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ABSTRACT OF THE DISSERTATION

Synthetic Hollow Enzyme Loaded Nanospheres for Diagnostic and
Therapeutic Applications

by

Inanc Ortac
Doctor of Philosophy in Electrical Engineering (Photonics)
University of California, San Diego, 2013

Professor Sadik Esener, Chair

Although enzymes of non-human origin have been studied for a vo-
riety of therapeutic and diagnostic applications, including cancer, gout,
diabetes, and various enzyme-deficiency disorders, their use in the clinic
has been limited by the immune response generated against them and
the challenges involved with their delivery and effective operation in vivo.

We describe here a novel nanoparticle, the Synthetic Hollow En-
zyme Loaded nanoSpheres (SHELS), that protects the encapsulated en-
zymes within its hollow interior, obviating an immune attack while allowing
constant access to their substrates through its nanopores.
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The fabrication process of SHELS relies on is a template-based, ver-
satile, scalable, and robust "nanomasking” patterning method that per-
mits the realization of a dual-scale-porosity nanoparticle class well suited
for the efficient loading and trapping of larger payloads while also en-
abling their interactions with smaller molecules through its nanoscale
pores.

In this dissertation, the unique capabilities and functionalities made
possible by the nanomasking method and the SHELS platform are dis-
cussed and illustrated for various therapeutic and diagnostic applica-
tions. Specifically we provide:

*a comprehensive evaluation and a detailed characterization of
dual-scale porosity hollow nanoparticles fabricated using the novel
nano-masking technique,

*the evaluation of the relevant parameters of the SHELS platform for
its successful implementation in the clinic, including:

- exquisite conftrol in synthesis (nanoparticles with 100-500 nm di-
ameters and 3-40 nm pore sizes),

- high enzyme entrapment capacity (>1.5 mg/qg).

- efficient protection from antibody access and neutralization and
shielding from proteolysis,

- unperturbed in vivo enzyme activity, and
- long in-tissue-residence and stability (several weeks)

eresults of preclinical studies demonstrating the potential usefulness
of the SHELS platform to facilitate therapeutic formulations for vari-
ous cancer types, and

eresults of ex vivo experiments conducted to demonstrate useful-
ness in diagnostic applications
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Chapter 1

Introduction

While enzymes of non-human origin are attractive for therapeutic
and diagnostic applications, their clinical use has been limited due to the
immune response against foreign proteins[1, 2, 3, 4]. Different formulations
of foreign enzymes have shown promise for the treatment of various types
of cancer[5, 6, 7, 8, 4]. For example, the treatment of solid or metastatic
tumors could benefit from enzyme-prodrug therapies using foreign en-
zymes that convert a non-cytotoxic prodrug into its toxic forms at the
tumor site by a highly specific localized enzymatic reaction[?, 8, 10, 4].
Another treatment option, which employs foreign enzymes, is the deple-
tion of amino acids essential to tumors. This can lead to tumor apop-
tosis with minimal side effects to normal cells. It is well established that
many tumors, including liquid ones, exhibit deficiencies in one or more
amino acid synthesis routes, forcing the tumors to rely on an extra-cellular
pool of the amino acids for survival and to satisfy protein biosynthesis
demands[5, 6, 7, 11].

Amino acid depletion has a long history in both clinical practice
and experimental therapeutic settings. L-asparaginase has been used
to freat acute lymphoblastic leukemia for over forty years. Other amino
acid-depletion approaches have been tried in leukemia and solid tu-
mors, including methionionase for tumors with p16 deletions that also af-
fect methylthioadenosine phosphorylase (MTAP) [12, 13] and argininase



to target tumor-initiating cells in lung cancer [12, 13]. Renewed inter-
est in cancer cell metabolism and a better understanding of pathways
connecting the Warburg effect, amino acid metabolism and autophagy
[14, 15] suggest that enzyme therapy that depletes essential cancer cell
metabolites may be poised for a renaissance.

However, the very ability of foreign enzymes to achieve these spe-
cific functions causes them to be cleared rapidly or neutralized by the
body's immune response, thereby causing failure of these therapies in the
clinic[16, 17, 8, 18, 4]. In addition, many enzymes require cofactors, which
are necessary chemical compounds bound to a protein and are required
for enzymes to function[19]. However, for certain enzymes such as me-
thioninase, the cofactor pyrodoxal phosphate is rapidly sequestered by
albumin in the blood, causing the enzyme's activity to diminish rapidly
[20, 21, 22, 23].

Therefore, foreign enzyme-based therapies critically need efficient
delivery platforms that can allow stealth operatfion while at the same
time limiting cofactor loss when needed. This requires preventing anti-
body and other blood protein access to enzymes, while allowing these
enzymes the ability to freely interact with their substrates. Ideally, the
delivery approach must be realized at low cost and complexity without
compromising flexibility in design.

This dissertation describes a novel nanoparticle platform, the Syn-
thetic Hollow Enzyme Loaded nanoSpheres (SHELS). As will be described,
SHELS protect the encapsulated enzymes within their hollow interior, obvi-
ating an immune attack while allowing constant access to their substrates
through their nanopores. For the fabrication of SHELS, a robust manufac-
turing approach termed "nanomasking" is infroduced. The platform ex-
hibits several key features necessary for successful implementation in the
clinic, including exquisite control in synthesis, high enzyme entrapment
capacity, efficient protection from antibody access and neutralization,
shielding from proteolysis, unperturbed in vivo enzyme activity, and long



in-fissue-residence and stability.

This dissertation begins with a brief explanation of the immune sys-
tem and associated immune responses against foreign enzymes and is
followed by an overview of current technologies for the fabrication of
hollow nanoparticles and of nano encapsulation approaches for the ef-
fective delivery of enzymes.

In the third chapter, the nanomasking method and the dual-scale-
porosity nanoparticle platform synthetic hollow mesoporous nanospheres
(SHMS) are infroduced. The characterization of the structural features of
partficles obtained with the method, together with the versatility of the
synthesis, are also explained throughout the chapter.

The fourth chapter focuses on enzyme loading and sealing of SHMS
and their conversion to synthetic hollow enzyme loaded nanospheres
(SHELS). This chapter includes a detailed characterization of SHELS and
results of the proof-of-concept studies.

The fifth chapter discusses potential applications of SHELS with ther-
apeutic enzymes, including asparaginase and methioninase for vari-
ous types of cancer and uricase for gout; these enzymes already have
proven mechanisms of action but have had limited use in the clinic due to
various problems that are addressed by their encapsulation within SHELS.

The sixth chapter covers various diagnostic applications of SHELS.
The chapter starts with catalase encapsulated within SHELS for in vivo
sensing of hydrogen peroxide, which plays an important role in mediating
the damage caused by inflammation and also has implications in can-
cer, diabetes, aging, and cardiovascular disease. The sixth chapter ends
with glucose oxidase-encapsulated Ru(phen)d? doped SHELS developed
with the aim of continuous in vivo glucose sensing for diabetes.

The dissertation concludes by examining the future potential ap-
plication of SHELS as a universal functional macromolecule delivery plat-
form.



Chapter 2

Background

2.1 Immune Responses to Foreign Materials

2.1.1 Introduction to the Immune System

The immune system is an assembly of biological processes, cells, tis-
sues, and organs working in cooperation in order to defend an organism
against attacks by foreign invaders such as microbes including bacteria,
parasites, fungi, and viruses. To atftain such protection, the immune sys-
tem first needs to detect and identify foreign agents and distinguish them
from the body's own cells and agents[24].

A healthy immune system operates efficiently together with the
body's other systems and cells. When the immune system detects a for-
eign agent, the immune response is generated, with the immune sys-
tem attacking and subsequently eliminating and neutralizing the foreign
agent[25]. These foreign agents, called antigens, can be proteins from
a different organism or some other molecular components from sources
such as bacteriq, viruses, or parasites. Antigens have molecules that mark
them as foreign[26]. Sometimes, the immune system fails and misidentifies
certain of its own tissues as foreign, subsequently attacking them; such a
response causes numerous autoimmune diseases, including some forms
of arthritis and diabetes, or may cause allergies to develop by responding



aggressively to a harmless foreign substance such as ragweed pollen[25].
Pathogens are organisms such as bacteria, viruses, or fungi that
carry antigens and cause diseases in their host organism[26]. Evolution
has provided tools for many pathogens to avoid detection and neutral-
ization by the immune system, yet, at the same time, immune systems
have also evolved to recognize and effectively neutralize pathogens.

The Innate and Adaptive Immune System

The immune system has a multi-layered mechanism. Initially, the in-
nate immune system comes into play by creating a nonspecific immune
response against antigens. Following an innate immune response, the
adaptive immune system is deployed, either by using the body's existing
immunological memory or generating an immunological memory for fu-
ture exposure to those antfigens[27](Figure 2.1). The immune responses
generated by the adaptive immune system are so specific that they can
easily distinguish one type of bacterium from another or one cell type
from another. This specific form of immunity is also often referred to as
acquired immunity because it is activated only by the first exposure to a
foreign microorganism or to a vaccine[24].

Innate Immunity

The nonspecific collection of protective defenses is referred to as
the body's innate defense mechanisms. The innate immune system is al-
ways active and effective against harmful intruders that have never been
encountered by the body before. The first component of the innate im-
mune system is that of the passive barrier defenses, which protect the rest
of the body by blocking the entry of pathogens to the body's deeper tis-
sues, where a great deal of damage could be done. Should a pathogen
successfully breach the body's passive barrier defenses, it encounters an
aggressive nonspecific reactive response[24].
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Figure 2.1: Innate and adaptive immunity. Innate immunity is the initial
defense against infections and involves passive barrier defenses and non-
specific reactive response. Adaptive immunity is deployed later and in-
volves more specific reactions against infections[25].



Passive Barrier Defenses: The body's first layer of defense is the skin,
which is considered the largest organ of the body. Skin consists of ep-
ithelial cells, which are packed together with virtually no space between
them; this tight fit is one of the most important features of the skin, enabling
it to act as an efficient barrier against the entry of pathogens[28]. The mu-
cous membranes are another important barrier against pathogens and
consist of a different type of epithelial cells that form skin[24]. Although
skin is formed in such a way that it is impermeable, the body must allow
materials such as nutrients, fluids, and oxygen and to pass through the skin
in order to dispose of certain metabolites. The mucous membranes act
as selectively permeable gates, forming a lining at locations such as the
respiratory and digestive tracts where such transfers are performed; they
are thus more loosely packed than the skin's epithelial cells. However, this
gate mechanism and its attendant looser fit between cells makes mu-
cous membranes vulnerable to the penetration of microorganisms. To
prevent such an incursion, mucous membranes are protected by a cer-
tain type of cells called goblet cells, which produce and secrete a sticky,
thick liquid called mucus onto the surface of the membranes, keeping
the membranes moist and trapping foreign matters such as dust, soof,
and microorganisms[29]. Certain cells along the mucous membranes
also have cilia, which are hair-like extensions that sweep the mucus and
its frapped materials toward the body's exit points. Thus, although, these
areas are frequently flooded with microorganisms, the areas below these
regions stay sterile and uncompromised in healthy individuals[24].

However, there exist in the body numerous areas such as the eyes
that are not protected by either skin or by the mucous membrane barrier.
In the case of the eyes, in the inside corners of the eyes there are small
openings called tear ducts that continuously secrete tears that wash the
eyes, thereby removing microorganisms and preventing them from en-
tering the soft tissue of the eyeball [24].

Nonspecific reactive responses: Foreign materials that do find their



way into the body are met by active, aggressive defenses systems called
nonspecific reactive responses, which seek out and eliminate invading
pathogens. These responses are called nonspecific because they attack
anything as long as it is recognized as foreign and involve specific steps
to eliminate the foreign material actively[25].

Inflammation is basically a complex series of reactions that almost
always occurs when a foreign materials enters the body. Inflammation
results in swelling, redness, heat, and soreness at the injured site due pri-
marily to increased blood flow to the area where an infruder is detected
and the attendant leakage of fluid from blood vessels into the surrounding
area. Inflammation is initiated by the release of inflammatory mediators
(eicosanoids and cytokines) from the injured or infected cells[24].

Eicosanoids are signaling molecules derived from either omega-3
or omega-é fatty acids. Prostaglandins are a type of eicosanoids and are
responsible for producing fever and blood vessel dilation during inflam-
mation. Leukotrienes are another type of eicosanoids that attract certain
leukocytes, also called white blood cells, which are crucial components
of the immune system response and are actively involved in defending
the body against pathogens[25].

Cytokines are small signaling molecules that include interleukines,
chemokines, and interferons. Interleukins are used for communication
between white blood cells, and chemokines promote chemotaxis, which
causes immune cells to migrate to the site of infection as a result of the
immune response[30]. Another type of cytokines are called interferons,
which have anti-viral effects, including stopping protein synthesis in the
host cells[31]. Growth factors to promote healing of any damaged tissue
and cytotoxic factors to eliminate infected cells can also be released
during inflammation[24].

As fluid leaks into the inflammation site, it also brings antibodies.
Antibodies are proteins produced by the immune system that attach to
anfigens. When bound, antibodies serve as tags for both white blood



cells (leukocytes) and for a class of proteins called complement proteins,
both of which are involved in eliminating pathogens from the site[24].

Moreover, inflammation makes the capillaries leaky, and white
phagocytic blood cells, also called phagocytes, enter the affected tis-
sues from blood circulation. These white blood cells engulf foreign mate-
rials and destroy them chemically[25].

Phagocytes seek foreign materials, including proteins and micoror-
ganisms.  Once phagocytes recognize foreign materials, they engulf
these invaders through a process called phagocytosis; here, they trap
the foreign materials inside a phagosome, a vesicle formed around
pathogens within the cytoplasm of the phagocytes to digest the foreign
materials[32].

Complement System: The complement system consists of as many
as 60 different proteins working in coordination through a sequence or
a cascade[26]. Complement proteins are primarily utilized through two
pathways: the classical complement pathway and the alternate com-
plement pathway.

In the classical complement pathway, antibodies work alongside
the complement proteins to eliminate invading pathogens (Figure 2.2).
Once an antibody binds to an antigen, certain sections of an antibody
are exposed for complement protein binding. As a result of their bind-
ing to antibodies, complement proteins go through a conformational
change and start acting as a new binding site for other complement pro-
teins. The complement proteins that bind to the first set of complement
proteins subsequently split in such a way that one piece is attached to the
first structure while the other piece diffuses out and acts as an inflamma-
tory mediator as well as an agent to attract immune system cells[26]. If
the foreign agent is a bacterial cell, this cascade of events causes a hole
to form in the bacterial wall, friggering a rush of fluids into the bacterial
cell and kiling the bacteria[24].

