be explained due to the interaction of alternately charged groups present on the
surface of the particles resulting in aggregation, increasing the average particle size and
the breadth of the size distribution. The subsequent reaction with fluorescein via the
EDC-NHS reaction reduced the particle charge from +8.2 to +5.8 mV, and appeared to

have no significant impact on particle size.

EHD Jetting of Starch Nanoparticles

The Lahann Lab has used electrohydrodynamic (EHD) jetting as a method to

prepare polymeric fibers and particles of sizes ranging from nanometers to microns.2®*

This method can be modified using co-jetting, allowing for the preparation of particles or

fibers with two or more distinct compartments, which promises to be a robust

technological platform for imaging and therapy in medical and dental applications.®*%%3

With each jetting needle, precise control of the loading with a desired amount of an
imaging modality or therapeutic can be encapsulated in a polymer matrix of choice. For

each compartment, the degradation rate can thus be set independently of the other

24,92,94,95

compartments. This technology allows for control of particle and fiber

89,96,97

properties, including formation of multi-compartmental particle geometries which

94,98

enable independent control of key parameters, such as chemical composition, surface

24,92,93,95,101,102 103-105 24,89,90 for

functionalization,***® biological loading, shape, and size

each hemisphere of the particle or fiber, and can produce a wide range of multifunctional

therapeutic carriers,290:92.9.102.106
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EHD jetting was performed using StNPs to control particle size, morphology,
drug loading, and add additional functionalities to the particles. Initial tests using StNP
dispersions in water were unsuccessful as the solution tended to drip resulting in minimal
production of particles. Ethanol was substituted into the solutions up to 20% by volume
to lower the surface tension, resulting in less dripping and more stable jetting which
yielded nanoparticles. Examples of EHD StNP particles as jetted are shown in Figure 2-

6 for increasing StNP concentrations in the jetting solution.

Jetting Recipe Description Particle Size (nm)
A) 5% StNP 152 £ 54

B) 10% StNP 524 + 203

C) 15% StNP 385 + 153

D) 5% Anionic StNP 102 £ 35

E) 5% Cationic StNP 110 £45

Figure 2-6: Scanning Electron Micrographs of EHD jetted starch nanoparticles for conditions described in
table, with particle size measurements.
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Generally, increasing the StNP concentration in the jetting solution increased the
average particle size, a result previously reported by the Lahann Lab for other polymer
systems.®®  Furthermore, recipes formulated with charged StNPs were smaller than
comparable recipes using uncharged StNPs, possibly because of increased droplet-droplet
repulsive forces resulting in lower surface energy, similar to the effect of incorporating
ionic surfactants in other studied recipes.”® These studies identify the potential of using
EHD jetting to prepare starch nanoparticles with control of the particle size and

incorporation of modified starched.

Cross-Linking of Jetted Starch Nanoparticles

As the jetted StNPs are simply dried aggregates, dispersion in water results in
immediate reversal of the jetting protocol and quick dispersion of the original StNPs.
Therefore, a Poly(Ethylene Glycol) Diglycidyl Ether (PEGDGE) cross-linker was
incorporated into the recipe to stabilize the jetted particles. This cross-linker is
advantageous because it has low reactivity at room temperature and it can be activated by
applying thermal energy. As a result, the jetting solutions are stable for the duration of
the EHD jetting process, and the particles can be cross-linked by curing in an oven.
Initial tests were performed to determine macroscopic gelation for various StNP samples,
and temperatures, as a function of time. It was found that the cross-linker reacted best
with the cationic StNPs, as compared to other modifications, and it is suspected that the
quaternary ammonium has higher reactivity with the glycidyl ether than hydroxyls or
carboxyls in unmodified or anionic StNPs. Reaction kinetics with the cationic StNPs for

10%, 20%, and 30% by mass relative cross-linker concentrations were probed by
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qualitatively determining viscosity of the solution, and it was found that temperature
elevation over the course of 72 hours with 30% incorporation of PEGDGE was sufficient

to achieve full gelation, with results shown in Figure 2-7.
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Figure 2-7: Qualitative analysis of cationic starch cross-linking kinetics by poly(ethylene glycol)
diglycidyl ether for varying temperatures and relative cross-linker concentrations.

Using these optimized conditions, the PEGDGE cross-linker was added into the
jetting recipes with minimal impact on the particle size and morphology. Successful
curing was validated by examining the particle morphology with SEM after wetting and

subsequent drying of the particles, shown in Figure 2-8.
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Figure 2-8: Scanning electron micrographs of jetted cationic starch particles before (left) and after (right)
curing. The lower right diagonal was wetted, leaving the upper left diagonal dry to observe particle
stability upon wetting.

For the uncured sample, the wetted region is devoid of particles, while the
unwetted region showed evidence of volatile organic compounds with the appearance of
dark carbon patches, likely the unreacted liquid PEGDGE. In contrast, the cured sample
showed consistent particle morphology before and after wetting, and no evident release

of volatile organic compounds.

Evaluation of Modified Starch Nanoparticle Cellular Toxicity
The results from the Tox8 cellular toxicity assay are shown in Figure 2-9. These
results indicate that all the particles were nontoxic even at high concentrations of 0.01

g/ml.
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Figure 2-9: HelLa cell viability following 2 hour incubation with modified starch nanoparticles, as
determined by Tox8 assay. Bradley Plummer (Lahann Lab) ran the toxicity assay. **

2.4 Summary

In this chapter several modifications and preparations of functional
polysaccharide macromolecules are discussed. We examined how starch nanoparticles
can be modified to control the charge, size, and incorporation of functional molecules.
Furthermore, we evaluated the potential of using EHD jetting to prepare starch
nanoparticles to further manipulate the materials properties. These novel molecules were
characterized using a variety of techniques, including NMR, FTIR, XPS, NTA, DLS, and
SEM, and the cellular toxicity was evaluated to be minimal for high concentrations of
particles. Using this toolbox of modifications and chemistry, which only represents a
small portion of the flexible chemistries and materials preparation techniques used to
modify polysaccharides, we will explore specific applications of these functional
polysaccharides in dentistry and medicine in the following chapters of this dissertation.
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CHAPTER 3
Biopolymer Nanoparticle-Based Targeting and Detection of Dental Caries
The material in this chapter has been adapted with minor modifications from the
following articles:
(1) N.A. Jones, S. Chang, W.J. Troske, B.J. Clarkson, J. Lahann. ‘“Nanoparticle-

based targeting and detection of microcavities”, Advanced Healthcare Materials,
2017, 6(1), 160883.2

(2) N.A. Jones, S. Chang, B. Serratos, W.J. Troske, B.J. Clarkson, J. Lahann.
“Targeted Nanoparticles for Remineralization of Dental Caries”, In preparation.

3.1 Motivation and Background

The use of nanoparticles for medical applications has garnered considerable
interest, particularly for drug delivery, diagnostics, and imaging.’>'%*% Oral health
applications of nanoparticles have not yet received as much attention, but offer potential
for technological advances that can immediately impact patient treatment and outcomes.
Nearly everyone will develop caries at some point in their life.)%®%® Worldwide, dental
caries is the most prevalent disease with approximately 36% of the world’s population
presenting with active caries. In the US, dental caries is the most common chronic disease
and more than 90% of adults will have experenced dental caries in their permanent teeth.
The average American adult has 3.3 decayed or missing teeth, and 25.5% of adults have
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untreated dental caries. Adults and children of lower socioeconomic class have more
untreated dental caries, because of lack of access to affordable treatment.''°

Dental cavities form when bacteria in the dental biofilm on the surface of teeth
ferment sugars and produce acids, which demineralize enamel and/or dentin. Generally
inactive lesions require no treatment while active lesions do. Early active lesions permit
conservative remineralization treatment, while cavitated lesions require dental
restoration. An active lesion is one that is progressing and has a slightly decalcified
(approximately 5% compared to normal enamel) microporous surface, overlying a

subsurface lesion that may have a porosity as high as 30-40%."*'12

In contrast, an
inactive lesion is not progressing, because the porosity, particularly on the surface, has
been reduced by mineral and/or protein deposition, thus facilitating conservative
management. Smaller, early stage active carious lesions, also called “microcavities”,
incipient carious lesions, or white spot lesions, can be reversed by a process called
remineralization, which uses the calcium and phosphorous in the saliva and is aided by
the presence of fluoride in drinking water or toothpaste.!®® However, if decalcification
continues, irreversible cavitation will occur, requiring a dental procedure to avoid further
progression of the carious lesion. If left untreated, caries progression can lead to pain,
tooth loss, alveolar bone resorption, and in rare cases, death.

