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ABSTRACT

The School of Graduate Studies

The University of Alabama in Huntsville

Degree: Doctor of Philosophy College/Program: Science/Biotechnology Science
and Engineering

Name of Candidate: Kavini M. Rathnayake

Title: Functionalized Nanomaterials as Tailored Theranostics

Theranostic nanoparticles are a type of biodegradable and biocompatible
multifunctional nanosystems in combination with diagnostic and therapeutic capabilities
for more specific and personalized disease management. However, difficulties still exist
in engineering biocompatible theranostic nanoparticles with highly specific to
intracellular bacteria and tumor. Development of nanoassemblies which can overcome
these difficulties to achieve maximum therapeutic efficacy of the drugs will be discussed
in this dissertation. Pseudomonas aeruginosa (PA) is an opportunistic pathogen,
which causes serious lung infections in immunocompromised patients. Traditional oral
intake of large quantities of small-molecule antibiotics to treat bacterial infections
leads to off-target toxicity and development of drug-resistant species. Improved
delivery systems of antibiotics to the targeted site of bacterial infections would help
reduce the need fora high intake of antibiotics. In this dissertation a
nanoassembly with mesoporous silica nanoparticles (MSNs) loaded with an antibiotic
and coated with a liposome layer which is tagged with PA targeting ligand was

developed.
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The liposomal shell prevents premature drug release before the nanoassembly approaches
the targeted bacteria and also provides a surface for ligand binding. Following successful
bacteria eradication, another similar nanoassembly to treat lung cancer cells was
developed. It is hypothesized that the acidic tumor vicinity and the lipases will
degrade the liposome layer to release the ROS inducing drug and trigger cancer cell
apoptosis. For ex-vivo bacterial biofilm eradication, the similar nanosystem was
coloaded with an antibiotic and a quorum sensing inhibitor. The nanoparticles were
wrapped with a rhamnolipid liposome layer to get pass through the biofilm rhamnolipid
shield and tagged with an enzyme which can degrade the biofilm outermost physical
barrier. All of these nanoassemblies showed enhanced therapeutic efficacy over the
use of free drugs. In a joint project, a simple and rapid point of care test to detect low
levels of Mycobacterium smegmatis, which is a strain similar to Mycobacterium
tuberculosis, was developed using lectin conjugated multi-core silica coated magnetic
nanoparticles (SMNPs), which binds to carbohydrate epitopes in mycobacterial
cell wall. All these studies led to successful development of theranostic
nanosystems to eradicate infectious diseases and lung cancer cells without causing any

cytotoxicity to healthy cells.
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CHAPTER 1

NANOPARTICLES AS DRUG DELIVERY VEHICLES

1.1 Introduction to Nanotheranostics

Nanomedicine and nano delivery systems have become a rapidly developing
technology as the nanomaterials serve as vehicles that deliver therapeutic agents and as
well as diagnostic tools. The site specific, target- oriented delivery of therapeutics through
the nanomaterials provides vast range of benefits in treating human chronic diseases.
These nanosized (1 to 100 nm) materials exhibit unique structural, chemical, mechanical,
magnetic, electrical, and biological properties.! These unique properties have lead them to
be used as delivery agents of encapsulating or conjugating drugs and as disease diagnostics.
The current project will further explore the development of nanotherapeutics and
diagnostics using different nanomaterials by exploring their chemical and physical
properties.

These therapeutic and diagnostic applications are further discussed in detail in the
next chapters to come together with the recent therapeutic endeavors containing similar
constructs. Foremost, the synthesis of the nanoparticles into different targeted

nanoassemblies to facilitate different applications and the challenges that may dictate their



efficiency will be illustrated. Background layout of the synthesis of nanoparticles to
nanoassemblies and their characteristic features that helps in respective applications will

be discussed.
1.2 Nanomaterials in drug delivery
1.2.1 Introduction

Drug delivery systems facilitate controlled release of a drug at a designated rate at
a targeted site of interest to ultimately serve the purpose of the drug. These drug delivery
systems should have enhanced permeability, stability, controllability, localized or targeted
delivery and reduced toxicity with enhanced therapeutic efficacy.!-