The alternate complement pathway leads to the same outcome
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without the involvement of antibodies. In those cases, the invading
pathogens already contain specific molecules for complement protein
binding without the need of antibodies[24].

The Specific Adaptive Immunity

The most important players in the immune system are leucocytes,
which are produced by stem cells in the bone marrow along with other
blood cells through a process called hematopoiesis. As a result of
hematopoiesis, red blood cells (erythrocytes) that tfransport oxygen and
carbon dioxide throughout the body are also produced in addition to
leucocytes[26]. There are primarily two classes of leucocytes: phago-
cytes and lymphocytes.

Phagocytes: Phagocytes can be further classified as mononuclear
leukocytes and polymorphonuclear leukocytes[33]. Mononuclear leu-
cocytes contain only one nucleus and are converted into monocytes,
making up about 8% of all leucocytes in the blood. Polymorphonuclear
leukocytes contain multiple nuclei and are converted into neutrophils,
eosinophils, and basophils[26, 34].

Eventually, some of the monocytes that squeeze through the walls
of capillaries into the tissues are converted into macrophages. Mono-
cytes can also give rise to dendritic cells. Both macrophages and
dendritic cells take part in the antigen presentation that occurs in the
lymph nodes-an important process for developing an acquired immune
response[35].

Neutrophils form about 50% of all leukocytes and are typically the
first responders to an infection[36]; however, they do not contribute to the
antigen presentation in lymph nodes in the same way as macrophages
or dendritic cells[37].

Eosinophils makes up about 6% of the total leukocyte population
in blood and are particularly important in fighting infections caused by
fungi, protozoa, and worms[27]. Basophils are another type of polymor-
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phonuclear leukocytes and have the smallest population, making up less
than 1% of total leukocytes in the blood; they are related to mast cells,
another group of cells. Both mast cells and besophils, when activated,
release histamine, resulting in an inflammatory reaction[33].

Lypmhocytes: The origin of lymphocytic maturation determines
whether these cells develop into one of two primary types of lympho-
cytes: T cells and B cells. If the maturation takes place in the bone
marrow, the lymphoid precursor is converted into B cell (B lymphocytes),
which are considered the principal cells for making antibodies[38]. If the
maturation takes place in the thymus, a gland that is located in front of
the heart, T cells (T lymphocytes) are generated; these cells play a crucial
role inthe regulation of the intensity of the immune reaction[39].

There are three major divisions of T cells:

1. Cytotoxic T cells: Responsible for cell-mediated immunity

2. Helper T cells: Responsible for immune response activation

3. Suppressor T cells: Regulate the intensity of the immune response
and prevent auto-immune responses[39, 26].

In addition to T cells and B cells, there is a third class of lymphocytes,
called null ymphocytes; the role of these cells in the immune response
remains to be understood[24].

2.1.2 Organs of the Immune System

The organs of the immune system are generally classified as be-
ing either primary or secondary lymphoid organs.The primary lymphoid
organs include bone marrow and the thymus, which take part in the pro-
duction and development of various classes of lymphocytes, as noted
previously. Bone marrow also produces other blood cells and is the site
of specialization of B cells, whereas, the thymus is involved in the devel-
opment and maturation of T cells[27, 24].

The secondary lymphoid organs include lymph nodes and the
spleen. The lymphatic system is part of the circulatory system and is made
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up of lymph nodes and lymphatic vessels that carry the lymph, which is
the liquid that contains white blood cells and is formed through the col-
lection of interstitial fluid through lymph capillaries[40].

The spleen resembles a large lymph node in structure and can
be thought of as a blood filter. Its role in the immune system is to syn-
thesize antibodies in its white pulp and subsequently remove antfibody-
coated foreign materials from the body's circulation. It also stores mono-
cytes that, when an immune response is generated, migrate toward
the source of the infection for transformation into dendritic cells and
macrophages[25].

2.1.3 Humoral Immunity and Antibodies

Antibodies, also referred to as immunoglobins (IgG), are Y-shaped
globular glycoproteins produced by B cells. Antibodies play a critical role
in the immune system's recognition and neutralization of foreign objects.
In mammals, there are five types of antibody: IgA, IgD, IgE, IgG, and
IgM[26].

Immunoglobin G (IgG) is the most common antibody type in circu-
lation and is active in the specific secondary immune response.

Immunoglobin M (IgM) is made up of five IgG molecules, forming
a large complex. IgM is the first form of antibody that is produced when
the body is exposed to a foreign antigen.

Immunoglobin A (IgA) is formed when two IgG-like complexes are
joined together; it can be secreted through mucous membranes.

Immunoglobin E (IgE) is found in very low numbers and takes part
in fighting parasitic infections.

Immunoglobin D (IgD) is found on the surface of B and T cells and
serves as the antigen-binding site[26].
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Antibody Structure

A basic unit of the antibody molecule is a Y-shaped assembly of
four polypeptides: two heavy chains and two light chains(Figure 2.3).

The bottom of the Y is made up of the constant regions, which de-
termine the antibody type: IgG, IgM, IgA, IgE, IgD. The constant regions
are recognized by different components of the immune system. At the
upper arms of the Y are the variable regions specific to certain antigens.
The two arms are identical in an antibody molecule, giving it the ability
to bind to two identical antigens. This is the case for IgG, IgE, and IgD
antibodies. As IgM is a made up of five basic units, and IgA is a dimer,
they can bind to 10 and four identical antfigens, respectively. The prop-
erty of binding to multiple antigens at once often results in the tendency
of antibodies to clump the foreign materials together, speeding up the
process of immune recognition and elimination[26, 27].

Antibody Specificity

Although there is a gene for every protein in the body, considering
the number of possible antigens and the variation of antibodies in our
body against these antigens, there is not enough room to store all these
genes in our chromosome. In fact, it has been demonstrated that there
exist clusters of inferchangeable gene sequences in the undifferentiated
B cells derived from bone marrow stem cells that are not dedicated to
making a specific antibody[41].

In general, there are three or four distinct sections in a typical im-
munoglobin. Before the B cells differentiated, they had several alterno-
tive DNA blocks, called cassettes, for each of these sections of the im-
munoglobin gene. In order to make a complete globin, one cassette is
utilized for each section of the molecule. By rearranging different cas-
settes info each slot, numerous combinations can be obtained, explain-
ing the basis of the diversity of antibodies. However, once a B cell matures
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in the bone marrow, a certain unique arrangement of cassettes is estab-
lished and becomes a permanent gene for that B cell. Therefore, that B
cell and any B cells that are cloned from it are able to produce only one
type of antibody that recognizes only one possible antigen[41].

2.2 Current Enzyme Encapsulation Technologies

for Protection from the Immune System

Current techniques that aim to prevent an immune response
against foreign enzymes primarily rely on two general approaches. In the
first approach, the enzymes are directly modified with polymers such as
polyethylene glycol (PEG)[42, 43] or nanometer-scale inorganic/organic
networks, such as in the case of single-enzyme nanoparticles (SENs)[44,
45]. Typically, with PEG functionalization, which is limited to systemic de-
livery routes, the enzyme activity is reduced significantly compared to
the unprotected enzymes, although circulation half-life is increased and
a reduction in immunogenicity is observed compared to the unprotected
enzymes[46, 47]. The drawbacks of this first approach include antibody
generation against PEG, weak retention at the target site, and degradao-
tion of PEG, as well as the need for extensive optimization of the conju-
gation chemistry specific for each enzyme type remaining a prohibitively
expensive undertaking[46, 47]. SENs also suffer from weak retention at the
target site and are applicable only to a limited number of enzymes[45].

In the second approach, which promises a lower cost and in-
creased generality, enzymes are encapsulated within a protective struc-
ture, which either releases the enzyme at the target[48, 49, 50, 51] or
allows substrate to access the enzyme[52, 1, 53, 54, 55]. Of these, the
techniques that depend on the release of enzymes often suffer from non-
specific release as well as inefficient synthesis and loading[48, 49, 50, 51].
Indeed, the encapsulation of enzymes in nano- and meso-porous matri-
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ces made of materials such as silica[52, 55, 56], polyelectrolyte([54, 56],
or polymer[1] and inorganic hollow nanoparticles such as gold[53] have
been widely studied. However, these techniques are also limited by low
loading efficiencies; reduced activity of the enzymes as a result of immo-
bilization and encapsulation chemistries; and issues of stability, toxicity,
and applicability([52, 53, 54, 55]. In addition, these techniques can only
be applied to a small number of enzymes due to the harsh chemistries in-
volved in the loading process, which can damage enzymes[52, 53]. Fur-
thermore, most of these applications are limited to a narrow range of sizes
and materials[52, 53, 48, 50, 54, 55, 56, 51]. For the successful treatment
of multidimensional diseases such as cancer, a generalized nano-carrier
platform needs to address all of these requirements simultaneously.

For successful implementation in the clinic, multiple requirements
must be met at once by an enzyme-encapsulation technology. These
requirements include stability, immunoprotection, sustained activity, low
toxicity, sufficient target retention, and broad applicability. None of the
conventional methods discussed above can meet these requirements
(summarized in Figure 2.4), requiring a novel approach to the subject.
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Chapter 3

Nanomasking Method and
Fabrication of Mesoporous
Nanospheres (SHMS)

3.1 Overview of Hollow Nanoparticle Technolo-
gies

The use of colloidal particles with hollow interiors has been con-
sidered promising for the conftrolled release of drugs and biological
molecules, for immune isolation and protection of biomolecules and of
biologically active species, and for waste removal[57, 58, 59, 60, 61, 62,
63, 64, 65, 66] due to their high surface area and hollow interior for load-
ing and templating[67, 68, 64]. The fabrication of porous hollow particles
is commonly reported using template-based synthesis approaches with
materials such as vesicular solution, colloids, emulsion droplets, and poly-
mers as templates for forming a layer of target material or its precursor.
The core material is subsequently removed by methods such as calcina-
tion and dissolution to generate the hollow shell[60, 69, 70, 71, 72, 73, 74,
75, 76,77, 78]. However, a flexible fabrication approach that allows for
the synthesis of hollow particles with a broad range of precise sizes and

19
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specific dual porosity has yet to be developed.

With the existing methods, porosity is primarily defined by the shell
material, resulting in pores of up to a few nanometers in size[79, 80,
81]. This results in relatively low permeability, preventing the diffusion of
macromolecules such as enzymes, proteins, or larger biologically active
materials[63]. Other approaches exist to create mesoporous particles
reaching several tens of nhanometers; however these techniques lack
precise confrol of the pore size and are not applicable to nano-pore
diameters. These methods also have constraints in the overall particle
dimensions[62, 63]. Such approaches typically use a specific property
of a given material to create porosity and do not provide a generalized
method that can be applied to a large selection of materials. Therefore,
a generalized fabrication technique for synthesizing porous particles with
any desired specific dimensions, materials, and porosity is needed to fur-
ther expand the potential applications of these particles.

3.2 Nanomasking Method

Nanomasking is a template-based approach that can potentially
use a variety of materials to prepare hollow particles with monodis-
perse sizes ranging from 10-20 nanometers to micrometers and with
surface pores of controllable sizes from a few nanometers to tens of
nanometers. With the nanomasking method, synthetic hollow meso-
porous nanospheres (SHMS) can be manufactured with a precise control
in size and permeability in a wide range of scales with various materials.
In this approach, blocking materials prevent the growth reaction on parts
of the particle surface and concomitantly create mesopore features on
the surface. This technique provides independent control of particle per-
meability and size. The overall size of the particle is determined by the
template particle. The diameter of the pores can be adjusted by varying
the size of the masking particle, and the number of mesopores on the par-
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ticle surface is controlled by the relative molar concentration of template
and masking particles.

Silica was selected as a suitable and practical material to demon-
strate SHMS and SHELS because of its biodegradability, biocompatibil-
ity, and low toxicity thus making it suitable for in vivo applications[79,
82, 83, 84, 85, 86]. In addition, silica has adjustable porosity, ther-
mal and mechanical stability, low density, and a high specific surface
areal[50, 87, 51, 22, 76, 88].

For silica SHMS, amine functionalized polystyrene nanoparticles are
used as templates for nucleating growth of the nanoporous silica sol-gel
network[76]. Tetramethoxysilane (TMOS) is hydrolyzed in aqueous solution
to give silicic acid, which acts as a precursor for the polycondensation
reaction on the particle's surface. The initial chemistry of the process is
shown below([76].

Si(OCH,), + 4H,O — Si(OH), + 4HOCH,
Si(OH), + OH™ —» Si(OH),0™ + H,O
Si(OH), + Si{OH)30™ — (HO),Si—O—Si(OH), + OH"

The synthesis approach is demonstrated in Figure 3.1. In order to
generate the SHMS structure, carboxy-functionalized polystyrene latex
nanoparticles as nanomasks are first mixed with larger templates (Fig-
ure 3.1A.1). Particles with oppositely charged surface functional groups
attract each other in solution, causing aggregation (Figure 3.1A.2).

Figure 3.1B shows an SEM micrograph of the framework for SHMS
synthesis made up of 500 nm templates and 100 nm nanomasks. The
basic nature of the amine-functionalized surface creates a more effi-
cient nucleation site for base-catalyzed silica gel growth compared to
the acidic carboxy-functionalized surface. At the point of contact, they
serve as negatively charged nanomasks for the sol-gel reaction on the
particle surface (Figure 3.1A.3).
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Figure 3.1: The nanomasking method (A) 1. Amine functional-
ized polystyrene nanoparticles (templates) and carboxy-functionalized
polystyrene nanoparticles (hanomasks) are mixed in solution. 2. Tem-
plates and nanomasks attract each other, resulting in aggregation. 3.
Followed by addition of sol-gel reactants, the silica polycondensation re-
action occurs on the basic template surface while nanomasks block the
reaction at the point of contact with the templates. 4. Polymer templates
and nanomasks are removed by calcination or dissolution to generate
SHMS structure. (B) Scanning electron micrograph of aggregated tem-
plates and nanomasks. (C) Scanning electron micrograph of silica SHMS.
Scale bar refers to both (B) and (C).
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Once the silica layer is formed with the desired thickness, the
polystyrene particles are removed by dissolution or calcination, leaving in
place the silica SHMS structure (Figure 3.1A.4). Resultant SHMS are shown
in the SEM micrograph in Figure 3.1C. Later, the SHMS are resuspended
and dispersed in water using vortex mixing and gentle sonication. The
final particle diameter after calcination is about 85% of the diameter of
the initial 500-nm template nanoparticles, which may be related to the
partial dehydration of the silica gel hydroxyl groups that occurs during
heating or extraction with anhydrous solvents[87].