The diagnosis of active dental caries is challenging, as presentation is highly
variable.'9813114 Tynically, diagnosis of caries is carried out optically and tactically with
a dental mirror and explorer using techniques which have not changed in almost a

century."**™> However, tactile detection of a carious lesion by applying pressure on a

dental explorer on a demineralized lesion may lead to cavitation."** X-ray images of the
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teeth can be taken to identify cavities, particularly for regions in between teeth
(interproximal caries); however, this suffers from several limitations. X-ray images lack
the resolution to identify early forming lesions, which can still be repaired by an

® There are several new

improved oral hygiene regimen and a fluoride application.*
alternative methods for caries diagnosis that have been developed to address these
drawbacks, including fluorescence, optical, radiographic, and electrical conductance
methods.’®!" These methods require additional equipment, show minimal benefit over
optical diagnosis, and incur greater cost to dentist and patient.®®**3" Most importantly
these methods only diagnose a lesion in the enamel surface, but do not distinguish
between active and inactive lesions, which is the most critical need in modern
cariology.'*®

If active carious lesions can be diagnosed before irreversible cavitation occurs, the
patient and dentist can be alerted to improve dental hygiene in specific regions of the
mouth. In this study, we have indirectly shown that the carious lesions have a negative
surface charge, and therefore cationic nanoparticles may be used for targeting lesions due
to electrostatic interactions. To this end, we report a starch-based fluorescently-labeled
cationic nanoparticle which selectively adsorbs onto active white spot enamel lesions in
vitro. The use of food-grade starch as the base polymer makes the particles non-toxic and
biodegradable upon exposure to salivary amylase. Fluorescein was chosen as a
fluorophore for its understood safety profile and low toxicity in other diagnostic

applications.*®

Using fluorescein, carious lesions can be identified using a standard
dental composite curing light, commonly used in dental offices. With further research

and following successful clinical studies, these particles could be used by patients as a
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local application, mouth wash or rinse after cleaning the teeth, and then evaluated by a
dentist or dental hygienist with illumination using a standard dental composite curing
lamp to identify stained regions as active carious lesions.

In summary, our ultimate goal is to develop a new clinically valid methodology to
diagnose early active carious lesions that also enables effective monitoring of
conservative treatment. The work reported here establishes the proof-of-principle which
demonstrates the potential of this technology. We have developed a nanoparticle
technology which specifically targets active carious lesions. The nanoparticles are made
from food grade corn starch. We have functionalized them so they specifically target the
inside of dental caries. They are tagged with a safe fluorescent dye so the caries will
illuminate and be easily seen using a standard dental curing lamp. This would allow
dentists to differentiate whether a carious lesion is active or inactive, and could be used to
monitor treatment results. The product envisioned is a mouth rinse or local application
containing a low concentration of the nanoparticles in water. This would help detect
early active carious lesions not visible on the tooth surface, because the extremely small
nanoparticles are able to penetrate through surface pores into a very early active lesion.
The starch-based nature of these particles allows for rapid degradation by amylase, an
enzyme present in human saliva, so teeth will no longer fluoresce upon leaving the
dentist’s office. With earlier detection of caries and less invasive management, cavitation
and expensive treatments will be prevented, resulting in a reduction in dental

expenditures by patients, insurance companies and other payers.
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3.2 Experimental Methods

3.2.1 Chemical Modification of Starch Nanoparticles

The chemical reaction scheme for modification of starch nanoparticles was
presented in Figure 2-2, found in chapter 2, and used materials, the chemical reaction
protocol, and chemical and physical characterization of the prepared nanoparticles is also

included there.

3.2.2 Particle Degradation Assays

Starch particles were dispersed at 0.01 g/ml in deionized water. Half of the
particle dispersions were set aside as an initial dispersion and diluted at a 1:1 ratio with
Dl-water. The remaining half of the particle dispersions were taken and diluted at a 1:1
ratio with saliva, and placed in an incubator at 37° C for 30 minutes. Saliva was
collected (donated; human subject exempt) and used immediately to minimize potential
denaturation of salivary enzymes. Both the initial and final dispersions were tested with

iodine and Benedict’s reagent.

lodine Test

Twenty microliters of iodine solution were added to 2 ml of the initial and final

dispersions, and examined for color using ImageJ software.**°
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Benedict’s Reagent Test
Twenty microliters of Benedict’s reagent were added to 2 ml of the initial and
final dispersions and heated to 80°C for 30 minutes, and then evaluated with a UV-Vis

spectrophotometer to measure absorbance at a wavelength of 735 nm.

3.2.3 Preparation of Artificial Carious Lesions in Extracted Human Teeth

Extracted teeth were obtained from the School of Dentistry, University of
Michigan (human subject exempt) and stored in 0.01 g/ml sodium azide before use. The
teeth were coated with an acid resistant varnish leaving a 1 mm? enamel window on the
buccal surface of the crowns of the teeth. The teeth were then immersed in a pH 5.0
demineralization gel containing 0.1 M lactic acid, 4.1mM CaCl,-2H,0, 8 mM KH,PQOy,
and 1% w/v carboxymethylcellulose sodium at 37° C for 8 days.'® At the completion of
demineralization, the teeth were rinsed with DI-water before subjection to caries activity

testing. Residual varnish was removed by washing in acetone.

3.2.4 Scanning Probe Microscopy
Image Acquisition

SPM images were acquired on a PicoPlus™-SPM (Scanning Probe Microscopy)
instrument from Agilent Technologies. The images were obtained in air with AC
(tapping) mode using a multipurpose small scanner. Non-contact silicon tips were used
(made by Nanosensors™) with aluminum coating on the detector side. The tip

parameters are as follows: thickness: 4.1 £ 1 um, length: 125.0 £ 10 pum, width: 27.0 +
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7.5 um, resonance frequency: 345 kHz. Picoview® 1.4 USB software from Agilent
Technologies was used for image collection, and SPIP® (Scanning Probe Image
Processor) 4.5 software from Nanosensors was used to process collected images.
Typically, a range of 1.0-2.0 line/s scanning speed was used, with a setpoint of +0.85 V
of the cantilever oscillation amplitude in free air. To avoid the hydrodynamic effect of

thin air gaps, the resonance was carefully measured at a small tip-sample distance (<300

pHm).

Pore Size Analysis
SPM tapping mode images were collected for sound and demineralized enamel
surfaces. Pore sizes were calculated using ImageJ analysis software, and compared

statistically using a student’s T-test.

Surface Potential Analysis

SPM surface potential images were collected by using the same image collection
parameters, except substituting a Bruker SCM-PIT-V2 0.01-0.025 Q/cm Antimony-
doped Silicon tip with the following parameters: thickness: 2.8 um + 1 um; length: 225
pm + 10 pm; width: 35 pm £ 7.5 pum, resonance frequency: 75 kHz. Corresponding
topology and relative surface potential measurements were collected for a variety of

sound and demineralized surfaces.

3.2.5 Cavity Diagnostic Testing
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For caries testing, 0.01 g/ml solutions of FITC-dextran, StNP-4, and StNP-6, and
a 10™ g/ml solution of fluorescein sodium salt were prepared. Teeth were exposed to 20
pl of sample for 3 minutes prior to rinsing in DI water. Rinsing proceeded for 10
seconds, and the teeth were examined and photographed, while illuminated with a dental
curing light. Rinsing was then continued for an additional 10 seconds, followed by
imaging, and this was repeated for up to 5 minutes to determine residence times for each
sample used to optimize the exposure and rinsing procedure.

A 20 second rinse in DI water was sufficient to wash away all but the cationic
fluorescent StNPs, which remained even up to 5 minutes. Fifteen teeth were divided into
3 groups of 5 samples for testing with each control (fluorescent FITC-Dextran, anionic
fluorescent StNP, and fluorescein sodium salt). After a 3 minute exposure followed by
30 seconds of rinsing, imaging was performed under illumination by the dental curing
light. The same teeth were then dosed with fluorescein-labeled cationic StNPs and
imaged to demonstrate the ability of these particles to illuminate the carious lesions that

could not be lit by the various controls.

3.2.6 Remineralized Lesions Activity Testing

Prior to remineralization, active lesions were illuminated with StNP-4 to obtain a
baseline readout. These demineralized teeth were then remineralized by immersion in a
remineralization solution containing 0.02 M cacodylic acid sodium salt, trihydrate, 1.5

mM Ca(NO3),-4H,0, 0.9 mM NaH,PO,4-H,0, 150 mM KCI, and 0.05 ppm NaF, with pH
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value adjusted to 7.0.'%

Teeth were immersed at 37°C for 13 days. Images of
remineralized teeth were taken for analysis prior to, and after exposure to cationic

fluorescent StNPs.

3.2.7 Image Analysis

Digital images were taken with a Canon DS126061 DSLR camera with a Sigma
105 mm 1:2.8 DG Macro lens and analyzed using ImageJ image analysis software. This
provided RGD images and ImageJ image analysis techniques were used to compare the
brightness of the carious lesion relative to the background tooth. Green pixel images
were then extracted using ImageJ software and analyzed by the same methods. Digital
images were also taken with a Fluorchem M Imaging system, with auto-exposure, blue
light illumination and a green 542 nm bandpass filter applied to validate the particle
fluorescence in the carious lesions, and analyzed using the same methods with ImageJ

image analysis software.