Nanomaterials are small sized materials ranging from 1 to 100 nm. However,
depending on the dimensions, they can be subcategorized into 0D (nanoparticles), 1D
(nanorods, nanowires) and 2D (nanofilms, quantum dots).* These smaller dimensions
facilitate unique physical, chemical, optical, electrical, and biological properties. Their
higher surface area and increased surface energy enhance their catalytical activity.
Furthermore, high surface area to volume ratio facilitates the drug loading and attachment
of more drugs onto the nanoparticle surface. Also, the ease of surface modification using
conjugate biomolecules supports the targeted delivery. These drugs can be loaded inside
the nanomaterials or coated with nanomaterials to prevent drug degradation or drug leakage
until it reaches the target site. Furthermore, these nanomaterials can be activated under
NIR, UV and Vis excitation or by magnetic or electrical fields for controlled release of the
drug at the interested vicinity.* Once fluorescently labeled, these nanomaterials can be
tracked for their release and internalization. These nanomaterials can have the ability to

increase cellular uptake of drugs due to their size and surface charge and can control the



targeting affinity through attaching targeting ligands. Considering all these factors, there is
a fast-growing interest in using them as delivery vehicles for the existing drugs.
Therefore, the aim of this section is to discuss typical and detailed examples of
using silica-based nanomaterials as drug delivery vehicles to facilitate the drugs therapeutic
affinity by reducing off target toxicity and cytotoxity (quality of being toxic to cells).

1.2.2 Silica based nanomaterials

Most drug delivery systems experience high dose limitations, off target toxicity,
poor solubility and low bioavailability. Most small molecule drug therapies also struggle
with these limitations. However, nanotechnology-based drug delivery has overcome these
previously mentioned limitations by using nanomaterials in drug delivery. Due to their
larger surface area, adjustable pore size, and facile surface modification ability, silicon-
based nanoparticles and their oxides have become very popular as investigative drug
delivery platforms.> The silicon-based materials have vastly been used in biomedical
applications such as dental fillers, dietary supplements, implants and contact lenses.®®
Furthermore, silicon-based nanoparticles have attracted tremendous attention due to its
superior biocompatibility, optical properties, low density, controllable structure, higher
surface area, adsorption capacity and low toxicity.”!! These unique characteristics have
significant influence on biological systems in biodistribution™, blood circulation'?, cellular
uptake!3, drug release, etc.! Furthermore, the silanol groups present on the nanoparticle
surface facilitate attachment of targeting ligands, stimuli responsive protective gate keepers
which will further increase the therapeutic efficacy of the drugs by directed targeting

affinity and reducing side effects.!?



Silica-based nanoparticles can be classified into nonporous (solid) and mesoporous
(2 to 50 nm pore structure), both having a similar amorphous silica structure and
composition.” The properties, differences, and similarities of these solid and porous silica

nanoparticles will be discussed in the sections to come.

1.2.2.a Silica nanoparticles

Silica nanoparticles are the most widely used nanoparticles in drug delivery due its
ease of synthesis and biocompatibility.'* Due to their amorphous structure, smaller size,
higher stability, and tunable surface properties via their hydrophilic surface, silica
nanoparticles are good candidates for the delivery of drugs and genetic material.'*
Fluorescently labeled silica nanoparticles can be used in bioimaging due their ability to
protect drugs from immune responses and also in drug delivery, immunodiagnostics and
cancer research.!® Oliveira et al. reported the use of folate tagged amino functionalized
silica nanoparticles loaded with curcumin to target and deliver drugs to prostate cancer
cells.!s A study by Lee et al. mentioned the use of mesoporous dye doped (Rhodamine B
isothiocyanate) silica nanoparticles immobilized within magnetite nanocrystals for
simultaneous MRI, fluorescence imaging and anticancer drug delivery.!> 7 This

dissertation focuses on using silica based nanoparticles for theranostic applications.