3.3 Structural Properties

The structural properties of SHMS are shown in Figure 3.2. Higher res-
olution electron micrographs taken using the secondary electron mode
of a scanning transmission electron microscope (STEM) and a fransmis-
sion electron microscope (TEM), are presented in Figures 3.2A and 3.2B,
respectively, and reveal the structure of the generated holes. Silica for-
mation is blocked around the point of contact between two particles,
and the curvature of the nanomask surface is reflected by the surface
topography of the resultant particle (Figure 3.2A). The synthesis using 500-
nm templates with a TMOS-to-template-weight ratio of 3:1 results in silica
shells with a thickness of 25 nm. This thickness seems to yield stable par-
ticles in this size range. The open-hole structure throughout the shell and
the thickness of the shell are illustrated by the scanning electron micro-
graph of a cracked SHMS from the interior perspective in Figure 3.2C.

3.4 Degrees of Freedom of Synthesis

This fabrication procedure can be applied to particles with differ-
ent features in a wide range of sizes from 10-20 nanometers to several
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Figure 3.2: (A) to (E) are electron micrographs of silica synthetic hollow
mesoporous nanospheres (SHMS) made from 500-nm templates and 100
nm nanomasks. (A) Electron micrograph revealing the surface topogro-
phy of SHMS taken with secondary electron mode of a scanning fransmis-
sion electron microscope (STEM). (B) Transmission electron micrograph of
an SHMS. (C) Scanning electron microscope (SEM) image of a cracked
SHMS showing the holes from the interior perspective. (D) SHMS made
by 500-nm templates and 100-nm nanomasks with the particle-number
ratio of 1:30 and (E) 1:15. SHMS made by (F) 500-nm templates and 60-
nm nanomaks, (G) 200-nm templates and 40-nm nanomasks, (1) 100-nm
templates and 20-nm nanomasks.
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micrometers. There are three main degrees of freedom in the fabrico-
tion of SHMS: the number of meso-pores on the surface (Figures 3.2D and
3.2E), diameter of the meso-pores (Figure 3.2F), and overall particle size
(Figures 3.2G, 3.2H, 3.2 ). The average number of meso-pores on the sur-
face is controlled by the relative molar concentration of the templates
and nanomasks. SEM micrographs in Figure 3.2E and 3.2F show the meso-
pore distribution on the surface when the template-to-nanomask molar
ratios in solution are 1:30 and 1:15, respectively. These ratios result in 25-30
holes per particle for the 1:30 ratio (Figure 3.2E) and 10-15 holes per par-
ticle for the 1:15 ratio (Figure 3.2F). The size of the holes created on the
surface can be adjusted by selecting nanomasks with different diame-
ters independently of the overall diameter of the SHMS. Figures 3.2E and
3.2F show meso-pores created using hanomasks with diameters of 100
nm, and Figure 3.2G shows particles created using nanomasks with 60-
nm diameters, all on 500-nm templates. The use of 100-nm nanomasks
produces meso-pores of 304 nm in diameter, and the use of 60-nm
nanomasks produces meso-pores of 203 nm in diameter at the point
of contact. Nanomasks down to 20 nm in diameter are available com-
mercially, theoretically yielding meso-pores down to several nanometers
with high accuracy. The overall size of the SHMS depends on the tem-
plate particle size, and templates can be obtained in a wide range of
sizes. Figure 3.2G shows particles made with 500-nm templates and 100-
nm nanomasks. Figure 3.2H shows particles made with 200-nm templates
and 40-nm nanomasks. Figure 3.21 shows particles made with 100-nm tem-
plates and 20-nm nanomasks.

All template and nanomask particle combinations resulted in
meso-pores about 25-35% of the diameter of the initial nanomasks, de-
creasing slightly with smaller dimensions. The slight decrease for smaller
nanomasks might be related to the particles' increasing surface cur-
vature, resulting in a smaller point of contact. The diameter of the
holes formed on the SHMS fabricated using the 200-nm template/40-nm
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nanomask pair is 122 nm (Figure 3.2H), whereas the diameter of the
holes formed on the SHMS fabricated using the 100-nm template/20-nm
nanomask pair is 5+3 nm (Figure 3.21). Removal of the core by calcina-
tion results in an isotropic shrinking of hydrated SHMS. The fabrication ap-
proach results in monodisperse and uniform particles for all three sizes, as
shown in the electron micrographs in Figures 3.2G, 3.2H, and 3.2I; the
particles' monodispersity in suspension was validated by dynamic light
scattering (Figure 3.3). Dynamic light scattering measurements yield aver-
age hydrodynamic radii of 1105 nm, 2218 nm, and 53413 for particles
made with 100-nm, 200-nm and 500-nm templates, respectively. Their
polydispersity indexes end up at 0.120+0.011, 0.134£13, and 0.111£22, re-
spectively.

3.5 Materials

Tetramethoxysilane solution was obtained from Aldrich-Sigma Ltd.,
St. Louis, Missouri. All chemicals were used as received. Amine-
functionalized polystyrene beads were purchased from Polysciences,
Inc., and carboxy-functionalized polystyrene latex particles were pur-
chased from Life Technologies, Incorporated. Penicilinase from Bacillus
cereus was purchased from Sigma-Aldrich Co. LLC. CCF2-AM was ob-
tained from Life Technologies, Inc., San Diego, California, USA. Rabbit
polyclonal biotinylated antibody was purchased from GeneTex, Inc., San
Antonio, Texas, USA. All fluorescence intensities were measured on an In-
finite 200 Pro, TECAN, Switzerland.
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3.6 Methods

3.6.1 Preparation of Mesoporous Nanospheres (SHMS)

A 50-ul template particle solution was mixed with the correspond-
ing amount of masking particle solution to prepare the desired ratio of
particle concentrations. The resultant mixture was shaken overnight and
1000 ul of anhydrous ethanol was added to the solution. In order to gener-
ate the silica precursor and initiate the silica growth, 1 ul of tetramethoxysi-
lone was added to the solution. The mixture was shaken overnight, and
the suspended particles were collected by centrifugation (5 min at 14000
rom), washed with deionized water a few fimes, and dried in vacuum
overnight on a coverslide. To remove the organic compounds, a cover-
slide carrying the nanoparticle powder was placed over a hot plate and
calcined overnight at 450°C. The calcined powder was transferred to a
tube and suspended in 50 ul of water and dispersed by gentle sonication.

3.6.2 Characterization

The SEM measurements were conducted on an FEI/Philips XL30 FEG
ESEM and an ultra high-resolution (UHR) SEM with acceleration voltages
of 10kV (UC San Diego,Calit2 Nano3 Facility). TEM images were obtained
with the use of an FEl Technai Sphera 200 kV (UC San Diego, Cryo-Electron
Microscopy). A Hitachi HD-2000 instrument was used for scanning frans-
mission electron microscope (STEM) images operating at 200 kV. For dy-
namic light scattering (DLS) measurements, a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, Worcestershire, UK) was used. Error bars in DLS
represent the standard deviation of three replicates.
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Chapter 4

Synthetic Hollow Enzyme Loaded
Nanospheres (SHELS)

Here, a robust manufacturing approach is intfroduced for a versa-
tile class of nanoparticles that could lead to a universal in vivo delivery
platform for foreign enzymes. As noted in Chapter 1, the platform exhibits
key features necessary for successful clinical implementation, including
precise control in synthesis; a high enzyme-entrapment capacity; effi-
cient protection from neutralization, antibody access, and proteolysis; un-
perturbed in vivo enzyme activity; and long in-tissue-residence and stabil-
ity. The fabrication of dual-porosity hollow nanoparticles called synthetic
hollow mesoporous nanospheres (SHMS), which consist of hanoporous
(pore size <2 nm)[89] material and at the same time have a mesoporous
(pore size, 5-50 nm)[89] shell (Figure 4.1A). The nanoporous shell is suit-
able for the diffusion of small molecules. In contrast, the larger meso-
pores on these SHMS can be designed to be sizeable enough to permit
the hollow core of the nanoparticle to be efficiently loaded with large
molecules (Figure 4.1A). Once loaded, the mesopores are sealed with the
same nanoporous material, thus forming synthetic hollow enzyme loaded
nanospheres (SHELS) encapsulating the large molecule payload. SHELS
behave like nano "tea bags," permitting the payload to interact freely
and effectively with smaller molecules in the environment (Figure 4.1B).

30
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Although SHELS can be manufactured using a variety of materials,
we show here that SHELS can be produced from silica with a high-yield
and scalable synthesis method that utilizes a templating reaction on un-
masked parts of the shell surface. (See Section 3.2 for more details on why
we chose silica for this nanomasking task.) Nanomasking is used for the
formation of mesopores in the few nanometers to 50-nm size range with
precise control in the masked regions of silica SHMS. We show that once
sealed silica SHELS effectively encapsulate enzymes while at the same
time smaller substrates easily reach, interact with, and are modified by
the encapsulated enzymes within the hollow core and diffuse out (Fig-
ure 4.1). We specifically show that silica SHELS protect immunogenic en-
zymes from antibody access, neutralization, and proteolysis without loss of
functionality in serum immunized against the load for at least two weeks.
Our experiments demonstrate in vivo localized activity in addition to an
in-fissue-residence time of about two months when SHELS are injected in-
tramuscularly. As SHELS are thin, hollow nanoshells, little inorganic mass
is infroduced during nanoparticle administration, minimizing toxicity risks
while maximizing the particles' load-entrapment capacity.

4.1 Loading, Sealing, and Formation of SHELS

SHMS are loaded by the diffusion of macromolecules through their
meso-pores (Figure 4.2A). As the meso-pores are relatively large (typically
>5 nm) compared to the many enzymes, enzymes can diffuse freely and
quickly into the structure to equilibrate the concentration inside and out-
side of SHMS (Figure 4.2B). Later, a new layer of nano-porous material is
formed around the particle surface, closing the meso-pores within the
nano-porous surface (Figure 4.2C). In the case of silica, the SHMS surface
is negatively charged due to SiO- groups. A positively charged polymer
such as poly-I-lysine is added to adsorb to the surface of the particles and
change the surface charge to positive. TMOS is then added to grow new
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Antibody

Figure 4.1: Scanning electron micrographs of (A) Synthetic hollow meso-
porous nanospheres (SHMS) and (B) SHELS. Scale bar refers to both (A)
and (B). (C) Enzymes encapsulated within the hollow core of SHELS can-
not escape, while the small molecule substrate (red dots) can diffuse
through the nanoporous shell, interact with the enzyme, and be modi-
fied by the enzyme (blue dofs).
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silica on the surface and close the meso-pores of SHMS, converting them
to SHELS. This reaction occurs in near-neutral buffer conditions and does
not damage the enzyme. Once the meso-pores are closed, the load is
encapsulated within SHELS and cannot escape (Figure 4.2D). However,
the load can still interact with small molecules in the surrounding environ-
ment via diffusion through nano-pores.

This capability provides two unique benefits, as discussed in the
next section. First, the enzyme is essentially hidden from the immune sys-
tem because antfibodies are too large to pass through the nano-pores.
Therefore, the enzyme is protected from the immune system and from
digesting enzymes, such as proteases, while remaining completely ac-
tive. Second, SHELS can be coated with passivating and targeting lig-
ands without any chemical modification of the payload, making them a
simple yet effective vehicle for in vivo applications.

4.2 Characterization of SHELS' Loading, Enzymatic

Activity, and Protection Capabilities

Penicilinase from Bacillus cereus is a member of the family of
beta-lactamases that catalyze the hydrolysis of the beta-lactam ring[20].
B. cereus penicillinase was selected for the characterization of SHELS
because it is the preferred beta-lactamase for enzyme-prodrug-based
therapies[?, 8, 91], and sensitive chromogenic and fluorogenic assays
are available[?22]. The latter used the substrate CCF2, which contains a
coumarin linked to fluorescein via a cephalosporin group. Before cleav-
age by penicillinase, excitation of the coumarin at 409 nm causes effi-
cient fluorescence resonance energy transfer (FRET) to fluorescein, result-
ing in green emission peaking around 520 nm. Penicillinase cleaves the
cephalosporin group, separating fluorescein from coumarin and disrupt-
ing FRET, so that the same excitation produces blue 447 nm emission from
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Figure 4.2: The sealing concept and SHELS. lllustrations show the cross sec-
tions. (A) Empty SHMS. (B) High concentration of enzyme is added to the
SHMS suspension and diffuses into the hollow interior of SHMS. (C) Interior
enzyme concentration is equilibrated with exterior. Poly-L-lysine is added
to convert the surface charge. (D) SHMS are coated with another layer
of porous material, sealing enzymes within the particle.
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coumarin. CCF2 is sold commercially as an acetoxymethyl (AM) ester,
which rapidly reverts to CCF2 on exposure to esterases in rodent plasma
and serum, as well as inside cells[93, 92].

Figure 4.3A shows the activity of the penicilinase (MW = 28
kDa) enzyme encapsulated within SHELS. All samples were exposed to
proteinase-K, which digests proteins (Figure 4.4); therefore, sustained ac-
tivity of the encapsulated enzyme after exposure to proteinase-K demon-
strates protection of the enzyme against proteolysis by encapsulation in
SHELS.

In Figure 4.3A, the left-most bar represents silica synthetic hollow
nanospheres (SHS) fabricated by sol-gel templation over 200-nm tem-
plates without meso-pores on the surface(Yang et al. 2008). Therefore,
enzymes can only be adsorbed on the surface (Figure 4.3C). The second
bar from the left represents SHMS made with 200-nm templates and 40-
nm nanomasks (Figure 4.3D). Both SHS and SHMS were incubated with
26.4 uM B. cereus penicillinase solution. The third and fourth bars from the
left (Figure 4.3E) represent particles similar to SHS and SHMS, respectively,
except that the sealing reaction was performed after enzyme incuba-
tion, thereby encapsulating enzymes within the structure. Later, all four
groups were washed successively, removing unbound and free enzymes,
and subsequently incubated with proteinase-K to remove the enzyme
molecules stuck on the surface.