3.2.8 Two-Photon Microscopy

Treated teeth were examined using a Leica TCS SP8 Two-Photon Confocal
Microscope equipped with FLIM & FCS capabilities using a 40X oil-immersion
objective. Samples were immersed in oil and placed on a glass-bottomed petri dish. The
illumination wavelength was set to 810 nm, and z-stack images were collected for a

variety of tooth samples.
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3.3 Results and Discussion

Degradation of Biopolymer Nanoparticles in Saliva

The degradation of starch particles in saliva was demonstrated using iodine and
Benedict’s reagent tests (Figure 3-1). A colorimetric method of analyzing the iodine
solutions was used instead of direct absorbance measurements to avoid precipitation in

the well plates.**®
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Figure 3-1: Starch degradation results for StNP-1 (unmodified), StNP-3 (zwitterionic), and StNP-4
(cationic fluorescent) starch nanoparticles, showing levels of starch-iodine complex in A) and reducing
sugars content by Benedict’s test in B). Both graphs show initial levels, in blue, and a final measurement,
in red, after 30 minutes of exposure to salivary amylase in human saliva. A) The iodine concentration is a
measure of red intensity, which decreases from initial to final states when exposed to saliva, indicating
degradation of starch. The Benedict’s reaction was measured by comparing absorption values at 575 nm
and shows an increase in absorption after degradation by saliva, indicating the presence of reducing sugars.
Results show that in the presence of saliva, starch and modified starch nanoparticles are degraded into
simple sugars. (p<0.005 for all initial (blue) vs. final (red) comparisons).®
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UV-Vis absorbance measurements were used to quantify the Benedict’s test. For
unmodified (StNP-1), zwitterionic (StNP-3), and cationic fluorescent (StNP-4) StNPs, the
iodine test showed a decrease in starch staining after 30 minutes of exposure to saliva,
while the Benedict’s test showed an increase in the presence of reducing sugars. The
initial starch-iodine concentration of StNP-1 is higher than the modified nanoparticles
(StNP-3 and StNP-4) because the modifications to the starch chemistry inhibit the ability
of the iodine to interact with the starch.”® Similarly, with Benedict’s test the modified
starches yield fewer reducing sugars, because the starch modification prevents degraded
sugars from reducing the Benedict’s copper reagent. Nevertheless, these results indicate
that starch particles are degraded into reducing sugars after a 30 minute exposure to
saliva. Based on these data, we concluded that the starch particles can degrade in the
patient’s mouth within less than an hour after they have been used by the dentist for

diagnosis.

Topological and Surface Potential Evaluation of Dental Caries by SPM

Teeth with and without active dental caries were evaluated using a Scanning
Probe Microscope for topology and surface potential. Using ImageJ image analysis
software, pore sizes were measured and statistically evaluated. A sample 3-D
topographical map which shows the edge of a carious lesion bordering sound enamel is

demonstrated in Figure 3-2.
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Figure 3-2: Three-dimensional model of the border between sound and carious enamel surfaces,
determined by SPM. Border is orthogonal to the Y-axis at Y=10 pum. Porous carious enamel has lower
depth regions which are displayed with reddish tint. Image collected by Jason Sherbel (UM Dental

School).

Figure 3-3 shows the standard AFM topographical view for this surface, and the

steps for the image analysis technique for determination of pore size.

-

al 1!

Figure 3-3: Image analysis process for determination of pore size using IageJ image analysis software.
Left image is a standard topographical view and center and right images show subsequent analysis steps.
Images collected by Jason Sherbel (UM Dental School).
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The average pore size for carious enamel was calculated to be 450 nm £ 600 nm.
The large standard deviation is because of the presence of several very large pores several
microns in size with the majority in the range of 300-400 nm. Conversely, sound enamel
had fewer and significantly smaller pores, with an average pore size of 117 nm + 103 nm
(p=0.0032, unpaired student’s t-test vs. carious enamel). Of note, the measured pore sizes
are likely a slight underestimation of the true pore size, because of the conical shape of
the AFM tip. This analysis identifies that nanoparticles below 300 nm are small enough

to penetrate into carious lesions in enamel.

Evaluation of relative surface potential of carious lesions

Samples were evaluated with a charged tip to determine the relative surface
potential of carious enamel. These measurements are only relative, as exact surface
potentiometry requires an electrically conductive surface.  Nevertheless, general
observations can correlate the presence of pores with a lower surface potential, as
demonstrated in Figure 3-4. When considered with published data on the surface charge
of enamel, these results indicate that carious lesions are more negatively charged than

sound enamel 123124
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Figure 3-4: Evaluation of relative surface potential of carious enamel. The left image shows a
topographical display of the surface roughness (height in nm), while the right image shows the
corresponding relative surface potential map (relative surface potential in mV). Carious enamel regions
show lower height and lower surface potential relative to sound enamel. Images collected by Adam
Jankovic (UM Dental School).

Dental Activities Testing

Initial testing compared fluorescein sodium salt, fluorescent FITC-dextran,
anionic fluorescent StNP, and cationic fluorescent StNP dispersions at selectively
targeting carious lesions. Fluorescein sodium salt solution was evaluated at a lower 107
g/ml concentration to have similar fluorescence to other evaluated samples. After rinsing
for 20 seconds, the fluorescein, fluorescent FITC-dextran and anionic fluorescent StNP
control groups displayed no observable levels of fluorescence. In contrast, the cationic

fluorescent StNP sample fluorescently illuminated the carious lesions, and rinsing with

54



Dl-water for up to five minutes was unable to remove the fluorescence, suggesting
specific adsorption of the nanoparticles to the surface of the carious enamel pores. This
provided indirect evidence that the active carious lesions have a negative surface charge,
and can be specifically targeted with cationic nanoparticles. Similar rinse studies were
repeated with saline solutions, and artificial saliva, yielding consistent results.

To validate the efficacy of the cationic fluorescent StNPs, testing was done on the
same teeth, using first the controls, rinsing for 30 seconds, and repeating testing on the
same lesion with cationic fluorescent StNPs. Photographs were taken of the teeth, and
modified from full-scale lighting to extract the green pixels, as this was found to
significantly increase the contrast between lesion and background. The carious lesions
are initially slightly darker than the rest of the tooth, and this result is consistent across all
controls. The same teeth, treated with the cationic fluorescent StNPs showed
fluorescence in the carious lesion region, which was brighter than the background. To
quantitatively analyze the images, brightness was measured using ImageJ software. The
data are presented with associated pictures in Figure 3-5 as an intensity difference

comparing the carious lesion to the adjacent region of healthy tooth.
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Figure 3-5: Bar graph showing the contrast of carious lesions for various starches as compared to controls,
demonstrating positive contrast for the StNP-4 sample. The teeth were illuminated using a standard dental
composite curing lamp. ‘“Normal” stands for the percent intensity difference obtained for unmodified
images, and “Green” stands for the extracted green pixel images. Orange inserts show the normal light
image, and an example of an extracted green pixel image is shown for the StNP-4 sample. Statistical marks
as follows: * Negative contrast (0.05 < p < 0.20); * Significant negative contrast (p < 0.05); + Significant
positive contrast (p < 107°).%

Positive values indicate that the carious lesion is brighter than the background
tooth, and negative values indicate that the carious lesion is darker than the background
tooth.  Statistical analysis confirms that untreated teeth are indistinguishable from
fluorescein, fluorescent FITC-dextran, and anionic fluorescent StNP controls, meaning
that these controls did not illuminate carious lesions. The analysis further suggests that
untreated carious lesions are slightly distinguishable against the background tooth;
however, this is not always statistically significant. In stark contrast, the teeth treated
with cationic fluorescent StNPs yielded highly significant positive intensity differences
(p<107), indicating that these particles improved the contrast of carious lesions relative to
the background, even to the naked eye. Additionally, analyzing extracted green-pixel

images instead of standard Red Green Blue (RGB) pixel images further improved the
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contrast. It is interesting to note that comparing the non-illuminated images to the
illuminated images highlights differences between the delineated shape of the lesion
depending on the optical method used (e.g., image of carious lesions treated with anionic
fluorescent particles and corresponding image of lesions treated with cationic fluorescent
particles). Conceivably, this variation occurs, because the fluorescent particles will only
illuminate an active carious lesion with open porosity, while the closed pores of inactive
lesions cannot be detected by the starch nanoparticles. In contrast, the non-illuminated
lesion images are darker if there is sub-surface porosity. This approach thus fails to
identify inactive caries due to their closed surface porosity. The ability to distinguish
between active and inactive lesions is a significant dental advantage of targeted
nanoparticles compared to other diagnostic methods. As a further validation of these
results, images of the same teeth were taken using a fluorescent scanner with a green 542
nm bandpass filter and blue light illumination. This method was not chosen as the
primary method of analysis, because of its limited translatability, though it significantly
increased the contrast compared to the optical method and images obtained by camera

using a dental curing light (p<107), with results and images shown in Figure 3-6.
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Figure 3-6: Comparison of image analysis techniques for carious lesions illuminated by cationic
fluorescent starch nanoparticles, with sample images shown for each method. Scale bar = 2mm.

These results provide further confirmation that the fluorescence seen in the
carious lesions is due to the cationic fluorescent starch nanoparticles. Consequently, the
prepared cationic fluorescent starch nanoparticles can specifically highlight active caries
lesions when illuminated with a standard dental curing lamp in vitro, and offer a simple

method to assist dentists in diagnosis of white spot carious lesions.