1.2.2.b Mesoporous silica nanoparticles

Mesoporous nanoparticles (MSNs) have been nominated as a drug delivery vehicle
since the 1990s due to their excellent biocompatibility, internal pores (typically ca. 2 to 6
nm) controllable particle size (50 to 200 nm), pore volume (0.6 to 1 cm?®/g), large surface

area (700 to 1000 m*g), and flexible surface modification capabilities.'® ° Therefore,



tuning pore volume, internal properties of pores, size and shape morphology and surface
functionalization impact the MSN's ability to act as drug delivery systems.’ The silanol
containing surface of these MSNs can be easily modified with a targeting moiety to target
the drug to a directed location by increasing specificity and diminishing undesired side
effects. There are two types of modifications: (i) active targeting through conjugation of
peptides, small molecules, proteins, antibodies, aptamers and etc., and (ii) dual targeting
where grafting two targeting agents to enhance more selectivity.?’ These modifications
further facilitate the uptake of nanoparticles from the blood stream.

MSNSs possess a solid framework with a porous structure and a large surface area
which facilitates loading and attaching drugs easier than the solid silica nanoparticles.
Furthermore, the larger surface area facilitates faster lixiviation of the silica matrix due to
enhanced contact with physiological medium.?! Furthermore, the pore geometry can be
changed depending on the application. They are vastly used in research studies in
controlled and targeted drug delivery due to their low toxicity and high drug loading
capacity. The presence of tunable pores provides the advantage of loading higher quantities
of hydrophilic/ hydrophobic and positively/negatively charged drugs following subsequent
stimuli responsive controlled release using gate keepers. Also, MSNs allow for the
transportation of two or more drugs synergistically which open doors for combinational
therapy for multidrug resistant diseases. Additionally, loading fluorescently labeled drugs
or contrast agents helps in biomedical imaging in real time treatments. The possibility to
reduce premature cargo release by blocking the pores with a stimulus responsive linker is
another added advantage of using MSNs as drug delivery vehicles. These can be internal

stimuli such as enzymes, pH, redox potential, and external stimuli such as NIR, magnetic



field, ultrasound, etc. 2> 22 Cheng et al. reported the enzyme induced drug release from
MSNss at the tumor vicinity.?? Also, Zhao et al. has studied the use of NIR triggered drug

release from MSN for cancer therapy.?*

Compared to liposomes these MSNs are very stable against external mechanical
stresses and degradation forces due to their strong Si-O bonds.?° The other advantage of
these strong Si-O bonds is their susceptibility to break down through nucleophilic attacks
by hydroxides or water present in the SiO2 network. This reaction promotes the hydrolytic
breakdown of the siloxane (Si-O-Si), leaching orthosilicic acid (Si(OH)s).? This byproduct
is highly biocompatible and excretes well with urine making these MSNs a suitable

candidate to be used as nano drug delivery system (DDSs).

Irrespective to the advantages, there are obvious challenges in elevating MSNs to
clinical level DDSs. One of the major problems is scaling up the MSN synthesis for
commercialization. Even though the reproducibility in small scale is easy, mass scale
reproduction is very difficult and very costly.?’ Also, passing through all the pre-clinical
and clinical trials up to getting Food and Drug Administration (FDA) approval will be quite
challenging and time consuming.

Song et al. has reported the use of a silica nanopollen which has rough mesoporous
silica hollow spheres that mimic the bacteria cell surface, which makes these nanoparticles
to have enhanced adhesion towards bacteria.?® Furthermore, they have loaded these
nanoparticles with lysozymes and checked its antimicrobial affinity towards E. coli.*® Zhao
et al. also used succinylated casein coated mesoporous silica nanoparticles to load an
antimicrobial peptide to check its antibacterial action against multidrug resistant E. coli.?’

Also, Chen et al. studied the use of monodispersed zinc-containing mesoporous silica