SHS and SHMS exhibit no or very little activity (Figure 4.3A), which is
expected after exposure to proteinase-K. Sealed SHS show about a two-
fold increase in activity over SHS; this is brought about by the protection
provided by the second layer of silica over the enzymes stuck on the sur-
face and thereby supporting the protective effect of the additional seal-
ing silica layer. However, there is a significant increase in activity in SHELS
(outlined in red). The 10-fold activity increase of SHELS over sealed SHS
indicates that the increase is not due to the enzyme covering the surface
but rather is caused by the enzyme molecules filling the hollow interior.
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This dramatic difference between SHMS and SHELS clearly establishes the
superiority of using SHELS, as both samples have gone through the same
process except for the additional sealing step on SHELS.

With the current protocol, comparing with the standard curve of
free B. cereus penicilinase (Figure 4.5), the measured activity corresponds
to 6 x 10~ international units (IU) from a single 200-nm SHELS correspond-
ing to 67 enzyme molecules per particle (Figure 4.6). During enzyme load-
ing, SHMS were initially incubated with 26.4 uM enzyme solution. The as-
sayed concentration of enzyme within a single SHELS corresponds to 26
uM, resulting in a 98-100% match with the exterior loading concentration.
This result also shows that there is no measurable loss of enzyme activity
during the loading and sealing process or diffusion of substrate through
the nanoporous shell in this interior concentration of enzyme. With this
procedure, we have shown that it is feasible to achieve a >1500 mg/g
enzyme-entrapment capacity in silica SHELS using B. cereus penicillinase
(MW 28 KDa) (Figures 4.7, 4.8). The evaluation of enfrapment capacity
for different enzymes with varying molecular weights needs further inves-
tigation.

Figure 4.3B evaluates antibody access to the enzyme encapsu-
lated in SHELS. For this demonstration, the penicillinase was fluorescently
labeled with Cy5, and its accessibility was probed with a rabbit poly-
clonal biotinylated antibody against penicillinase, detected by Alexa488-
labeled streptavidin. The dark blue bar on the left-hand side depicts fluo-
rescence from enzyme molecules adsorbed on the surface of SHS, while
the dark blue bar on the right-hand side depicts fluorescence from peni-
cilinase enzymes encapsulated within SHELS. Both sets were incubated
with proteinase-K to remove any enzyme that might have been stuck
on the surface, and were washed several times to remove unbound en-
zymes. The light blue bars are Alexa488 fluorescence intensities that rep-
resent antibody binding. In the case of surface-adsorbed penicillinase,
significant antibody binding is observed. However, when penicillinase is
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Figure 4.3: Activity comparison for SHELS with encapsulated penicillinase
and CCF2-AM as substrate in normal serum. From the left: first group,
hollow silica nanospheres (SHS); second group, SHMS; third group, sealed
SHS; fourth group, SHELS. (B) Polyclonal antibody binding against encap-
sulated penicillinase. Dark blue bars represent the fluorescence from
Alexa 488 with streptavidin that can attach to antibody molecules with
biotin. Light blue bars represent fluorescence from CyS-labeled peni-
cillinase. (Left) Penicilinase adsorbed on the surface of hollow silica
nanospheres. (Right) Penicillinase encapsulated within silica SHELS, which
was incubated with proteinase-K followed by successive washing before
measurement. (C) 200-nm hollow silica nanospheres. (D) SHMS made
with 200-nm templates and 40-nm nanomasks. (E) SHELS made by seal-
ing SHMS similar to (D). Error bar refers to C, D, and E. Error bars correspond
to the standard deviation of at least three replicate experiments.
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Figure 4.4: Activity plots of free Bacillus cereus penicillinase with and with-
out incubation with proteinase-K for 12 hours at 37°C in 1X normal mouse
serum. 5 uM CCF2-AM was used as substrate and the activity is measured
in 100% normal mouse serum as the initial rate of increase of the ratio of
blue fluorescence (447 nm) to green fluorescence (520 nm) with excita-
tion at 409 nm.
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Figure 4.5: Standard curve of Bacillus cereus penicillinase. The initial rate
of increase in absorbance in nitfrocefin assay was used as the vertical axis.
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Figure 4.6: Activity plots of different concentrations of free Bacillus cereus
penicilinase compared to B. cereus penicilinase encapsulated within
200-nm SHELS with a concentration of 1x10'? particles/ml. Each reac-
tion was 100 ul in total and contained 250 pg/ml nitrocefin as substrate.
Absorbance was measured at 486 nm.
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Figure 4.7: Loading curve of 200-nm SHELS. Fluorescence intensity of Cy5-
labeled Bacillus cereus penicillinase is used as the vertical axis. Horizontal
axis corresponds to the loading concentration of penicillinase. Excitation
wavelength, 640 nm; emission wavelength, 670 nm. Error bars correspond
to the standard deviation of at least three replicate experiments.
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Figure 4.8: Enzyme activity with respect to loading concentration of 200
nm SHELS. Slope of activity curves of nitrocefin assay was used as the
vertical axis. Horizontal axis corresponds to the loading concentration
of penicillinase. Circles, 100 ug/ml nitrocefin; diamonds, 200 ug/ml nitro-
cefin; squares, 300 ug/ml nitfrocefin. Error bars correspond to the standard
deviation of at least three replicate experiments.
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encapsulated within SHELS, no such antibody binding is observed. Al-
though the amount of encapsulated penicillinase within SHELS is about
2.5 times more than surface-adsorbed penicillinase on hollow shells, the
lack of antibody binding demonstrates the prevention of antibody ac-
cess to the enzymes encapsulated within SHELS.

To determine the effect of serum containing neutralizing antibodies
on the encapsulated enzyme within SHELS, in Figure 4.9A, we compared
the activity of the free penicilinase and penicillinase encapsulated within
SHMS with bare silica surface (SHELS) on nitrocefin (50 ug/ml) in the pres-
ence of serial dilutions of serum obtained from immunized mice with peni-
cillinase (See supplemental information for the immunization protocol.)
The activity of each group was adjusted to 2.5 IlU/ml in pre-immunization
serum, and the neutralization is reported as the ratio of the activity in
serums post- to pre-immunization. There were around 4x10° particles in
the SHELS set, making around 4.5 ug of silica. Free penicilinase activity
decayed rapidly after dilutions of less than 1:10000, with acftivity reduced
to less than 5% for all dilutions less than 1:1000. However, even in neat im-
munized serum, the activity of SHELS was greater than 50%, demonstrat-
ing the protection of enzymes against neutralizing antibodies by SHELS
encapsulation. The gradual reduction in SHELS activity as serum dilutions
decreased may be due to opsonins coating the surface of SHELS, thereby
reducing the diffusion of substrate through the nanoporous shell. This re-
sult clearly shows the protection of enzymes against neutralizing antibod-
ies by SHELS encapsulation.

To determine whether the protection from neutralization was tran-
sient, penicilinase-encapsulated SHELS with 10 IU/ml activity were incu-
bated for 14 days in neat serum obtained from mice immunized with
penicillinase. No loss of activity was observed. Moreover, the addition
of proteinase-K did not affect the activity level, indicating that encapsu-
lated enzymes were still protected during the experiment (Figure 4.9B).

To confirm the feasibility of enzymatic therapies with SHELS, protec-
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Figure 4.9: (A) Neutralization test in the presence of antibodies. The ra-
tios of activity on nitrocefin (50 pg/mil) in serums post- to pre-immunization
are used as the vertical axis. Circles, free penicilinase; diamonds,
penicilinase-encapsulated SHELS with bare silica surface. (B) Sustained
activity of penicilinase-loaded SHELS for 15 days with the presence (trian-
gles) and without the presence (squares) of proteinase-K in serum from
mice previously immunized with penicillinase. (C) Demonstration of in vivo
activity of Gaussia princeps luciferase(Galuc) encapsulated in SHELS lo-
beled with Cyanine 7 (Cy7) dye. 50 ul of GalLuc enzyme-encapsulated
SHELS solution with a concentration of 4x10'2 particles/ml was injected
subcutaneously into BALB/c mice, followed by a lateral tail vein injection
of 150 pug native-coelenterazine after 5 minutes. (Left) Cy7 fluorescence
overlaid with illuminated image. (Right) Native-coelenterazine lumines-
cence overlaid with illuminated image. (D) Localization of inframuscu-
larly injected penicillinase-loaded SHELS labeled with Cy7 at days O, 15,
30, and 45. Error bars correspond to the standard deviation of at least
three replicate experiments.



45

tion against neutralization and sustained activity in the presence of serum
opsonins and other serum proteins are shown next, in addifion to in vivo
activity and in-tissue-residence of particles. To demonstrate such activity
in vivo, Gaussia princeps luciferase encapsulated in SHELS ( 4x10'2 parti-
cles/ml) labeled with Cyanine 7 (Cy7) dye were injected subcutaneously
info BALB/c mice, followed by a lateral tail vein injection of 150 ug native-
coelenterazine after 5 minutes (Figurestic4.9C). Luminescence intensity
was measured 5 minutes after intravenous injection. Luminescence from
Galuc (Figure 4.9C, right panel) was colocalized with the Cy7 fluores-
cence from SHELS (Figure 4.9C, left panel), proving the in vivo activity
of encapsulated Galuc. Instability of GaLuc at body temperature pre-
vented the detection of in vivo enzymatic activity at later time points (Fig-
ure 4.10).

The residence time of SHELS in tissue is important for potential ap-
plications such as amino acid depletion therapy. Cy7-labeled SHELS
were injected inframuscularly (Figure 4.9D) and repeatedly imaged over
2 months. A gradual clearance extending to 2 months was observed.

4.3 Immune Response Against SHELS

Protection from the immune response and prevention of the im-
mune response are different concepts, with the aim of SHELS being the
former. For a therapeutic platform that seeks to be suitable for long-term
therapy, degradation is one of the main requirement to prevent long-
term toxicity. As SHELS degrade, they eventually they release their pay-
load. This is more likely be a slow-release process in the manner of several
weeks, ultimately leading to an immune response. Evaluation of the gen-
erated immune response might help in planning treatment strategy.
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Figure 4.10: Luminescence plots of light reactions of 5 ug/ml Gaussia
princeps luciferase with 70 ug/ml native coelenterazine at 37°C without
preincubation (dark blue solid line) and with 1 hour (orange long-dashed
line), 2 hours (green short-dashed line), 3 hours (brown dotted line), and 4
hours (light blue dot-dash line) of preincubation at 37°C in 1X phosphate
buffered saline.
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4.3.1 Resulis

For the evaluation of the immune response, we measured the im-
munoglobin G (IgG) levels with ELISA and performed two-fold serial dilu-
tions. 1gG participates in the secondary immune response and is the most
abundant antibody isotype in the body. IgGs specifically bind to anti-
gens, permit their recognition by the immune system, trigger their inges-
tion by phagocytes, cause their aggregation, activate the classical path-
way of the complement system, and initiate rapid clearance. If there ex-
ists a prior immunity against an antigen, IgG appears about 24-48 hours
after antigenic stimulation; otherwise. it may take a few weeks for IgGs
to appear[26].

To evaluate the nature of the immune response generated against
SHELS, free penicillinase (free PEN) and encapsulated penicillinase within
SHELS (SHELS-PEN) were compared (Figure 4.11).

As expected, there was no detectable IgG in serum samples ob-
tained at day 14. By day 28, the serum obtained from mice immunized
with SHELS-PEN start to show an IgG response; however, free PEN does not
demonstrate any measurable response. At day 42, the SHELS-PEN serum
shows high levels of IgG, while Free PEN shows slightly lower IgG levels.
Although the amounts of enzyme are similar in each group, SHELS-PEN
demonstrates a stronger immune response.

As we already know that particles stay localized for several weeks,
the production of the immune response may be associated with these
partficles being taken up by local phagocytes. Nanoparticle uptake by
phagocytosis is strongly associated with surface functionalization. Usually,
positively charged particles have a tendency to be taken up more effec-
tively, while nanoparticles with PEG functionalization and slightly negative
hydrophilic surfaces have reduced uptake[?4, 95, 96]. The uptake of the
particles by macrophages and dendritic cells may have initiated antigen
presentation in lymph nodes, resulting in IgG generation[25, 27].

To determine the immune response with respect to surface func-
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Figure 4.11: ELISA absorbance (at 450 nm) values of twofold dilutions of
serum from mice immunized with free penicillinase (free PEN) and penicil-
linase encapsulated within SHELS (SHELS-PEN). Each point is the average
of five replicates, and error bars correspond to standard deviations of five
replicates.
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tionalization, we immunized mice with penicilinase encapsulated in
PEG-functionalized SHELS (PEG-SHELS-PEN), bare silica SHELS (SHELS-PEN),
and amino-functionalized SHELS (amino-SHELS-PEN). Similarly, none of the
groups showed detectable IgG generation at day 14. By day 28, all of the
groups showed IgG production, with amino-SHELS-PEN being the highest,
followed by SHELS-PEN and PEG-SHELS-PEN, respectively. At day 42, IgG
responses had become comparable in all samples, with PEG-SHELS-PEN
being slightly higher than the others.

To evaluate whether this response is due to silica acting like an ad-
juvant, we compared the IgG amounts in the serum from mice immunized
with free PEN, PEG-SHELS-PEN, free PEN administered together with empty
PEG-SHELS (PEG-SHELS + Free PEN). However,PEG-SHELS-PEN showed an
lgG increase of about 20-fold compared to PEG-SHELS + Free PEN con-
firming that silica is not acting as an adjuvant in the immune response.

As SHELS are not acting like adjuvants themselves, it may be use-
ful to determine how the immune response would be different in the
presence of an adjuvant. For this assessment, we used a synthetic
oligonucleotide containing unmethylated CpG motifs (CpG). CpG (5'-
TCGTICGTTTTIGTCGTITTGTCGTT-3') is a common vaccine adjuvant that
triggers the innate immune response, leading to the production proin-
flammatory cytokines[97].