Analysis of Nanoparticle Distribution using Two-Photon Microscopy

To dissect the microscopic distribution of nanoparticles in microcavities, two-
photon microscopy images of the different conditions were obtained as shown in Figure
3-7. Images show regions of teeth that are 256x256 microns across, with depths ranging

from 40-80 microns gated to capture all detectable fluorescence signals.
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Figure 3-7: Representative top-view two-photon z-stack images of the surface of carious lesions with
respective dyes. The lesion unexposed to fluorescent materials has a low fluorescence intensity, similar to
the fluorescent FITC-dextran, fluorescein, anionic fluorescent StNP, and cationic non-lesion controls. The
sample treated with cationic fluorescent StNPs had a speckled appearance, with bright spots identifying
carious lesions on the order of 5-10 microns in diameter and with depths of 5-20 microns.®*

The various control samples (untreated lesion, or lesion treated with fluorescent
FITC-dextran, anionic fluorescent StNPs, or fluorescein sodium salt, or non-lesion
treated with cationic fluorescent StNPs) display only low levels of signal due to the
autofluorescence of enamel. Darker regions in the control images of carious lesions can
be attributed to the porosity of the lesion and may explain their darker macroscopic
appearance compared to non-lesion regions of the same tooth. In comparison, the two-
photon micrograph of lesions exposed to cationic fluorescent StNPs shows illuminated
small pores in the tooth surface of the early carious lesions, resulting in an overall

speckled appearance. These results demonstrate, on a microscopic level, the ability of
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cationic fluorescent starch particles to penetrate and adsorb specifically to the sub-surface
pores of active carious lesions. An important control is the cationic fluorescent starch
nanoparticles on a non-carious surface which showed low brightness typical of enamel
autofluorescence similar to the negative controls on caries lesions, validating the
selectivity of the cationic starch particles on a microscopic scale. Ring-shaped
illumination patterns such as the one shown in the inset in Figure 3-8 suggest that
particles are arranged on the surface of carious pores penetrating into the enamel.
Furthermore, the architecture of the pores indicates a larger sub-surface porosity covered
by a more limited surface porosity, consistent with previously reported studies.'***
These results demonstrate that two-photon microscopy can be used to obtain
information about the size and shape of illuminated carious lesions, and provide an
interesting experimental method in support of carious lesion development and
remineralization studies. For example, the carious lesions shown in Figure 3-7 have an
average sub-surface diameter of 8.5 £ 6.6 microns, an average depth of 10.3 + 2.9

microns, and an overall porosity of 14 + 2%. Monitoring porosity in this manner for

different tooth conditions could provide a valuable research tool.
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Figure 3-8: Example of carious lesion pore architecture illuminated by cationic fluorescent StNPs.
Particles adsorb to the lumen surface of the pore leaving a central gap. Carious lesion is approximately 10
microns wide, by 8 microns deep.®

Nanoparticle Targeting to Remineralized Lesions

Teeth with microcavities were remineralized using a fluoride solution to “heal”
the surface porosity of the carious lesions, yielding inactive lesions with subsurface
porosity (n=8).}#* These lesions were analyzed using the same illumination and image
analysis protocol before and after remineralization. The results obtained with a

fluorescent scanner are shown in Figure 3-9.
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Figure 3-9: Remineralized (inactive) carious lesions do not illuminate after exposure to cationic
fluorescent StNPs, in contrast to demineralized (active) carious lesions. * Negative contrast (0.05 < p <
0.20), ** Positive contrast (0.05 < p < 0.30), t Significant negative contrast (p < 0.05), + Significant
positive contrast (p < 107°).%

By appearance, the remineralized (inactive) lesions were visually
indistinguishable from demineralized (active) lesions (inset image in Figure 3-9).
Furthermore, without illumination by cationic fluorescent StNPs, the active and inactive
carious lesions are indistinguishable (p=0.44). In contrast, after exposure to cationic
fluorescent StNPs, the inactive lesions show only minimal illumination (p=0.38), when
compared to active lesions (p<10). Though a low level of fluorescence was detected for
the remineralized lesions, this is most likely because the teeth were not fully
remineralized during the remineralization protocol.  However, in all cases the
illumination was lower for the remineralized lesions. Fundamentally, these results

validate the high degree of specificity of cationic fluorescent StNPs to diagnose and
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differentiate between active and inactive carious lesions. Use of a specific fluorescent
nanoparticle probe can identify the activity of dental caries by virtue of surface porosity,
which, in active carious lesions allows for diffusion to the subsurface pores, but prevents
access to the fluorescent probe in the case of inactive lesions. Clinically, a dentist does
not need to treat inactive lesions, and treatments such as fluoride varnishes, gels, washes,
or sealants, will have no beneficial effect. In contrast, active lesions are progressing, and
appropriate treatment can halt and reverse demineralization. Two-photon micrographs of
the remineralized lesions, both before and after exposure to cationic fluorescent StNPs,
further support these results (Figure 3-10). Contrast in these images has been enhanced
to improve the visibility of these samples, as the fluorescent cationic starch nanoparticles

did not bind to any sample and measured signal is auto-fluorescence from the enamel.

No StNP Cationic StNP Cationic StNP
Remin. Remin. non-lesion

Figure 3-10: Two-photon micrographs of remineralized carious lesions with and without exposure to
cationic fluorescent StNPs (left, center). Images most closely resemble the two-photon micrograph of a
non-lesion surface (right), highlighting that remineralized lesions are “inactive” and from a surface
perspective, healed.®

These images show a smooth surface with no observable fluorescent pores, which

most closely resemble a non-lesion surface after exposure to cationic fluorescent StNPs.

These results highlight that the remineralized lesion, from a surface perspective, has been
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healed. Furthermore, dentists and clinical researchers could use the cationic fluorescent
StNPs to validate and monitor effective remineralization of carious lesions after

treatment, or as a compelling means of quantifying the efficacy of various treatments.

3.4 Summary

We report a novel type of starch-based cationic fluorescent nanoparticles which
target and illuminate early forming active carious lesions in vitro. The nanoparticles are
made from food grade starch, are biodegradable, biocompatible, and are enzymatically
degraded in saliva after use. Our ultimate goal is to develop a new clinically valid
methodology to diagnose early and active carious lesions that also enables effective
monitoring of conservative treatment. With further research and clinical studies, these
particles could be used by a dentist or dental hygienist as a local application, mouth wash
or rinse which can then be illuminated using a standard dental curing light used in dental
practices, and thus improve the detection of microcavities while they are still reversible
by improved dental hygiene and targeted fluoride treatments. Using image analysis, and
in particular by analyzing the green colors in images, these particles significantly
improve the contrast of carious lesions. Furthermore, two-photon microscopy of teeth
treated with these nanoparticles allows for analysis of the microscopic architecture of
these lesions. Cationic fluorescent starch nanoparticles have the potential to be used for
diagnosis of early caries in dental clinics, for point-of-care use, or to monitor tooth

remineralization therapies.
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CHAPTER 4

Targeting Bacterial Metabolism with Copper-Starch Nanoparticles

The material in this chapter has been adapted with minor modifications from the
following article:

(1) N. Jones, U. Kadiyala, B. Serratos, S. van Epps, J. Lahann, “Amylase-Responsive
Antibacterial Nanoparticles”, In preparation.

4.1 Motivation and Background

Though preventable, bacterial infections are a significant medical issue in hospital
settings and the developing world. In the US, approximately 7-10% of patients will
acquire an infection while being treated for a different condition, and this incidence
increases to nearly 50% for high risk patients including newborns, immune-compromised
patients, and patients in the ICU.**> Despite the success of antibiotics, there are more
than 2 million infections annually in the US with antibiotic resistant bacteria, which
account for approximately 23,000 annual deaths.**® Consequently, there is a need for
new options to prevent infection and limit bacterial resistance, which has resulted in the
development of antibacterial polymers*?’ and metal oxide nanoparticles, such as those
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128129 copper,*® or zinc oxide.™*® Metal oxide particles have shown to be a

made of silver,
more effective antibacterial agent than antibiotics, with less potential for resistance due to
operating on an alternative mechanism of action, which may include oxidative stress,

membrane disruption, or ionic oxidation.?****

There remain challenges in preparing
these antibacterial products, particularly in aqueous solubility, preparation, and stability.
With ongoing research in nanotechnology applications in medicine, there have been
advances in targeting and treating bacterial infections.**?

Targeted antibacterial approaches involve passive and active targeting schemes.
It has been found that bacterial infection, similar to cancer, increases vascular
permeability, allowing the Enhanced Permeation and Retention (EPR) effect of
appropriately sized nanoparticles delivered intravenously.?® Electrostatic interactions are
another method of targeting pathogenic bacteria. Bacteria generally exhibit a negative
surface charge under physiological conditions, and thus cationic nanoparticles and
polymers are capable of binding with bacterial via electrostatic interactions.****?” This
has advantages due to multivalency and the ability to target polymicrobial infections.**®
Active targeting methods use specific targeting molecules such as vancomycin,3*
lectins,**® antibodies,™* or aptamers™’ conjugated to drugs or drug-loaded nanoparticles

8

as a targeted delivery mechanism for a variety of pathogenic bacteria.’*® Secondary

targeting methods involve targeting the macrophages which will be recruited to fight the
infection, using an assortment of active targeting molecules.****
Beyond targeting schemes, particles have been prepared to be environmentally

responsive, triggered to release by cues found in the microenvironment of infection sites.

The acidity of the infection microenvironment is a stimulus which can be harnessed in a
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variety of ways. Acid-degradable polymers, such as poly(lactic-co-glycolic acid)
(PLGA),* poly(caprolactone) (PCL),*** or chitosan,”® can be used to limit release of
antibacterial drugs until in the presence of an acidic infection. Some polymers are
capable of becoming cationic in acidic environments, acting as a trigger for bacterial

targeting.'*’

More recently, a novel enzyme-sensitive nanoparticle has been prepared
which decomposes in the presence of bacterial phosphatase of phospholipase.’*
Following this motivation, we have developed an amylase-responsive cationic starch-
based nanoparticle which electrostatically binds to bacteria, and releases antibacterial
copper nanoparticles rapidly in the presence of amylase, an enzyme released by certain

3

strains of bacteria.'*® This is a novel method of bacterial targeting, which could be

modified with alternative drug loadings for a variety of medical indications.

4.2 Experimental Methods

4.2.1 Materials

All chemicals were lab grade and purchased from Sigma Aldrich unless otherwise
noted. These include Tryptic Soy Broth (TSB) media, and glucose. Copper
nanoparticles sized 5-7 nm were purchased from Sky Spring Nanomaterials (Texas,
USA). Research grade starch nanoparticles were provided by EcoSynthetix Inc.