To test the effects of this adjuvant, we administered PEG-SHELS-PEN
with two different doses of adjuvant CpG (7.5 ug/ml, "PEG-SHELS-PEN +
Low CpG" and 30 ug/ml, "PEG-SHELS-PEN + High CpG") and compared
them with PEG-SHELS-PEN alone. With the adjuvant, there was measur-
able 1gG production; this was the case even at day 14, at which the
adjuvants had the same IgG level for both doses. By day 28, all groups
showed IgG production, led by HCpG and followed by LCpG and no
CpG. By day 42, IgG production increased further, reaching a similar sat-
uration level for all groups.
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Figure 4.12: ELISA absorbance (at 450 nm) values of twofold dilutions of
serum from mice immunized with penicillinase encapsulated within bare,
amino and PEG functionalized SHELS (SHELS-PEN, Amino-SHELS-PEN, PEG-
SHELS-PEN respectively). Each point is the average of five replicates, and
error bars correspond to the standard deviations of five replicates.
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Figure 4.13: ELISA absorbance (at 450 nm) values of twofold dilutions
of serum from mice immunized with free penicillinase (Free PEN) alone,
penicilinase encapsulated within PEG functionalized SHELS (PEG-SHELS-
PEN), and free penicilinase administered together with PEG functional-
ized empty SHELS (PEG-SHELS + Free PEN). Each point is the average of
five replicates, and error bars correspond to the standard deviations of
five replicates.
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Figure 4.14: ELISA absorbance (at 450 nm) values of twofold dilutions
of serum from mice immunized with penicillinase encapsulated within
PEG-functionalized SHELS (SHELS-PEN-PEG) alone, PEG-SHELS-PEN with 7.5
ug/ml CpG (PEG-SHELS-PEN + L Cpg), and 30 ug/ml CpG (PEG-SHELS-PEN
+ H CpG). Each point is the average of five replicates, and error bars cor-
respond to the standard deviations of five replicates.
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4.3.2 Discussion

Penicillinase encapsulation within SHELS resulted in higher anti-
penicilinase IgG production. When surface functionalization is consid-
ered, the higher response of SHELS-PEN and amino-SHELS-PEN at day 28
may be explained by the higher antigen uptake by local macrophages
and dendritic cells and thus a more efficient antigen presentation. In con-
trast, the delayed but slightly higher response generated by PEG-SHELS-
PEN at day 42 may be explained by the slow and sustained release of the
enzyme from degrading nanoparticles that were not taken up previously
by phagocytes. The slow release of antigens is usually associated with
more efficient immunization[928], which here may explain why the atten-
dant IgG production is higher.

Another conclusion is that SHELS do not by themselves act like an
adjuvant, and that activation of the immune response is associated with
penicillinase being encapsulated within SHELS. Further insight would be
gained by determining the immune response in the presence of an adju-
vant.

However, one should note that even in the presence of an im-
mune response, enzymes encapsulated within SHELS are still protected
and carry on their function. Additional studies of specific IgG subtypes,
conducted together with the evaluation of the nonspecific immune re-
sponse directed by IgM subtypes, might permit further understanding of
the nature of the generated immune response.
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44 Methods

44.1 Preparation of Synthetic Hollow Enzyme Loaded
Nanospheres (SHELS)

The same protocol was used for the encapsulation of penicilli-
nase, Renilla reniformis luciferase, and Elspar within SHELS. Four micro-
liters of 10 mg/ml enzyme solution was added to a 50 ul SHMS solution
and incubated overnight. The solution was diluted with 1000 ul phos-
phate buffered saline (PBS) and 50 ul 0.1% poly-L-lysine with a molecu-
lar weight of 150-300 kDa. The solution is diluted to prevent aggrega-
tion, and the encapsulated enzyme does not seem to leak out rapidly;
such leakage would cause a significant difference in loading when com-
pared with the undiluted reaction (data not shown). TMOS was added
to 1 mM HCI in a 74:500 volume ratio and mixed for a few minutes to
make a silicic acid solution. Twenty-five microliters of the silicic acid solu-
tion was added to the above SHMS solution immediately after dilution,
with this solufion subsequently shaken for 1 hour in order to generate
SHELS. Later, suspended SHELS were collected with centrifugation (5 min
at 14000 rom) and washed several times with water. Samples were ex-
posed to proteinase-K enzyme overnight at a concentration of 0.1 mg/ml
in TX PBS solution at 37°C; this was followed by the removal of proteinase-K
by successive washing, again by 1X PBS by centrifugation (5 min at 14000
rom).

4.4.2 Preparation of Silica Hollow Nanospheres (SHS)

A protocol similar to that for the fabrication of SHMS was followed,
with the exception that the nanomask addition to the reaction was omit-
ted.
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4.4.3 Functionalization of SHELS with Polyethylene Glycol
(PEG)

A suspension of SHELS (4x10'2 particles/ml) in 1X PBS is mixed with an
equal volume of an aqueous solution of 10 mg/ml PEG-silane and mixed
overnight at room temperature. Later, suspended PEGylated SHELS were
collected with centrifugation (5 min at 14000 rom) and were washed sev-
eral times with water.

4.4.4 Labeling Penicillinase with Cy5

Cy5 maleimide is used as labeling agent for this protocol. One mil-
ligram penicillinase was dissolved in 100 ul degassed PBS at a 10 mg/ml
concentration. Protocol guidelines call for carrying out thiol modifications
under nitfrogen in degassed solvents/buffers. The solution was left at room
temperature for about 30 minutes. About 100 molar excess of TCEP was
added to the solution. The vial was flushed with nitrogen, capped, and
mixed thoroughly. This reaction was incubated at room temperature for
10 minutes. One hundred micrograms Cy5 maleimide was dissolved in 2
ul DMF and added to the enzyme solution. The vial was again flushed with
nifrogen, capped, and mixed thoroughly. This solution was incubated at
room temperature for two hours while being mixed every 30 minutes. Fi-
nally, the reaction was left overnight at 2-8°C. Later, unbound dye was
removed by a desalting column with a molecular weight cut-off at 7 kDa.

44.5 Measurement of Entfrapment Capacity

The amount of Cy5-labeled penicilinase and asparaginase was
detected by measuring fluorescence intensity at 620 nm excitation and
665 nm emission. The enzyme amounts were estimated based on associ-
ated standard curves. Penicillinase and asparaginase activity were vali-
dated with nitrocefin and Nessler's assays, respectively.
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4.4.6 Nitrocefin Assay for the Measurement of Penicillinase
Activity

For the colorimetric determination of penicilinase activity, 100-uL
enzyme solutions were transferred onto a 96-well microftiter plate. One
hundred microliters nitrocefin working solution was added to each well.
One milligram nitrocefin was dissolved in 100 uL DMSO, and 1.9 mL 1X PBS
was added to obtain the working solution. Absorbance at 492 nm was
measured at 37°C on a Tecan (Switzerland) Infinite 200 PRO Plate reader.

4.4.7 Measurement of Antibody Binding

Anti-penicillinase was functionalized with biotin groups. Alexa 488
dye with streptavidin was added to all samples and was followed by suc-
cessive washing. Fluorescence intensity measurements were performed
at 480 nm excitation and 530 nm emission.

44.8 Measurement of in vivo Activity

BALB/c mice were used for this study. Five mice were injected
with 100 ul of Gaussia princeps luciferase (GalLuc) enzyme-encapsulated
SHELS solution intframuscularly. SHELS were suspended in 1X PBS with @
concentration of 4x10'? particles/ml. One hundred fifty micrograms of
native-coelenterazine was administered intravenously in the lateral tail
vein of each mouse. Ten micrograms of benzyl-coelenterazine was dis-
solved in 95% ethanol and diluted with 1X PBS to a 10% final concentra-
tion of alcohol. Mice were anesthetized by isoflurane and the lumines-
cence intensity of infravenous injections was measured with an exposure
of 2 seconds. Similar luminescence intensities were measured for each
mouse; a reading from one of the mice is reported in the text.
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44.9 Immunization of Mice

Five Balb/C mice were injected subcutaneously with 20 ug of peni-
cilinase dispersed in 50 ul of 1X PBS on days O, 14, and 28. Blood was
collected via retro-orbital bleed. About 100 microliters of blood was col-
lected on day 42 and processed to serum by centrifugation at 4°C and
1600 rom for 8 minutes, snap-frozen in dry ice, and stored at -80°C until
the experiments were conducted. For the experiments, all serum sam-
ples were pooled from the five mice.

4410 Cy7 Labeling of SHMS

An aqgueous suspension of an SHMS solufion with a concen-
tration of 4x10'% particles/ml was incubated with 1 ul of >97% (3-
aminopropyl)tfrimethoxysilane (APTMS) for 12 hours at room temperature,
followed by collection of the suspended particles with centrifugation (5
min at 14000 rom) and successive washing with water in order to remove
unbound APTMS. The pellet was later suspended in 200 ul 1X PBS at pH 8.
Sixty-seven micrograms of Cy7 NHS ester was dissolved in 20 ul dimethyl-
sulfoxide and added to the SHMS solution. The solution was mixed for 12
hours, which was followed by the removal of unbound dye by successive
washing as described above. The ILoading and sealing of labeled SHMS
was performed using a procedure similar to that used for unlabeled SHMS.

4.4.11 Sustained Activity Test in Immunized Serum

The penicillinase-encapsulated SHELS solution suspended in 1X PBS
was mixed with an equal volume of serum from mice immunized with
penicilinase and incubated at 37°Cwith constant mechanical agitation.
For each measurement, a fraction of solution is taken. To test the for pro-
tection against proteinase-K, at each measurement day fresh proteinase-
K'is added to the sample and incubated for 12 hours at 37°C under me-
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chanical agitation before measuring activity.

4.4.12 Characterization

SEM measurements were conducted on an FEI/Philips XL30 FEG
ESEM and ultra high-resolution (UHR) SEM with acceleration voltages of
10 kV (UC San Diego, Calit2 Nano3 Facility). TEM images were obtained
with the use of an FEl Technai Sphera 200 kV (UC San Diego, Cryo-Electron
Microscopy). A Hitachi HD-2000 instrument was used for scanning frans-
mission electron microscope (STEM) images operating at 200 kV. An IVIS
Imaging System 200 Series from Xenogen Corporation, Alameda, Califor-
nia (UC San Diego, Moores Cancer Center) was used for in vivo lumines-
cence and fluorescence measurements. An eXplore Optix from General
Electric Healthcare, United Kingdom (UC San Diego, Moores Cancer Cen-
ter) was used for further in vivo fluorescence measurements. For dynamic
light scattering (DLS) measurements, a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Malvern, Worcestershire, UK) was used. Error bars in the DLS
represent the standard deviation of three replicates.

4.4.13 Enzyme Kinetics Calculations

Enzyme kinetics was analyzed using Prism 6 Software by Graphpad
Software Inc.
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Chapter 5

Therapeutic Applications of SHELS

5.1 L-asparaginase Encapsulation within SHELS:
SHELSpar

5.1.1 L-asparaginase

The enzyme family of L-asparaginases (L-asparagine amidohydro-
lases, EC 3.5.1.1) catalyzes the reaction associated with the conversion
of the amino acid L-asparagine into L-aspartate and ammonia. The
use of L-asparaginases in the treatment of cancer is based on the re-
liance of cancerous cells on exogenous asparagine due to their lack
of sufficient asparagine synthetase activity[99]. Therefore, the depletion
of exogenous l-asparagine by l-asparaginase compromises protein syn-
thesis, leading to apoptosis of cancerous cells[100]. In contrast, non-
cancerous cells are not affected due to the sufficient activity of as-
paragine synthetase[99, 101, 11, 102].

Currently, asparaginases are approved for use in acute lym-
phoblastic leukemia (ALL)[101]. Clinical asparaginase is obtained from
two species: Escherichia coli (Kidrolase, EUSA Pharma, Oxford, UK; Elspar,
Ovation Pharmaceuticals, Deerfield, lllinois; Crasnitin, Bayer AG, Lev-
erkusen, Germany; Leunase, Sanofi-Aventis, Paris, France; Asparaginase

60
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Medac, Kyowa Hakko, Tokyo, Japan) and Erwinia chrysanthemi (Er-
winase, EUSA Pharma, Oxford, UK.). There also exists a PEG-modified ver-
sion of E. coli asparaginase (Oncaspar, Sigma-Tau Pharmaceuticals, Inc.,
Gaithersburg, MD)[102]. The PEG-modified version has a long circulation
half-life and in vivo activity, requiring fewer injections[103, 11].

Aside from asparaginase's use in ALL, asparagine depletion has
been shown to be effective against other cancer types, including
acute myeloid leukemia (AML)[?], chronic myeloid leukemia, T-cell
acute lymphoblastic leukemia, promyelocytic leukemia, prostate and
hepatocarcinoma, carcinoma, breast and ovarian adenocarcinoma,
fibrosarcoma[104, 105], and gastrointestinal cancer|[?].

5.1.2 Side Effects of L-asparaginase

Despite the great potential of asparaginases and their current clin-
ical use in freating ALL, the utility of these enzymes is limited by the toxici-
ties associated with asparaginase, including hepatic and central nervous
system toxicity and pancreatitis. Moreover, asparagine depletion also
causes a reduction in the synthesis of blood-clotting factors, potentially
leading to hemorrhage or thrombosis[106].

More importantly, asparaginases are both antigenic and immuno-
genic due to their foreign origin. This causes life-threatening hypersensi-
tivity reactions and anaphylactic shocks[106]. Although its longer circu-
lation half-life and thus fewer required doses cause PEG-asparaginase
to have less toxicity than native asparaginase, antibodies generated
against the enzyme and PEG itself can still render the therapy completely
useless[107, 108, 109].

Currently, PEG-asparaginase is preferred for first-line treatment due
to its more manageable toxicity profile and fewer required injections.
Once an allergic and immunogenic reaction is generated against the
first-line asparaginases, the asparaginase in the regimen is replaced by
Erwinia chrysanthemi asparaginase. Although Erwinia chrysanthemi as-
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paraginase has a considerably shorter half-life, thus requiring numerous
injections, antibodies generated against E. coli asparaginases are not
cross-reactive with it[110].

Pancreatitis as a result of asparaginase use is mostly associated with
glutamine depletion, which disrupts protein synthesis because glutamine
isinvolved in about one-half of the whole-body resources of all free amino
acids [111]. There is not a clear association between the occurrence and
severity of such pancreatitis and the source and formulation of the as-
paraginase used. However, in the case of PEG-asparaginase, the num-
ber of pancreatitis cases increases about two fimes[112] compared to
that of native asparaginases. Currently, clinically available asparagi-
nases also possess glutaminase activity in addition to asparaginase de-
pletion. Glutamine is important in the rescue pathway for normal cells, as
it is used by asparagine synthetase to produce asparagine. Several stud-
ies suggest that limiting glutaminase activity would decrease toxicity and
increase apoptosis in cells treated with asparaginase[113, 114, 115, ?].

Multiple other toxicities have been associated with the clinical use
of E. coli, PEG, or Erwinia asparaginase. Decreased liver synthetic function
and direct hepatotoxicity lead to liver function abnormalities[103]. Pan-
creatic cells are also damaged, resulting in elevated blood glucose levels
and pancreatitis [103]. Both thrombosis and bleeding, frequently affect-
ing the central nervous system, can occur due to abnormalities in clotting
proteins [116]. Animal and human studies have also demonstrated signif-
icant humoral and cell-mediated immunosuppression, with a decrease
in T cell-dependent antigens on sheep red blood cells and a decrease in
the number of immunoglobulin-producing B cells in the germinal centers
of the spleen [117].
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5.1.3 The Use of L-asparaginase for the Treatment of Acute

Lymphoblastic Leukemia (ALL)

For over 40 years, L-asparaginase has served as a critical compo-
nent in the therapeutic regimen used for freating pediatric ALL[118, 102].
In addition to asparaginase, this regimen includes vincristine, prednisone,
cyclophosphamide, and doxorubicin, and has a cure rate of 80%[118, 11,
102, 119].

The use of asparaginase is mostly limited to the treatment of pedi-
atric leukemia due to its side effects discussed earlier including toxicities
and immune responses, which become significantly worse in adults, es-
pecially in the case of immune responses|[120].

The first-line tfreatment of pediatric ALLincludes Elspar or Oncaspar.
Usually, Oncaspar is preferred by clinicians owing to its longer plasma half-
life of about 6 days[101] compared to that of Elspar, which is around a
day[106, 121]. If there is an allergic reaction against Oncaspar or Elspar,
the asparaginase in the treatment regimen is switched to Erwinase be-
cause antibodies produced against it are not cross-reactive[122, 110]. At
around 15 hours, Erwinase has the shortest plasma half-life among all the
clinically approved formulations[123].

5.1.4 Polyethylene Glycol (PEG) Functionalization of As-
paraginase

Due to its foreign origin, native L-asparaginase is immunogenic,
leading to severe allergic reactions such as hypersensitivity and anaphy-
laxis. L-asparaginases also have a short circulation half-life, thus requiring
frequent, repeated administration of the enzyme([16, 17, 102]. To reduce
immunogenicity of foreign proteins, the common approach is to attach
polyethylene glycol (PEG) to proteins[42, 46, 124, 11, 125, 21, 22]. By mask-
ing the protein surface, PEG reduces antfibody binding as well as protein
degradation by proteolytic enzymes. PEG conjugation also increases the
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molecular weight of the enzyme, reducing ultrafiltration in the kidneys[47].

As noted above, PEG-functionalized I-asparaginase (Oncaspar)
has a much longer circulation half-life with significantly less immunogenic-
ity than the native enzyme[103, 11]. While PEG functionalization increases
the circulation half-life of l-asparaginase and delays the formation of an-
tibodies to the enzyme, its limitations include that it does not completely
eliminate the eventual production of neutralizing antfibodies and com-
promises enzyme activity.

Nevertheless, PEG functionalization does not completely prevent
the binding of anti-l-asparaginase antibodies. Clinical studies show that
intensive use of l-asparaginase results in improved disease-free survival
in ALL[118, 126]. These studies also indicate that 35% of patients who
received E. coli l-asparaginase produced neutralizing antibodies to the
enzyme. These neutralizing antibodies were cross-reactive with the PEG-
l-asparaginase in 80% of the cases, which reduced enzyme activity, both
by preventing the depletion of asparagine and by accelerating the
clearance of the enzyme[17]. In patients who do develop antibodies
against l-asparaginase, lower remission rates are observed([127, 16].

In addition, there are antibodies produced against PEG that cause
rapid clearance of PEG-l-asparaginase([107, 108, 128, 109, 18]. Cur-
rently, about a quarter of the healthy population already have antibodies
against PEG (anti-PEG)[109]. Continuous treatment with PEGylated pro-
teins increases the number of cases that fail administered PEGylated pro-
tein therapies[107, 129, ?, 125]. Furthermore, the precisely defined and
reproducible conjugation of PEG to proteins is a laborious and expensive
process[127, 16, 17].

Despite such immune responses against l-asparaginase, the thera-
peutic regimen including l-asparaginase has close to an 80% cure rate in
pediatric ALL, primarily due to the fact that these patients are already
immunosuppressed. However, the unsuccessful 20%, limited effective-
ness in adult ALL, and limited clinical success for other types of can-
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cer are primarily due to these immune-responses and associated toxic
effects[127, 120, 17, ?, 110], which sfill have yet to be addressed.

5.1.5 Encapsulation of L-asparaginase within Red Blood
Cells

Another promising approach to achieving prolonged in vivo activ-
ity and reducing allergic reactions is the encapsulation of enzymes within
red blood cells (RBCs)[130, 131]. RBC encapsulation of l-asparaginase has
been explored over several decades[132, 133] and has shown extended
asparagine depletion of up to a few weeks, which is even better than that
of PEG-l-asparaginase[11], with very few allergic reactions[132, 133, 131].
To prepare RBCs for loading with payload, first, freshly collected blood is
centrifuged; this is followed by several washes in iso-osmotic solution to
remove other blood components. Various methods, including osmosis-
based methods, electroporation, and drug induced endocytosis, can be
used to load enzymes into the RBCs[131].

Osmosis-Based Methods

These methods are based on loading the enzymes through the
pores generated by exposing RBC membranes to a hypotonic solution
and subsequent swelling the cells. Various methods make use of this pro-
cess, including hypotonic dilution, hypotonic pre-swelling, the osmotic
pulse, hypotonic hemolysis, and hypotonic dialysis. Hypotonic dialysis is
by far the most commonly used method[130, 131].

In hypothonic dialysis, the RBC suspension is dialyzed against a
hypo-osmotic buffer at 4°C. Here, the resultant variation comes from the
osmolality of the medium, which requires a compromise between the
efficiency of the encapsulation and the least possible hemolysis of the
dialysed RBCs. Immersion in hypoosmotic buffer is followed by anneal-
ing of RBCs in an iso-osmotic medium and resealing in a hyperosmotic
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buffer[134].

Here, several factors affect the result, including the tonicity of
the solutions employed, duration of dialysis, pH and temperature of
the medium, and concentration of the protein in contact with the
erythrocytes[134].

Electroporation

In this method, a strong external electric field is applied to the
RBC membrane, resulting in pores through which the enzymes are
loaded[131].

Drug-Induced Endocytosis

Here, drugs such as primaquine, hydrocortisone, vinblastine, and
chlorpromazine are used to induce stomatocyte formation in the cell
membrane[131].

Issues with RBC Encapsulation

RBCs are highly biocompatible and are capable of providing pro-
longed therapeutic levels of the enzymes they carry. They effectively
prevent access of antibodies to the encapsulated |-asparaginase, thus
delaying and reducing immune responses[132].

However, as RBCs are of biological origin, they are removed by the
reticulo-endothelial system (RES), limiting their useful life and, at the same
time, potentially leading to toxicity. Nonetheless, during the loading pro-
cess, the physiology of the erythrocyte may change, accelerating their
clearance by RES. Compared to other carrier and encapsulation tech-
nologies, RBCs present greater variability and less standardization in their
preparation due to their biological origin. Another issue that limits the suc-
cessful implementation of RBCs as enzyme carriers in the clinic is that of
storage. The storage of RBCs requires additional processes and additives
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to improve their stability. These additional steps alter the initial structure of
the RBCs and accelerate their removal from the circulation. RBC-based
enzyme therapies are also liable to biological contamination due to the
origin of the blood, the equipment used, and exposure to the environ-
ment. Therefore, strict control is required during the collection, handling,
and loading of RBCs, which complicates and limits their use in clinical
settings[132, 134, 130, 133, 131].

5.1.6 Encapsulation of Asparaginase within SHELS

Almost all of the currently available enzymatic therapies are based
on circulating enzymes[5, 6, 102, 125]. Once an immune response is
generated, resulting in specific antfibody production, antibodies bind to
the enzymes and cause them to be cleared or neutralized[16, 17]. One
way of preventing the immune response is encapsulating enzymes within
nanoparticles, which prevents the access of antibodies to the enzyme.

Systemic L-asparagine Depletion with Localized SHELS Encapsulating
Asparaginase

We propose the use of localized SHELS loaded with asparaginase
(SHELSpar) to achieve systemic effects. Although the use of localized
nanoparticles to achieve systemic effects is unconventional, this ap-
proach has a number of benefits compared to systemic administration
of nanoparticles. First, it allows more manageable and predictable in
vivo distribution and circulation of nanoparticle. Second, localized activ-
ity enables more stable in vivo enzyme kinetics, as complicated variations
caused by the accumulation of nanoparticles at the clearance organs
are eliminated to a great extent. This approach offers a more straightfor-
ward and governable solution for already-complicated in vivo applica-
tions.

This brings two main questions to mind:
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1. How is enzyme activity influenced by encapsulation?

2. Is it possible to achieve systemic effects with localized enzymes
encapsulated within nanoparticles?

These questions are answered in the following sections.

The Effects of SHELS Encapsulation on L-asparaginase Activity

To determine whether enzymes encapsulated in a nanoparticle
are in a free state within the hollow interior, embedded within the shell, or
adsorbed on the interior of the shell, the kinetic parameters(Chen et al.
2010) of encapsulated and free E. coli L-asparaginase were compared
(Figure 5.2); both free and encapsulated L-asparaginase followed simi-
lar Michaelis-Menten kinetics[136]. The maximum reaction rate achieved
by the enzyme substrate system at the saturating substrate concentra-
tion, V... was 0.3087 uM/min for the encapsulated enzyme and 0.3108
uM/min for free enzyme. The Michaelis constant, K,,,, was calculated as
0.001838 mM for encapsulated L-asparaginase and 0.001989 for free L-
asparaginase. The turnover number, k..;, was derived as 108.8 for the
encapsulated enzyme and 109.6 for free enzyme. This similar behavior as
verified using multiple constants might indicate that the majority of the
encapsulated enzyme is at a free state within the nanoparticle's hollow
interior.

in vivo L-asparaginase Depletion with SHELSpar Intfroduced Inframuscu-
larly

To illustrate the activity of SHELS in a therapeutically relevant set-
ting, L-asparaginase-loaded SHELS were prepared. For over 40 years, L-
asparaginase from E. coli has been used to treat acute lymphoblastic
leukemia (ALL) in order to deplete circulating L-asparagine, which, unlike
with normal cells, cannot be synthesized by leukemic cells. L-asparagine
is converted intfo aspartic acid and ammonia by L-asparaginase's selec-
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Figure 5.2: circles, Michealis-Menten plot of ELSPAR encapsulated within
SHELS (SHELSPAR), diamonds, free ELSPAR.
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tive starving of leukemic cells, causing cell death[7]. Immune responses
generated against the L-asparaginase are a significant clinical prob-
lem and can cause rapid neutralization and clearance of the enzyme
as well as significant side effects such as hypersensitivity reactions and
anaphylaxis[16, 17, 7]. Because an extended residence time in tissue was
observed with intramuscular injection previously, this route of administra-
tion was chosen for testing the systemic depletion of L-asparagine with
either free enzyme or SHELS containing the enzyme. In both cases, the
clinically approved enzyme, brand name Elspar, was used, and the same
total enzyme activity (5 IU) was administered to all mice. The duration of
L-asparagine depletion by equivalent amounts of Elspar in either naive
(Figure 5.3A) or passively immunized (Figure 5.3B) mice was determined.
In naive mice, free enzyme rapidly depleted the serum L-asparagine and
kept it at undetectable levels for at least two days. By day five the serum
L-asparagine had recovered completely. Elspar given in SHELS (SHELS-
Elspar) produced a more durable L-asparagine depletion of greater than
five days (Figure 5.3A). When neutralizing anfi-L-asparaginase anfibodies
(Figure 5.4) were given before free Elspar, L-asparagine depletion was
not observed (Figure 5.3B). However, SHELS-Elspar was completely unaf-
fected by the prior infroduction of neutralizing antibodies (Figure 5.3B)
verifying the protected operation of enzymes in a therapeutically rele-
vant in vivo setting. Functionalization of SHELS particle surface to improve
tissue retention, reduce cell uptake, and improve protein binding without
affecting encapsulated enzyme activity might further prolong the in vivo
activity.

Anti-Tumor Efficacy of SHELSpar

As discussed earlier, various types of tumors are sensitive to as-
paragine depletion. Among those, of the most important ones for solid
tumors is pancreatic cancer. Specifically, PancO2 cells are known to be
sensitive to asparaginase depletion. As such, here we have used a sub-
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Figure 5.3: in vivo l-asparaginase deplefion in mice. (A) In vivo I-
asparagine depletion in naive mice. Free Elspar (circles) and SHELS-Elspar
(diamonds) were injected inframuscularly into naive mice with equivalent
units of activity. Serum L-asparagine level pre- and post-injection up to 8
days was measured. (B) In vivo L-asparagine depletion in passively im-
munized mice. Free Elspar (circles) and SHELS-Elspar (diamonds) were in-
jected inframuscularly to passively immunized mice with equivalent units
of activity. Serum L-asparagine level pre- and post- injection up to 8 days
was measured. Error bars correspond to the standard deviation of at least
three replicate experiments.
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respond to the standard deviation of at least three replicate experiments.
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cutaneous model of pancreatic cells as proof-of-concept of the efficacy
of SHELSpar against cancer cells.

As asparagine remains depleted by day 5 with 6U of SHELSpar, with
asparagine returning close to its starfing level in the following three days,
we injected 6U of SHELSpar every five day to keep the asparagine level
consistently low.

As shown in Figure(Figure 5.5), when compared to the saline con-
trol, immediately after addition of SHELSpar, we observed an immediate
reduction in the rate of ftumor growth followed by a remission after around
the third injection.

This result is important in multiple ways, and shows that localized
partficles can achieve a systemic effect and thus efficacy against a lo-
calized tumor. This result has various benefits. First, selectivity is achieved
by biology and not by physical confinement of the particles at the tumor
site. Second, it has more manageable distribution and circulation kinet-
ics. Third, it demonstrates rather stable activity compared to circulation
half-life, which has a decaying response. What matters here is the area
under the curve.