(Burlington, ON, Canada).
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4.2.2 Bacterial Strains, Media, & Growth Conditions

The Dbacterial strains used in this research were methicillin-resistant
Staphylococcus aureus COL, Bacillus subtilis PC 194 CMR, Staphylococcus epidermidis
RPI 1420, Escherichia coli UTI-89, and Klebsiella pneumoniae LM 21. Glycerol stocks
of all strains maintained at - 80 °C were plated on tryptic soy agar, cultured overnight at
37 °C and stored at 4 °C. Single colony inoculates were grown in tryptic soy broth with
or without + 1% glucose w/v (TSBG or TSB, respectively) under shaking conditions until
optical density at 600 nm (ODggo) reached approximately mid-log (0.4-0.6), prior to

dilution to OD600 of 0.01 for planktonic growth curves and quantitative culture studies.

4.2.3 Preparation & Characterization of Copper-Starch Nanoparticles

Electrohydrodynamic Jetting of Copper Starch Nanoparticles

Particles were prepared using EHD jetting as previously described in Chapter 2,
according to the schematic in Figure 4-1. The jetting recipe was modified to contain
10% mass/volume cationic starch nanoparticles as prepared and reported previously,®
3% mass/volume PEGDGE cross-linker, and ~0.5% volume/volume 5-7 nm copper
nanoparticle solution, dispersed in 80:20 deionized water : ethanol. The sample was
vortexed to fully disperse the hydrophobic copper nanoparticles and created an emulsion
of oil in water that remained stable over 24 hours. EHD jetting was performed
immediately after preparation of the jetting solution, with a voltage of ~12 kV, a pump

speed of 0.05 ml/hr, and a jetting needle to collection plate distance of approximately 30

68



cm. Collected plates were cured in a 50 °C oven for 72 hours following jetting of the

particles, and the final particles were then collected as a dry aggregate powder.

CH,CHOHCH,N*(CH)s

OH OH
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Figure 4-1: Schematic for the preparation of Copper-Starch Nanoparticleé (CuStNPs) by reactive EHD
jetting. In the final particle schematic, green indicates the starch, black the PEG cross-linker, along with
the copper nanoparticles.

Electron Microscopy

Scanning Electron Microscopy was performed using a Quanta SEM with beam
voltage of 3 kV and a magnification of 10000x, and a NOVA SEM with beam voltage of
5 kV, 0.4nA, and a magnification of 10000x. Transmission Electron Microscopy was
performed using a JEOL 2100 probe-corrected analytical microscope with an accelerating
voltage of 100 kV, a zirconated tungsten (100) thermal field emission tip filament, gun
vacuum ~1.0e-9 torr and column vacuum ~1.0e-7 torr (Michigan Center for Materials
Characterization).
Inductively Coupled Plasma — Orbital Emission Spectroscopy (ICP-OES) Evaluation of

Copper Loading
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ICP-OES measurements were performed using a Perkin-Elmer Optima 2000 DV
with Winlab software. Samples were doped with 1ppm Yttrium as a standard, and
degraded by addition of 5% Nitric Acid. AIll CuStNP samples were prepared at mass
concentration of 2 mg/ml in TSB media, and calibrated against a copper ICP standard

(Sigma Aldrich).

4.2.4 Bacterial Culture Studies

Bacterial Growth Curves

CuSt-NP suspensions were prepared by vortexing CuSt-NPs into TSB or TSBG
for 15 min. The final CuSt-NP concentrations were serial dilutions of the original stock
solution. To compare to previously reported data on copper nanoparticles, concentrations
are shown in terms of the Cu-NP concentration, as determined by the ICP loading study.
The maximum concentration used in this study (25 pg/ml Cu NPs, equivalent to ~ 4.0
mg/ml CuStNP, based off of calculated loading of approximately 0.37% Cu NPs) was in

a similar range as previously reported data on Cu NPs. 2%

Bacterial growth was
assessed by measuring optical density at 600 nm (ODgoo) hourly over 10 h in the presence

of CuSt-NPs.

Quantitative Culture
Bacterial cultures were exposed to CuSt-NPs for 7.5 hours, wherein the cultures

were serially diluted in DI-H,O and plated on TSBG agar and allowed to grow for
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approximately 8-12 hours for B. subtilis and 18-20 hours for S. aureus prior to colony

enumeration.

pH Analysis
Bacterial cultures were qualitatively monitored for pH changes using litmus paper

over the course of 8 hours as a function of exposure to CuStNPs.

4.3 Results and Discussion

Particle Preparation and Characterization

Electrohydrodynamic jetting of particles has been well studied in the Lahann

Lab,2*921 and has used compositions of polymers such as poly(lactic-co-glycolic)

d,106 24,95

acid,'® acetal dextran,®** and others.®**® Starch has found little use in the preparation
of nanoparticles because the natural crystalline structure of amylose starch, which if
unchecked results in uncontrolled aggregation of prepared nanostructures. Success has
been found by modifying and cross-linking the starch as shown in recent

60,64,70,72,73

literature, and used commercially by EcoSynthetix Inc. (Burlington, ON,

Canada) for their EcoSphere® product.®*®®

In this work, we use research grade starch
nanoparticles from EcoSynthetix which have been modified to be cationic as previously
reported.®> We found that the cationic starch nanoparticles can be cross-linked after EHD
jetting by incorporation of poly(ethylene glycol) diglycidyl ether and subsequent curing

at 50 °C for approximately 72 hours. Incorporation of other components into the jetting

solution allows for loading of material within the starch particle matrix. We added a
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small amount of copper nanoparticles (6-7 nm) to the jetting solution, which ordinarily
would not be stable in water, but upon vortexing, was able to form a semi-stable
Pickering emulsion. This solution remained stable over the course of hours and was
jetted onto metal plates, prior to curing and ensuing collection. The particles, as jetted,
are shown in Figure 4-2 by scanning electron microscopy to give a representative view
of the particle size distribution and morphology, and by transmission electron microscopy
to demonstrate the even distribution of the copper nanoparticles throughout the larger

starch nanoparticle matrix.

200 T

Q@ -
Figure 4-2: (A) Scanning Electron Micrograph of copper-starch nanoparticles as collected following
electrohydrodynamic co-jetting and (B-C) Transmission Electron Micrographs of copper-starch
nanoparticles, showing high contrast 6-7 nm copper nanoparticles (example circled) distributed throughout
the larger starch nanoparticle.

Particle size was measured using dynamic light scattering and the average particle
size was determined to be 440 £ 58 nm. This suggests a swell ratio of the particles of
approximately 2.3 + 0.5, as size analysis from the SEM images shows the dry particle

size to be approximately 193 + 91 nm.
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ICP Evaluation of Copper Loading

ICP-OES of CuStNP samples were compared to a calibration curve made with
copper ICP standards, shown in Figure 4-3. The CuStNP samples were prepared at 1, 2,
and 4 mg/ml, and the measured copper concentration was calculated from the linear
equation fitted to the calibration data (R* = 0.99991). The CuNP loading was determined

to be 0.34 = 0.05 % by mass within the CuStNPs, with a loading efficiency of 89.8 +

13.6 %.
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Figure 4-3: Evaluation of copper loading by ICP-OES. Samples prepared at 1, 2, and 4 mg/ml were
compared to ICP standards to determine a loading of approximately 0.34%. Measured values tabulated
below graph, show concentration of CuNPs in purchased solution and loading for different concentrations
of CuStNPs
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Bacterial Culture Assays

These particles were collected and 10 hour bacterial growth curves were
evaluated for the Gram-positive Staphylococcus aureus COL, Bacillus subtilis pC194
CMR, and the Gram-negative Escherichia coli UTI-89, and Klebsiella pneumoniae
LM21 at doses of 2.1 up to 34 pg/ml Cu, equivalent to concentrations from 0.5 to 8
mg/ml CuStNP. Controls using prepared starch nanoparticles without adding copper
nanoparticles were considered for S. aureus and E. coli. Unloaded starch nanoparticles
showed minimal effect on bacterial growth, even at high concentrations, as shown in

Figure 4-4.

Starch NPs with S. Aureus COL Starch NPs with E. Coli UTI-89
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Figure 4-4: Growth curves evaluated for S. aureus COL and E. coli UTI-89 over the course of ten hours
for incremental doses of unloaded starch nanoparticles. Mild toxic effect was only seen at the highest
measured doses (~2 mg/ml and ~4 mg/ml for S. aureus and E. coli, respectively).

Copper-starch nanoparticles were not as effective at killing Gram negative
bacteria, shown in Figure 4-5, as has been reported for copper nanoparticles

previously.?®

74



0.8 4
0.7 -
0.6 1
05 -

ODGOO

0.1 +

0.4 -
03 4
0.2 -

CuStNP with E. Coli UTI-89

T T
" E T L 1
— i
i
2 4 6 8 10

Time (Hours)

1.6 4

1.4 +

1.2

0.8 -

0.6 1

04 -

0.2 4

CuStNP with Klebsiella

[CuNP] pg/ml
— 34
17
= 85
l —_— 4.2
T 1 1
I

Time (Hours)

Figure 4-5: Growth curves for various doses of CuStNP with Gram-negative bacteria E. Coli UTI-89 and

Klebsiella.

However, for Gram-positive bacteria, the copper starch nanoparticles showed

clear antibacterial efficacy even at effective copper doses of 4.2 pg/ml, demonstrated in

Figure 4-6, which is an order of magnitude lower dose than previously reported data in

the literature.