When all these techniques are considered, the use of SHELS com-
pared to other enzyme-encapsulation approaches has several other
benefits. To achieve a systemic effect, the amount of enzyme encapsu-
lated within the nanoparticle becomes important, with this amount lim-
ited by the carrier materials. Thus, the amount of carrier material per en-
zyme is an important feature to consider making high entfrapment capac-
ity of SHELS an important advantage compared to other encapsulation
technologies. Another advantage is that because chemotherapeutics
are likely to require multiple enzyme administrations in order to be effec-
tive, the fact that SHELS are in a hollow-shell form and thus have good
clearance dynamics and a relatively long biological activity may result
in fewer enzyme injections being needed. At the same time, SHELS will
provide protection from the immune system, although some immune re-
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sponse will still be generated.

5.2 Methods

5.2.1 Labeling Asparaginase with Cy5

A protocol similar to penicillinase labeling was followed for the la-
beling of asparaginase.

5.2.2 Measurement of Activity of Penicillinase with CCF2

Activity is measured in 100% normal mouse serum as the initial rate
of increase of the ratio of blue fluorescence (447 nm) to green fluores-
cence (520 nm) with excitation at 409 nm.

5.2.3 Nessler's Assay for the Measurement of Asparaginase
Activity

One hundred microliters of asparaginase and asparagine solu-
tion was reacted at 37°C, followed by stopping with 100 ul of 5%
trichloroacetic acid. Twenty microliters of Nessler's reagent was added
to each reaction at 5 min, and absorbance at 492 nm was measured at
37°C on a Tecan (Switzerland) Infinite 200 PRO Plate reader. Enzyme ac-
tivity was quantified based on the standard curve of ammonia obtained
by Nessler's reagent.

5.2.4 Enzyme Kinetics Calculations

Enzyme kinetics was analyzed using Prism 6 Software by Graphpad
Software Inc.
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Figure 5.5: Anti-tumor efficacy of SHELSpar in the PancO2 mouse models.
Tumor-bearing mice were treated starting from a tumor volume of 7-10
mm3. The subcutaneous tumor volume was measured by caliper and cal-
culated as mean + SEM. Y-axis represents the volume of the tumor (mean
*+ SEM), and X-axis represents the number of days following the tfreatment
start day. Control is saline, and SHELSpar corresponds to é units of activity
and 1x10!? particles injected every 5 days.
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5.3 Methioninase Encapsulated within SHELS:
metSHELS

5.3.1 Methioninase Depletion as a Therapeutic Approach

Depletion of the amino acid methionine has been shown to be ef-
fective in the treatment of many types of cancer[5, 12, 137, 138, 139, 140].

The sensitivity of cancer cells to methionine depletion is based
on three main reasons. First, methionine-dependent cancer cell lines
present either low amounts of methionine synthase, the principal enzyme
of all mammalian cells, or low activity of methionine synthase[141, 142].
Second, the sensitivity of cancer cells to methionine depletion is based
on deletion of the genes CDKN2A (p16/V%42) and methylthioadenosine
phosphorylase (MTAP), both of which are co-located on chromosome
9p21[140, 143, 144, 145]. The deletion of MTAP makes cells hypersen-
sitive to the depletion of methionine, which is an essential amino acid
obtained only through diet. Many cancer cells, especially solid fumors,
have hypersensitivity to methionine depletion[137, 140, 143].The deletion
of CDKN2A is one of the most common mutations encountered in can-
cer, and is particularly seen in melanoma, pancreatic adenocarcinoma,
glioblastoma, non-small cell lung cancer, bladder carcinoma, and some
leukemias[146]. Third reason is based on the hypothesis that cancer cells
require more methionine compared to normal cells because of increased
protein synthesis and transmethylation reactions[141, 147].

Moreover, it was discovered that methionine depletion produces
cell arrest in the S and G2 phases of the cell cycle; it is at these phases
that many cytotoxic drugs such as paclitaxel are the most effective,
thus making methionine depletion perfect for combinatorial therapeutic
approaches[148, 149, 150].

As a promising anti-cancer agent, recombinant methioninase from
Pseudomonas putida entered phase | clinical trials and was found to be
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safe[145, 151]. Although this agent was safe, its beneficial methionine
depletion could only be achieved for a short time, and the agent was
thus insufficient for therapeutic efficacy.

Initially, rapid clearance due to immune responses against the for-
eign enzyme was thought to be the primary reason behind this short de-
pletion duration. To reduce immune responses generated against the un-
modified enzyme, a PEGylated form of methioninase was developed and
entered primate pre-clinical studies, which also failed to show durable
depletion[145].

It was eventually discovered that the short duration of methionine
depletion was caused by inactivation of the enzyme through rapid loss of
the cofactor, pyridoxal-5'-phosphate (PLP), to blood proteins[152]. When
PLP was supplied at super-physiological levels by a mini-osmotic pump
in mouse studies, enzyme activity was restored, supporting the notion
that the primary reason for the rapid loss of activity was, in fact, cofactor
loss[21].

PLP, also called vitamin Bé, is covalently bound to a lysine side chain
of enzyme. During the reaction of methionine with methioninase, PLP is
transferred to methionine that reassociates with the enzyme following the
resolution of the «, v elimination reactions[153].

However, due to the high affinity of PLP to human albumin[20, 154],
PLP is sequestered by albumin and become unavailable to the enzyme,
causing rapid loss of activity.

5.3.2 Methioninase Encapsulated within SHELS (metSHELS)

The encapsulation of methioninase has a number of benefits. First,
encapsulation would protect methioninase from the immune response,
similar to asparaginase. Second, encapsulation would not only prevent
the access of antibodies to the enzyme but also the access of albumin
to the enzyme. Therefore, the use of SHELS would create an environment
in where there is a high concentration of enzymes and PLP without albu-
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min. Third, PLP loss may be reduced because when PLP is released, it is
more likely to be captured by another methioninase before it leaves the
nanoparticle's hollow interior.

Preliminary studies with a recombinant methioninase produced
from a custom expression vector have shown that methioninase encap-
sulated within SHELS retained its activity in the reaction media that con-
tains PLP with a concentration of 10 uM (Figure 5.6). Activity is measured
by the production of a-ketobutyrate, which has an absorbance at 320
nm[139]. Furthermore, in the absence of additional PLP in the reaction
media, the encapsulated enzyme retained considerably more activity.
This supports the hypothesis that having a high concentration of enzyme
within the nanoparticle's hollow interior will reduce the extensive diffusion
of PLP out of the interior.

For the evaluation of in vivo activity of metSHELS we compared
these particles with an equivalent dose of free methioninase. Mice were
injected inframuscularly and serum methioninase was measured over
time (Figure 5.7). While complete methionine depletion was not observed
with either the encapsulated or free enzyme, most likely due to a low ini-
tial dose or because we may have missed the dip in the methionine level,
metSHELS with an activity of 1.5 Ul maintained a roughly 50% depletion of
methionine; interestingly, the same depletion initially produced by the
free enzyme with 3 Ul was no longer observed after 24 hours.

The methioninase used in these experiments is purified and stored
with 10uM PLP to ensure that all of the enzyme is holo-enzyme with bound
PLP. Our preliminary data have established that PLP is lost as the reaction
proceeds if there is no supplemental cofactor, although this loss is slowed
in SHELS. Those experiments were performed with dialyzed enzyme, so the
only source of PLP was that bound to the enzyme.

This result is, to our knowledge, the first demonstration of sustained
methionine depletion for 24 hours and suggests that PLP loss is abrogated
by the metSHELS. Further optimization of the loading and dosing of SHELS
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Figure 5.6: In vitro activity of free and SHELS encapsulated methioninase.
Circles: reaction with free methioninase in the presence of 10 u M PLP.
Diamonds: reaction with metSHELS in the presence of 10 u M PLP. Upward-
pointing triangles: reaction with metSHELS in the absence of additional
PLP. Downward-pointing triangles: reaction with free methioninase in the
absence of additional PLP.
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Figure 5.7: In vivo methionine depletion in naive mice. A dose of 1.5
IU (international units) of free methioninase (circles) of activity and 0.75
Ul SHELS-methioninase (diamonds) was injected inframuscularly into the
left flank of naive mice. Serum was collected pre- and post- injection
at 60 minutes and 24 hours, and methioninase level in serum was meao-
sured. Error bars represent the standard deviation of at least three repli-
cate experiments.
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should greatly improve this effect.

5.4 Uricase Encapsulated within SHELS for the

Treatment of Refractory Gout: uriSHELS

5.4.1 Gout

Gout is a type of inflammatory arthritis that is triggered by the crys-
tallization of uric acid within the joints, tendons, and surrounding tissues.
If the concentration of uric acid exceeds the solubility limit in plasma
and extracellular fluids, monosodium urate crystals are formed, leading
to gout[129, 155]. Currently up to 3.9% of American adults suffer from
gout[155].

5.4.2 Treatment of Gout

Frontline tfreatment of gout involves maintaining serum urate below
the solubility limit of 7 mg/ml using drugs inhibiting xanthine oxidase, the
enzyme that catalyzes xanthine to uric acid, or promoting renal urate
excretion[154].

However, frontline treatment fails for 30,000-120,000 patients out of
the 8.3 million Americans who suffer from gout due to noncompliance,
intolerance, inadequate dosage, or inefficacy[157, 129, 155].

The presentation of gout in the clinic has changed dramatically in
the United States over the past two decades due to the large numbers
of cases with iatrogenic factors, multiple co-morbidities, advanced age,
hyperuricemia and tophaceous, destructive arthropathy, and inflamma-
tory arthritis refractory to treatment[158, 159, 160, 155].

Treating gout flare-ups is expensive (Wu et al. 2009; Wu et al. 2008;
Krishnan et al. 2008) and fraught with risks of NSAID, colchicine, and corti-
costeroid side effect risks(Khanna, Khanna, et al. 2012). Improved strate-
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gies and recent changes in the evidence basis to employ allopurinol,
febuxostat, probenecid, and anti-inflammatory agents have validated
cost-effective treatment strategies for the average patient[161, 162].
However, gout refractory to all standard uric-acid-lowering therapy (ULT)
iscommon[163, 161], and the severe subset of chronic tophaceous gouty
arthropathy is estimated as 50,000-200,000 cases in the U.S.[164]; gout is
at least as disabling as rheumatoid arthritis in many patients, and is far
more painful[163, 165, 159].

Humans are susceptible to gout because they do not express the
uricase enzyme that degrades uric acid to allantoin[166, 159]. Recently,
non-human uricases have been employed to lower urate levels in blood.
FDA approval of the recombinant PEGylated porcine-baboon uricase
"pegloticase" has provided a substantial and unique advancement in
the tfreatment of severe treatment-refractory gout, particularly for those
with intolerance to other drugs used in gout or with co-morbidities that
include chronic kidney disease, where the effectiveness and tolerance
of allopurinol and other oral ULT agents are decreased[164, 166]. PEGy-
lation of uricases suppresses immunogenicity and increases half-life[161],
and allows uricase to work remarkably well in those who maintain a drug
response[164]. Specifically, in pivotal phase 3 clinical studies in subjects
with particularly severe gout ( 70% with visible tophi), infravenous peglot-
icase treatment (8 mg every 2 weeks) achieved the target serum urate
<6 mg/dL at 6 months in 42% of patients (intent-to-treat analysis), and this
regimen also achieved complete resolution of one or more tophiin 20%
of patients by 13 weeks and in 40-45% of patients by 25 weeks[164]. Ac-
cordingly, overall improvement in health-related quality of life (HRQOL) is
markedly improved in sustained pegloticase responders[167]. This com-
pares favorably to HRQOL, and American College of Rheumatology 70%
(ACR70) response and remission rates using biologics, including anti-TNF
drugs in rhneumatoid arthritis. As such, successful uricase therapy a major
clinical advancement for patients with the most severe and incapaci-
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tating chronic tophaceous gouty arthropathy, and is recommended as
an option for severe forms of tfreatment-refractory gout in the ACR gout
treatment 2012 guidelines[161].

However, due to their foreign origin, FDA-approved uricase thero-
pies for tumor lysis syndrome prevention (non-PEGylated IV rasburicase)
and pegloticase for gout management are largely limited by the anti-
genicity of the foreign uricase enzyme tetramer, including PEGylated
uricase[164, 158, 159]. Antibodies to pegloticase develop within a few
months of pegloticase administration in about 89% of the patients, man-
dating the use of high-dose corticosteroids prior to infusion to limit infu-
sion reactions. In almost half of the patients with a high anti-pegloticase
antibody level, pegloticase does not show any efficacy. Furthermore, in-
fusion reactions correlated with the production of these antibodies[164].
The anti-pegloticase antibodies in many patients are IgG2 and are spe-
cific to PEG[168, 166]. Thus there remains a considerable need for a ther-
apeutic option for the majority of chronic gout sufferers.

In the phase Il study, infusion reactions were observed in more than
a quarter of the subjects, and were classified as moderate to severe in
10% of the subjects, and included anaphylaxis. Treatment-emergent an-
tibodies to pegloticase negatively affected both pharmacokinetics and
pharmacodynamics[164].

5.4.3 Motivation behind uriSHELS

Sustained activity of uricase encapsulated within SHELS can poten-
tially prevent anti-uricase anfibody-mediated clearance and treatment
failure while maintaining urate in blood below the solubility limit. Similar
to SHELSpar, intframuscularly administered uriSHELS offer a more manage-
able circulation and distribution behavior compared to pegloticase. At
the same time, since antibody production does not cause rapid clear-
ance of the uriSHELS, unlike pegloticase, the use of uriSHELS might results
in effective tfreatment by using of reduced amount of enzyme and a re-
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duced number of injections, thus achieving a better quality of life for pa-
tients.

Chapters 3, 4 and 5, in part, have been submitted for publication
of the material as it may appear in Nano Letters, 2013, Ortac, Inanc; Sim-
berg, Dmitri; Yeh, Ya-san; Yang, Jian; Trogler, William C.; Tsien, Roger Y.;
Esener, Sadik, ACS Publications, 2013. The dissertation author was the pri-
mary investigator and author of this paper.



Chapter 6

Diagnostic Applications of SHELS

6.1 Catalase Encapsulation within SHELS for In

Vivo Hydrogen Peroxide Sensing: catSHELS

Hydrogen peroxide (H,0;) plays an important role in mediating the
damage caused by inflammation[169], cancer[170], diabetes, aging,
and cardiovascular disease[171, 172, 173]. Due to its widespread clinical
use and low detection threshold for small gas-filled microbubbles, ultra-
sound would be an ideal modality for the clinical detection of pathophys-
iologic hydrogen peroxide; as such, catalase-based precursor molecules
have been used in several settings for the local generation of oxygen mi-
crobubbles in vitro and in vivo[174, 175, 176]. Most of these methods have
so far been limited to in vitro and small animals, and models have as of
yet been limited to those accessible for direct injection such as subcuta-
neous abscesses or peritonitis. Here we focus on the development of a
new silica-based sensor for H,O, that is of appropriate size and configu-
ration for injectable in vivo applications.