129,144
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Figure 4-6: Growth curves for S. aureus and B. subtilis in the presence of increasing concentration of
CuStNPs in glucose-containing and glucose-free media.

We hypothesized that the copper starch nanoparticle formulation would be more
toxic to B. subtilis than S. aureus because of the documented ability of B. subtilis to

produce amylase and digest starch,'*>'%

which would result in faster degradation of the
particles, releasing copper nanoparticles which are toxic to the bacterial cells. However,
in TSB with added glucose (TSBG), this was not observed, and there appeared to be a
more significant reduction of growth for S. aureus compared to B. subtilis, particularly
when comparing the 4.2 ug/ml CuStNP dose. When we tested in TSB without additional
glucose, we observed the opposite trend, with B. subtilis suffering more significant

reduction of growth compared to S. aureus. This suggests that the bacterial metabolism

is affected by the presence of glucose in the media, and that starch-digesting bacteria are
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more motivated to digest starch in conditions where there are more limited energy
resources, a mechanism which might be conceptually similar to the function of the lac-
operon.**® This is also consistent with the expected result that without additional glucose
added to the media, the bacterial growth is reduced. These results were validated by

quantitative culture studies with the results shown in Figure 4-7.
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Figure 4-7: Quantitative culture results for bacterial log reduction of S. aureus and B. subtilis in TSB and
TSBG at low (4.2 pug/ml) dose of CuStNP.

At the low dosage of 4.2 pg/ml CuStNP, the particles showed only minimal
toxicity with less than a single log reduction, but the trend remains consistent with
bacterial log reduction ordered as follows: B. subtilis in TSB > S. aureus in TSBG > S.
aureus in TSB > B. subtilis in TSBG (p<0.001 for all samples, except for the low dose

CuStNP for S. Aureus in both media conditions).
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Evaluation of Bacterial Culture pH

We hypothesized that the pH of the bacterial culture might trigger increased
degradation of the starch nanoparticles by hydrolysis of the starch, creating additional
acidic functionalities which would accelerate the release of copper ions from the CuNPs.
We measured the pH of a variety of bacterial cultures over the course of 24-hours
incubating with CuStNPs in TSB and TSBG. Results are plotted in Figure 4-8, and show
that there was no appreciable change in pH for the samples incubated with CuStNPs,
because the bacteria failed to thrive and were killed by the CuStNPs. Controls without
the CuStNP and unloaded StNPs showed a slight drop in pH, from 7 to approximately 5
after 24 hours. We infer from these results that pH was likely not a significant factor in
the mechanism of CuNP release from the CuStNPs, unless local pH drops were buffered

by the degradation of the CuNPs.
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Figure 4-8: pH of bacterial cultures in TSBG (A) and TSB (B), dosed with CuStNP or StNP.
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Microscopy Evaluation of CuStNP Interactions with Bacteria

Bacteria were mixed with 4.2 pg/ml CuStNP and after an 8 hour incubation, were
prepared for imaging by Scanning Electron Microscopy (SEM). A sample micrograph is
shown in Figure 4-9, which shows a gold sputter-coated (60s, 18mA) view of the S.

aureus bacteria (round spheres) interacting with a mesh of the CuStNP particles.

Figure 4-9: SEM showing an aggregate of S. aureus coated in a mesh of collapsed hydrogel starch
nanoparticles, A) large aggregate B) Bacterial cells coated in starch hydrogel.

Because these particles are hydrogels, after immersion in water they swell to more
than twice their size. We suspect that the cationic charge of the particles facilitates strong
interactions with the negatively charged bacteria, which results in agglomeration of the
bacteria and hydrogel starch particles, which was observed during the longer bacterial
culture studies. When imaged with SEM, the hydrogel particles are dried and collapse,
giving the appearance of a smooth coating surrounding the bacteria. This is a possible
mechanism for the high efficacy of the antibacterial effect of the copper nanoparticles.

Even though the dose is ~10 times lower than reported in other studies, the copper
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nanoparticles are brought directly in contact with the bacteria by the cationic starch
hydrogel nanoparticles. Consequently, the effective local concentration of the copper
nanoparticles is seen by the bacteria as being much higher and therefore more effective
than a free-floating copper nanoparticle solution. These strong interactions, when
coupled with the active digestion of the starch by B. subtilis, creates a system which

demonstrates very high antibacterial efficacy for the dosage of copper nanoparticles.

4.4 Summary

In this study, we present a novel starch nanoparticle prepared by reactive EHD
jetting. The particles are loaded with copper nanoparticles and show efficacy at killing
Gram-positive bacteria such as S. aureus and B. subtilis. The antibacterial efficacy is
improved against starch-digesting bacteria in a media without the addition of excess
glucose, and demonstrated how the nanoparticle composition can. Furthermore, the
cationic nature of these particles facilitates strong electrostatic interactions with bacteria,
thereby bringing copper nanoparticles in close proximity to the bacteria, and increasing
the therapeutic efficacy up to a seven-log reduction for a copper NP dose of 17 ppm. Co-
culture studies showed the potential of targeting bacteria in the presence of other starch-
digesting bacteria, as occurs naturally in the lower digestive tract. Future work will
evaluate the mechanism of action for this system, and explore loading other therapeutics

into the particles, potentially as a method of targeted drug release in the intestine.
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CHAPTER 5

Alpha-Mannose Functionalized Polymer Brushes for the Targeting of M2-Polarized

Tumor Associated Macrophages

The material in this chapter has been adapted with modifications from the following
article:

1) R. Kumar, N.A. Jones, N. Habibi, J. Zarif, D. Kratzer, K. Pienta, J. Lahann.

“Alpha-Mannose Functionalized Polymer Brushes for the Isolation of M2-

Polarized Tumor Associated Macrophages”, In preparation.

5.1 Motivation

In the USA, the annual incidence of cancer surpasses 1.5 million cases. Even though
total economic costs for care exceed $100 billion, cancer accounts for one in four
deaths.**” A majority of cancers are diagnosed in patients older than 60 years, and with
an aging population the incidence of cancer will significantly increase over the next 20

years.!*®

Worldwide, continued population growth, aging and life-style changes in
developing countries will contribute to greater global incidence.**® Thus there is

significant need for more effective and cost-efficient cancer therapies.
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Research into targeted drug delivery promises to improve the efficacy of therapy
and reduce side-effects. The current research paradigm is a direct approach that targets
the cancer cells, using chemotherapy or ligands, such as antibodies or small molecules
(e.g., folic acid and other targeting molecules); however, this has had limited success,
with few formulations reaching clinical use.*****

The alternative paradigm recognizes that cancer cells reside within a micro-
environment, offering another targeting avenue. It should be possible to indirectly target
the cancer by targeting non-cancer cells that associate with the tumor and facilitate cancer
growth and aggressivity. For example, angiogenesis inhibitors, such as those which
inhibit vascular endothelial growth factor, like Bevacizumab (Genentech/Roche) slow the
growth of blood vessels that support the tumor. The tumor is starved of essential
nutrients and waste removal is curtailed, such that cancer growth is slowed down or
stopped.’>

The tumor micro-environment is complex and contains many interacting cancer
and non-cancer cells. Many of the non-cancer cells support the growth of the tumor and
inhibit the effects of anti-cancer treatments. Tumor-associated macrophages (TAMSs) are
the predominant inflammatory non-cancer cells that reside within solid tumors. They
have significant roles in tumor cell proliferation, survival, invasion and metastasis.*®
Presence of TAMs is associated with poor prognosis in a variety of human cancers
including lymphoma, lung, breast and prostate cancer. TAMSs have also been associated
with a lower susceptibility of cancer cells to chemotherapy and radiation treatment.*
Notably, knock-down of chemokines that are associated with TAM recruitment has been

shown to cause tumor regression, particularly in combination with standard
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chemotherapy. Interestingly, TAMs can reach non-vascularized regions of solid

tumors otherwise inaccessible to standard chemotherapy or imaging agents.*>>**®

For these reasons, we hypothesize that TAMs, in addition to actual cancer cells,
can be an effective target for cancer therapy and imaging, as well as a prognostic marker
for tumor resilience and potential efficacy of TAM-targeted therapies. This project
explores the pre-clinical development of a glycocalyx-mimetic synthetic mannose-brush
polymer as a novel targeting scheme for TAMs. We hypothesize that the glycocalyx-

mimetic mannose brush polymer prevents non-specific adsorption,”® while facilitating

multivalent binding to the mannose receptor overexpressed on TAMs.®

5.2 Background

5.2.1 TAMs as a Relevant Target

The cancer microenvironment is complex and contains many different
populations of cancerous and non-cancerous cells. For decades it has been known that
solid tumors are infiltrated by inflammatory leukocytes in various human and mouse
malignancies, including breast, prostate, lung, and lymphoma. Further, the number and
density of macrophages has been associated with a poor prognosis in human tumors.*’
The number of tumor macrophages has been correlated with tumor growth, where mouse
models which are genetically modified to have excessive presence of inflammatory

macrophages showed more rapid tumor growth. Conversely, genetic knockdown of
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macrophages has shown delayed tumor growth, less angiogenesis, and fewer
metastases.™®

Though macrophages are associated with cancer growth and metastasis,
simultaneously macrophages have a capacity to prevent the spread of tumor cells. This
paradox can be explained by the plasticity of macrophages between M1 (non-
inflammatory) and M2 (inflammatory) states. M1 macrophages have high microbicidal
activity, immune-stimulatory functions, and tumor-cytotoxicity. In contrast, M2
macrophages have high scavenging ability, promote tissue repair and angiogenesis, and

favor tumor progression.'>**®

In cancer treatment M2 macrophages have been
associated with chemotherapy and radiation resistance, diminishing their therapeutic
effect. These different polarizations of macrophages also express different surface
markers that allow for macrophage-specific targeting. Because of the association with

tumor growth, M2 macrophages have been dubbed as “Tumor Associated Macrophages”

(TAMs), and they have emerged as a novel clinical target.

5.2.2 Targeting TAMs

Preliminary research into the targeting of TAMs has identified several active
targeting molecules with high specificity. The mannose receptor (MR) has specificity for
M2 macrophages as many bacteria express mannose on their bacterial cell walls. The
MR has been shown to cause receptor-mediated endocytosis of bound mannose and
conjugates, and specificity to the receptor has been improved with use of polyvalent

binding with poly-mannose (mannan) or higher density of mannose molecules.*®* To
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improve the specificity to TAMs located in the tumor microenvironment, a pH-sensitive
labile-PEG coating was added to nanoparticles to allow for passive accumulation of
particles in the tumor region, with subsequent shedding of the PEG coating in the acidic
tumor microenvironment revealing surface-bound mannose molecules to facilitate active
uptake by TAMs.*®? Although TAMSs express high levels of the folate-receptor beta,
which binds to folate, folate is not a specific targeting molecule and will also be taken up
by cancer and other non-cancer cells.’®® Phage-display studies have developed a peptide
sequence that shows high specificity for TAMs. This peptide, denoted MZ2pep
(YEQDPWGVKWWY), showed specific binding and uptake with TAMs, and was
attached to a proapoptotic peptide (KLAK), to specifically reduce TAM populations; in
murine models this resulted in delayed mortality and reduced tumor growth rate.®* In

summary, though mechanisms for targeting TAMs have been uncovered, these have not

been applied to clinically relevant delivery of drugs or imaging contrast agents.

5.2.3 Applications of Targeting TAMs

TAMs are present in many types of cancer and so they are a very relevant target for a
large population of patients. An advantage of an indirect strategy to treating cancer is
that the therapy can be tested as a monotherapy, or as an adjunct to existing therapies
with possible synergistic interactions. TAMSs are unaffected by most chemotherapy drugs
as macrophages do not undergo mitosis, and most chemotherapy agents are mitotic
disruptors that take advantage of the rapid growth and division of cancer cells.
Consequently, targeted therapy of TAMSs requires drugs which can kill macrophages
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using a different mechanism, or delivery of chemokines such as nucleic acids which can

genetically reprogram TAMs to change their polarization.'®

Both of these strategies
have been explored experimentally.

First, bisphosphonate drugs have proven to be effective at killing macrophages, but
are untargeted when administered intravenously and will collect in bone tissue.
Depletion of macrophages by bisphosphonate-encapsulated liposomes®* or amino-
bisphosphonates™®® have shown superiority over non-encapsulated drugs, but would stand
to benefit from a TAM-targeted nanoparticle with active and passive targeting. As
previously noted, proapoptotic peptides show efficacy at killing TAMs, or any other cell,
for that matter, and require a targeting mechanism. A targeted particle would be able to
deliver a higher dose of proapoptotic peptide compared to the peptide sequences
discussed in Cielsewicz et al., and possibly reduce the nonspecific delivery they had
noted to liver and kidneys.'®*

The second therapeutic approach is to alter the polarization of TAMs. This carries
the additional benefit of M1 macrophages possessing anticancer properties. While many

chemokine-related studies have shown the premise of this method, one study®®

suggested
that a DNA vaccine against the M2-associated legumain also induced a CD8" T cell
response against TAMs. Furthermore, a liposomal based delivery system has been used
to deliver siRNA to TAMs and knockdown expression of CCR2, a chemokine receptor
for pro-inflammatory response. It was found that knockdown of CCR2 in macrophages
not only was beneficial for treatment of TAMs, but it was relevant in the reduction of

inflammation in the treatment of atherosclerosis, reducing the size of myocardial

infarction, and improvement in the acceptance of pancreatic islet transplantation for the
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treatment of type 1 diabetes.’® Last, delivery of DNA or RNA to cell targets is greatly
enhanced by the use of targeted nanoparticles. Systemic delivery of nucleic acids is
susceptible to nucleases and immunostimulation, and without cellular uptake the
therapeutic efficacy is low. Intelligently designed nanoparticles can facilitate endocytosis
and endosomolysis, allowing release of the payload to the cell cytoplasm.

An additional approach involves the use of TAMs as a “Trojan horse” to deliver
therapy to the necrotic tumor core. The solid tumor environment is crowded with cells
and develops a pressure gradient extending from the tumor center, or several centers.
Therefore, chemotherapy agents have difficulty reaching the tumor core and fully killing
all of the cancer cells, and radiation therapy to hypoxic regions of tumors is less effective
because of reduced radiation sensitivity, since radiation damage is strongly associated
with oxygen fixation and adduct formation. Notably, TAMs are capable of moving

195 used

against this pressure gradient and reach all parts of the tumor. One study
mannose-coated gold nanorods which were taken into the tumor core by the TAMs, and
upon exposure to near infrared light were able to exhibit a photothermal response and
thermally ablate the TAMSs and local tumor cells. Thus, TAM-targeting is an effective
way of targeting all regions of the tumor, useful for imaging or delivery of drugs/agents,
and perhaps radiation sensitizers, to TAMs and also cancer cells within a multicomponent
particle.

Targeting TAMs can also serve a prognostic purpose for the pathologist’s
examination of biopsy samples. Since studies have shown a correlation between the

number of TAMs in a tumor biopsy to the patient’s prognosis,*® consequently a method

that allows specific isolation and quantification of the number of TAMs would provide
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prognostic information to the physician. Furthermore, detection of high levels of TAMs
could help to tailor the patient’s treatment plan to improve therapeutic outcome, with
more significant benefit from a TAM-targeted therapeutic.*®

Specific targeting of TAMs would facilitate imaging of the tumor size, spread, and
growth, and would be useful in disease diagnosis, three-dimensional radiation planning,
and monitoring patients. The fact that TAMs are able to extend to all parts of the tumor
and to metastatic sites make them an ideal target and useful prognostic marker for many

different malignancies, including prostate, breast, lung, and lymphoma.®

5.3 Experimental Methods

5.3.1 Summary of Coated Surfaces

Coated surfaces were obtained from R. Kumar from the Lahann Lab and are

described in Table 5-1.°

Table 5-1: Overview of prepared sugar coatings used in this study.

Sample Name Coating Description

Mannose Brush Poly(2’-acrylamidoethyl-a-d-mannopyranoside)
Glucose Brush Poly(2’-acrylamidoethyl-B-d-glucopyranoside)
Mannose Monolayer a-D-Mannopyranosyl azide clicked to PPX-alkyne
Glucose Monolayer B-D-Glucopyranosyl azide clicked to PPX-alkyne
Glass Unmodified glass coverslip
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5.3.2 Evaluation of Polarized Macrophage Binding to Coated Surfaces

Coated surfaces were prepared on glass coverslips by R. Kumar (Lahann Lab) and
exposed to patient-derived M1 and M2 macrophages (Jelani Zarif, Johns Hopkins
University). Cell densities were maintained at 50,000 cells/ml and exposure times were
limited to 8 hours, prior to washing with phosphate buffered saline and imaging with

light microscopy.

5.4 Results and Discussion

Cellular Binding Experiments:

Prepared surfaces were exposed to patient-derived polarized macrophages (M1
and M2 polarization) by Jelani Zarif at Johns Hopkins University. Light microscopy
images were collected following washing and are shown for glass substrates (Figure 5-
1), and glucose (Figure 5-2) or mannose (Figure 5-3) coated substrates. Cell numbers
were quantified and a comparison of M1 vs. M2 binding for each substrate is shown in

Figure 5-4.
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M2

Figure 5-1: Both M1 and M2 macrophages adsorb non-specifically to glass substrates. For the M2 image,

the upper half of the image is on polystyrene, which shows similar non-specific adsorption. Images
collected by Jelani Zarif (JHU).

Monolayer

Brush

M1 M2

Figure 5-2: Comparison of M1 and M2 binding to glucose-coated surfaces (either brush or monolayer).
Cell morphology was unusual for M2 macrophages on glucose monolayer surfaces, but the numbers of
bound cells is similar for each condition. Images collected by Jelani Zarif (JHU).
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Monolayer

Brush
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Figure 5-3: Comparison of M1 and M2 macrophage binding to mannose coated surfaces. There is strong
preference for the M2 macrophages to bind to the surfaces, while minimal binding was observed for M1
macrophages. Images collected by Jelani Zarif (JHU).
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Figure 5-4: Quantification of macrophage binding to various surfaces by: A) number of cells; and B)

Selectivity for

M2 over M1 macrophages.
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The mannose monolayer and brush surfaces showed high positive predictive value
towards M2 polarized TAMs (0.822 and 0.840, respectively), while the other surfaces
showed slight positive predictive values towards M1 macrophages (glass: 0.61;
glucose coating: 0.60; glucose brush: 0.73). These results highlight the potential of
mannose brush polymers and monolayers as a highly selective targeting molecule for

TAMs.

5.5 Summary

We present a novel targeting molecule for M2 polarized Tumor Associated
Macrophages. The brush architecture of the sugar polymers mimics the structure and
function of the cellular glycocalyx. These polymer interfaces facilitate multivalent
binding,® while curtailing non-specific adsorption of proteins,*® which makes them an
exciting molecule for targeting specific cells. There are many potential applications

for this type of targeting which will be explored in future studies.
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CHAPTER 6

Conclusions and Future Directions

6.1 Conclusions

This thesis has discussed methods to harness the unique properties of
polysaccharides, with discussion on chemical and materials modifications and the
functionalization of polysaccharides, and specific use in diagnosing dental caries,
providing targeted bactericidal delivery, and targeting cancer cells. These examples
highlight key lessons about the use of these macromolecules. First, polysaccharides are
well-suited for various modifications and processing techniques that allow them to be
prepared and functionalized for medical and dental applications, shown in the
functionalization of starch nanoparticles and preparation of sugar-brush surface coatings.
Next, the natural enzymatic degradation of polysaccharides is a trait which can be
harnessed to control the breakdown of the material for diagnostic and therapeutic
applications, demonstrated with diagnostic starch nanoparticles for dental caries, and the
degradation of copper-nanoparticle containing starch particles for antibacterial

applications. And finally, the bio-interactions of polysaccharides can facilitate targeting
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of mammalian and prokaryotic cells, highlighted by the specific binding of M2-polarized
macrophages to mannose brush coatings. These studies provide proof-of-concept work
for a variety of applications, and open the door for continued work, development, and
translation of new clinical solutions. Below, specific outlooks for each of the

applications are discussed.

6.2 Towards Non-Invasive Nano-Dentistry

A novel diagnostic nanoparticle was presented in Chapter 3 for the early detection of
active dental caries. The use of starch in the composition of these nanoparticles benefits
from the presence of salivary amylase, which degrades the particles into nontoxic
substances. Further optimization of this particle may lead to a clinically useful technique
to assist dentists in the detection of active dental caries earlier and more accurately,
allowing the application of non-invasive remineralization therapies and a reduction in the
need for invasive fillings. Continued development of this system will require the
achievement of key milestones: 1) optimization of the particle properties, such as size,
charge, and fluorescence intensity; 2) scale-up of production; 3) Proof of concept studies
in a clinical setting; 4) rigorous examination of the toxicity and degradation kinetics of
the optimized system; and 5) evaluation of the clinical validity of this diagnostic test,
with determination of sensitivity and specificity and long term clinical outcomes.
Success of these milestones will provide dentists and hygienists with a new technique to

aid in the detection of early active lesions and provide remineralization treatment.
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15107 there has been limited

While nanomedicine has garnered significant interest,
application of nanotechnology in dentistry,’®® This work provides proof of concept for
the potential benefits of nanoparticles, and the particular use of polysaccharides as an
easily digestible food-grade material. Similarly designed nanoparticles could be prepared
to deliver fluoride, other remineralization aides, or antibacterial therapeutics directly into
dental caries. The concept of targeted remineralization of dental caries is novel, as
traditional treatments apply remineralization agents diffusely throughout the oral

10 This approach creates a concentration gradient which leads to complete

cavity,
remineralization of the upper surface of the tooth, while the larger subsurface lesion

remains porous, illustrated in Figure 6-1.

Current treatment paradigm heals upper surface first:

(F]

[F]

Figure 6-1: Concept behind targeted remineralization of dental caries illustrated with polarized light cross-
sectional micrographs of carious enamel lesion, where the sound or remineralized enamel appears blue and
the demineralized subsurface appears yellow/brown/black due to greater porosity. The current treatment
paradigm (top left) has increased fluoride concentration at the upper surface of the lesion, resulting in
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healing of just the upper surface (top right), compared to the targeted treatment paradigm (bottom left),
which will facilitate remineralization from within the carious lesion, and possibly better outcomes (bottom
right). (Images used with permission from Clarkson Lab, University of Michigan).

The outcome is that the tooth is structurally undermined and is more susceptible to
damage, and the subsurface porosity generally leave an unaesthetic appearance.’ A
targeted remineralization treatment will deliver remineralization agents within the
subsurface body of the lesion, and reverse the direction of the therapeutic gradient from
the base of the lesion to the small surface pores. We hypothesize that this paradigm shift
can result in improved remineralization, healing the entirety of the carious lesion, while
potentially requiring a lower dose of therapeutic minerals. Some preliminary work
explored the utility of the smaller starch nanoparticles towards the loading of sodium
fluoride salt; however, the release was rapid and uncontrolled — the rapid degradation of
small starch nanoparticles is not a desirable trait for this application. The conclusion was
that a different material and/or larger particles are needed to extend the release kinetics

for sodium fluoride, which would make a more clinically useful system. Furthermore,

starch-based nanoparticles might be well suited for the loading and release of other

171 172

remineralization therapeutics, such as calcium fluoride, calcium phosphate,

173,174 175

hydroxyapatite, and phosphate serines.””> We have tested modifying acetal dextran
nanoparticles as an elegant method to release sodium fluoride triggered by the acidic pH
within active carious lesions, and preliminary release studies indicate that this is feasible,
though continued optimization is needed to validate this system. Success of this work
will shift dentistry away from invasive drilling techniques towards non-invasive
preventative nano-dentistry, a significant change that promises to improve patient

9

outcomes and reduce dentophobia.’® Beyond the treatment and diagnosis of dental

caries, there are additional opportunities for applying polysaccharide nanoparticles in
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dentistry, including in antibacterial treatments® and the diagnosis and treatment of oral
cancer.”® Furthermore, similar principals can be applied to the design of other topical
diagnostics and therapeutics, including dermal injuries and infections, diseases of the

digestive tract, and craniofacial diseases and disorders.*’" "

6.3 Towards Cellular Metabolism-Targeted Nanomaterials

Chapter 4 identified the utility of starch nanoparticles as a depot for copper
nanoparticles as an antibacterial platform. Again, the degradation of starch by amylase,
in this case produced by certain strains of bacteria, provides a responsive release of
copper nanoparticles which in turn kill the bacterial cells. Furthermore, the modified
properties of the starch facilitate strong interactions with the bacteria which assist in
targeting the treatment to bacterial cells. Continued work on this project will explore the
utility of this strategy for clinical applications, and a furthered understanding of the
specific metabolites of different bacteria can guide the design of new particles which can
degrade specifically in response to different stimuli. Similar particles can also be
prepared with different loadings, including alternative metallic nanoparticles such as zinc

30 or silver,'?® or antibiotics,*®® or combinations therein.’®  Since starch-digesting

oxide
bacteria are present in the lower gastro-intestinal tract, similar particles can be used to
specifically release therapeutics to these regions, useful in targeting bacteria for
infections such as C. difficile and treatments for inflammatory bowel disease.*® There is
also a potential non-healthcare application in the release of fertilizers in soil, triggered by

2

the presence of starch-digesting bacteria.®® An additional goal for this project is to
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develop a spray-on coating which can slowly release copper, useful for surfaces in the

hospital which may not be adequately sterilized on a regular basis.

6.4 Applications of Glycocalyx-Mimetic Interfaces

Chapter 5 identified the utility of mannose-brush polymers for the specific
targeting of M2-polarized Tumor Associated Macrophages. While this research
demonstrates the use of the polymer brushes on a flat surface, the brushes are equally
applicable on nano- and microparticles, and other complex substrates.  Using
mannosylated surfaces to bind specifically to TAMs has potential, with further
engineering and development, to develop new targeted therapeutics and diagnostics, as
well as prognostic assays for tumor biopsy samples. These technologies would be useful
in the treatment of prostate, lung, breast cancer and lymphomas, and similar targeting of
M2 macrophages can also benefit treatments for cardiovascular disease,®’ diabetes,*®

arthritis,® and auto-immune diseases.**®

We have prepared poly(lactic-co-glycolic acid)
(PLGA) nanoparticles with ATRP initiators and validated the ability to perform SI-ATRP
on, and subsequently isolate, these particles. Exploration of the uptake of coated
nanoparticles will validate the feasibility of these coatings for therapeutic and diagnostic
applications targeting M2 macrophages, as mentioned previously. This pathway will
require in vitro studies, which if successful can be then be evaluated in vivo, prior to

pursuing clinical studies. Even without applying these coatings to particles, there are

potential opportunities to clinically apply the prepared surfaces. Isolation of M2 cells
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from biopsy samples could be useful towards determining a patient’s prognosis and
tailoring a personalized treatment plan. Furthermore, such coatings could be applied to
implantable devices which may be loaded with drugs. Using therapeutics that are capable
of polarizing the macrophages to an M1 state would be useful in reducing

0

inflammation,*®® and such coatings could be incorporated in surgical implants and

stitches.

6.5 Future Outlook

This dissertation has illustrated some of the utility and potential clinical
applications for polysaccharides, highlighting how knowledge of the biological properties
and functions of these materials can be harnessed in the design and application of
engineered nanomaterials. Engineers are capable of developing exciting novel solutions;
however the translation of this research is difficult largely because of unexpected host
responses to synthetic materials when moving from in vitro to in vivo, to clinical use.**
Potentially the use of biomolecules, such as polysaccharides, can create systems which
interface more controllably with biological systems, leading to better outcomes. Novel
materials are required that offer specific desirable properties that are beneficial in the
diagnosis and treatment of various diseases and disorders, and no singular solution will
be applicable to all of these applications. While the research in this dissertation uses
well-understood biological interactions, such as the enzymatic degradation of starch, or
multivalent specific binding afforded by the glycocalyx, further understanding of biology

can help design smart systems for other applications. To this end, collaborative efforts
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combining knowledge of materials, chemistry, biology, and clinical experience are

critical to the development and optimization of the next generation of medicine.
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