Here we utilize a recently reported novel strategy for the local pro-
duction of oxygen microbubbles[176] based on enzyme loaded porous
siica nanoparticles termed synthetic enzyme loaded nanospheres
(SHELS). As noted previously, SHELS have been developed for the effec-

86
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tive delivery of enzymes (Figure 6.1). SHELS are typically between 100 nm
to 500 nm in diameter and are designed such that large molecular weight
enzymes are trapped inside the hollow interiors of nanoporous silica shells.
Small molecular substrate can sfill diffuse through the nanoporous shell
and access encapsulated enzymes without the need for releasing and
exposing the payload.

In this study, catalase enzyme is encapsulated within SHELS (cat-
SHELS) in order to make an in vivo hydrogen peroxide sensor (Figure 6.1A).
Catalase is a well-characterized enzyme that turns hydrogen peroxide
into water and oxygen. Once the local concentration of oxygen pro-
duced as a result of the reaction of environmental hydrogen perox-
ide with encapsulated catalase exceeds the solubility threshold, the
nanoporous surface of SHELS acts as a nucleation site for oxygen mi-
crobubble formation (Figure 6.1A). Figure 6.1B shows a scanning frans-
mission electron micrograph of 200-nm catSHELS.

As previously discussed, SHELS are fabricated by a template-
based fabrication method called nanomasking that yields empty dual-
scale-porosity silica nanoparticles called synthetic hollow mesoporous
nanospheres (SHMS)(Figure 6.1C). In nanomasking, blocking materials
(nanomasks) prevent the growth reaction on parts of the surface of tem-
plate nanoparticles and act as masks to create mesopore features on
the surface of the shell after the removal of templates and hanomasks
(Figure 6.1D).

Later, catalases are loaded into the hollow interior of SHMS through
mesopores, and are shielded from interfering blood proteins and pro-
teases once the mesopores are sealed with a new layer of nanoporous
silica, yielding catSHELS (Figure 6.1E).

The individual microbubbles produced by catSHELS are short-lived
but can be detected using standard clinical ultrasound technology
at depths of up to 20 cm in fissue using specialized pulses that elicit
and detect non-linear oscillations of microbubbles[177], thereby molec-
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Figure 6.1: Catalase-containing SHELS (catSHELS) and their synthesis. (A)
catSHELS are porous silica particles that shield catalase from degradao-
tion by external proteases while allowing free diffusion of hydrogen per-
oxide. (B) Scanning fransmission electron micrograph of 200-nm catSHELS
taken by secondary electron mode. (C) Scanning electron micrograph
of 200 nm SHMS. (D) Nanomasking is a template-based nanofabrication
method. First, template and nanomasks form aggregates through elec-
trostatic interaction. Nanomasks prevent the growth reaction on parts of
the surface of template nanoparticles. Templates and nanomasks are
removed by calcination, generating dual-scale porosity nanoparticles,
SHMS. (E) Catalases filter into the hollow interior of SHMS through meso-
pores. Later, mesopores are sealed with a new layer of nanoporous silica,
yielding catSHELS.
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ularly sensing the presence of hydrogen peroxide (Figure 6.2). Cat-
SHELS are distinct from previously developed catalase-based ultrasound
nanosensors[176] in that they can be formulated to be small enough for
in vivo injection and, in theory, can be made to be biodegradable[178].

6.1.1 Results

First, a series of in vitro experiments was performed in buffer to de-
termine the effect of catSHELS size, interior catalase concentration, and
total catSHELS concentration on microbubble formation. Increasing the
number of catSHELS while holding the interior catalase concentration
and size constant resulted in higher echogenicity on ultrasound due to
increased microbubble formation (Figure 6.3A). Similarly, increasing the
catSHELS size also resulted in greater signal (Figure 6.3B) when the particle
number and catalase concentration were held constant. Although in-
creasing the interior catalase concentration from 10 mg/mL to 80 mg/mL
did have an effect on total signal, a further increase in the interior cato-
lase concentration from 80 mg/mL to 320 mg/mL did not have an effect,
likely a combined effect of decreased catalase adjacent to nucleation
sites on the exterior of the molecule and the relative paucity of H,O, per-
fusion (Figure 6.3C). Detection limits were even lower when experiments
were performed in rabbit plasma (Figure 6.3D).

We next queried whether sufficient hydrogen peroxide could be
produced by human neutrophils to activate the catSHELS. We collected
abscess fluid from 12 patients, with this fluid used within 24-72 hours of
drainage. The abscess fluid was first centrifuged to help eliminate poten-
tially echogenic debris and reduce viscosity. Of 12 abscess specimen col-
lected, eight were sufficiently non viscous for in vitro testing of catSHELS.
Microbubbles were seen in four of eight abscesses when 200-nm catSHELS
with 80 mg/mL interior catalase were added to a final catSHELS concen-
tration of 1.4 x 1071 M (Figure 6.4A). Two hundred nanometer catSHELS
were chosen for their ease of synthesis in addition to their performing well
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Figure 6.2: Catalase containing SHELS (catSHELS) cause oxygen mi-
crobubble accumulation in response to environmental hydrogen perox-
ide. (A) Schematic showing catalase trapped inside SHELS that is porous
to H,O,. (B) Upon sufficient H,O, in the surrounding milieu, bubbles are
formed at the surface of catSHELS that are detectable by a standard
ultrasound transducer. (C) Multiple frames showing rising gas-filled mi-
crobubbles following injection of H,O, through a sideport, allowing differ-
entiation from surrounding echogenic material.
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Figure 6.3: Dependence of microbubble formation on particle size, cata-
lase concentration and particle number. (A) Effect of increasing hydro-
gen peroxide concentration on ultrasound signal intensity for decreasing
particle number. Particle size is held constant at 200 nm, and concentra-
tion is held constant at 80 mg/mL. (B) Effect of particle size on total ultra-
sound signal. Particle concentration is held constant at 80 mg/mL, and
particle number is held constant at 1 x 10%. (C) Effect of catalase con-
cenfration on total ultrasound signal. Particle number is held constant at
1 x 108, and particle diameter is held constant at 200 nm. (D) Comparison
of signal from 1.4 x 10'° 200-nm catalase (80mg/mL)- and empty SHELS in
rabbit plasma at increasing H,O, concentrations. Error bars represent the
standard error of the mean of at least three replicate experiments.



92

on the in vitro studies shown in Figure 6.1A, and for being of sufficiently
small size for future systemic injection. Of the four abscess fluid samples
that were tested from four different abscesses and deemed to be positive
at the time of the experiment, the ratio of signal before to signal after cat-
SHELS addition was 3.6 +/- 1.2 for the catSHELS and 1.1 +/- 0.2 for the con-
trol SHELS (Figures 6.4B and 6.4C). Of the remaining four abscesses, two
yielded limited supernatant and were highly echogenic prior to the addi-
tion of catSHELS, limiting our ability to detect new microbubbles; the other
two samples did not yield bubbles upon the addition of catSHELS. Unfortu-
nately, attempts to quantify the hydrogen peroxide concentration in the
abscess fluids themselves met with limited success, as the presence of
hemoglobin interferes with conventional spectroscopic techniques (Fig-
ure 6.4D). However, given the frequent contamination of bodily fluids with
blood products, the ability of catSHELS to be detected through optically
opaque media highlights the potential clinical utility of catSHELS, as even
spectrally clear samples such as urine are frequently contaminated with
blood.

6.1.2 Discussion

We have synthesized and tested a new method for visualizing the
presence of hydrogen peroxide in tissue. The detection of H,O, using cat-
SHELS offer multiple benefits: 1) SHELS can be doped with small amounts
of iron or other paramagnetic agents so that they biodegrade more
rapidly[178], 2) the encapsulated catalase is better protected from out-
side proteases, 3) compounds can easily be PEGylated and/or targeting
moieties added for improved in vivo biodistribution, 4) pores create in-
creased nucleation sites for microbubbles, and 5) SHELS can be loaded
with catalase in very high concentrations without affecting enzyme kinet-
ics. Our compounds can detect physiologic amounts of hydrogen per-
oxide in aspirated human abscess with contrast ratios as high as four-fold.
Furthermore, unlike fluorescence-based agents, ultrasound has a much
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Figure 6.4: Endogenous hydrogen peroxide from human abscess fluid is
detectable by catSHELS ex vivo. (A) Specimens from 12 patients were
collected, divided into 2 mL aliquots, and added to [10!°] non-PEGylated
catSHELS (A) or empty SHELS (200 nm, 80 mg/mL, or 0 mg/mL catalase,
(B)). Small, rising microbubbles were seen in test abscesses but not in con-
trols in four of the eight samples tested. (C) Quantitative analysis showed
a 3.6-fold difference in total signal from abscess fluid added to catSHELS
versus empty SHELS (n = 4, p = 0.02). (D) Independent quantification of
H,0, concentration using established optical techniques was stymied by
the broad spectral absorption of hemoglobin, present to varying degrees
between samples.
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greater depth of penetration, as high as 20 cm in the abdomen.

Our challenges in obtaining an independent quantitative measure
of hydrogen peroxide concentration highlight the benefit of ultrasound
detection, even in biologic samples that can easily be removed from the
patient. Unlike Amplex Red and other spectroscopic methods for quanti-
tating hydrogen peroxide, there is no potential for spectroscopic interfer-
ence from hemoglobin using our method. As the concentration of cat-
SHELS is an important determinant of signal generated, a concentrated
larger number of catSHELS at the site of interest could theoretically be
used to detect lower amounts of hydrogen peroxide in vitro. Given that
signal is seen in the physiologic human abscess samples when the local
catSHELS concentration is subnanomolar, obtaining sufficient catSHELS at
the site of hydrogen peroxide production should be feasible even in larger
animals and, potentially, human patients. Finally, both SHELS and cata-
lase are stable when dehydrated, which is important when considering
their use as a contrast or laboratory agent.

The detection of hydrogen peroxide with ultrasound has a wide
range of potential clinical applications. CatSHELS could be applied to the
tip of a catheter and used at bedside to detect the presence of bacteria
in biologic fluid. In theory, the biodistribution and pharmacokinetic prop-
erties of SHELS could be improved by conjugation to PEG moieties for in
vivo injection[179]. A hydrogen peroxide-sensitive contrast agent could
help in identifying abscesses in unusual locations and locations with lim-
ited percutaneous access. Bedside renal ultrasound using catSHELS or
similar agents[180] might allow for the differentiation of renal ischemia
from other causes of acute kidney injury, particularly in ICU patients who
would otherwise need to be transported to the CT scanner. In theory, @
similar approach could be taken toward imaging early ischemia in the
heart[181] or even the brain[180]. Catalase-based imaging of the heart
and the brain might even be therapeutic due to depletion of H,0,, as
free radicals contribute to the lasting damage caused by vessel ischemia.
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In contrast to the clinically available microbubble formulations, the mi-
crobubbles created at physiologic concentrations of H,O, are locally
produced, last only a few minutes[182], are more readily detected[183],
and are much fewer in number; this may correlate with greater effectivity
and a more favorable side-effect profile.

6.1.3 Methods
Preparation of Synthetic Hollow Mesoporous nanoSpheres (SHMS)

A 50-ul template particle solution was mixed with the correspond-
ing amount of masking particle solution to prepare the desired ratio of
particle concentrations. The resultant mixture was shaken overnight, and
1000 ul of anhydrous ethanol was added to the solution. In order to gener-
ate the silica precursor and initiate the silica growth, 1 ul of tetramethoxysi-
lane was added to the solution. The mixture was shaken overnight, and
the suspended particles were collected by centrifugation (5 min at 14000
rom), washed with deionized water several times, and dried in vacuum
overnight on a coverslide. To remove the organic compounds, a Cov-
erslide carrying the nanoparticle powder was placed over a hot plate
and calcined overnight at 450°C. The calcined powder was then frans-
ferred to a tube and suspended in 50 ul water and dispersed by gentle
sonication.

Preparation of Synthetic Hollow Enzyme Loaded nanoSpheres (SHELS)

SHMS were suspended in a 50-ul 80 mg/ml catalase solution in 1X
PBS and incubated overnight. The solution was diluted with 1000 ul PBS
and 50 ul 0.1% poly-L-lysine with a molecular weight of 150-300 kDa. TMOS
was added to 1 mM HCl in a 74:500 volume ratio and mixed for a few
minutes to make a silicic acid solution. Twenty-five microliters of the sili-
cic acid solution was added to the above SHMS solution immediately af-
ter dilution and shaken for 1 hour in order to generate SHELS. Later, sus-
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pended SHELS were collected with centrifugation (5 min at 14000 rpm)
and washed several times with water.

Ultrasound Phantoms and In Vitro Testing

catSHELS were concentrated to a stock solution of 1.82 x 108/uL
(500 Nnm), 2.8 x 109/uL (200 nm), and 2.8 x 1010/uL (100 nm) and then
diluted in 1X PBS prior to testing. catSHELS were placed into a transfer
pipette modified to contain a port that could be pinned to the back of
a water bath. Either 3 mL PBS, +0.04M sodium hydrate cholate (NaCH,
Sigma), or rabbit plasma was added to the catSHELS through the port,
and samples were allowed to sit for approximately five minutes. Under
ultfrasound operating in contrast mode (GE LogigE?, 6-15MHz linear frans-
ducer, MI<.20, 14 frames per second), the concentration of hydrogen
peroxide was increased by factors of ten (e.g., 8 uM, 80 uM, 800:M) deliv-
ered in low volume (3ulL or 30uL). catSHELS were tested side-by-side under
ultrasound with empty SHELS of the same geometry without catalase. De-
tection limits were obtained at the time of the study by two independent
radiologists blinded to the identity of the tfubes. The detection limit was
defined as the first point at which characteristic rising bubbles were ob-
served; this was recorded at the time of the experiment. All experiments
were performed in triplicate.

Analysis

Regions-of-interest (ROIs) were drawn near the bottom of the modi-
fied fransfer pipette with care taken to avoid any arfifacts associated with
transducer motion. Each region was averaged over three images to ob-
tain a "pre" value and over 20 images to obtain a "post" value. The "pre"
value was then subtracted from the "post” value to obtain the change in
signal resulting from the addition of nanoparticles. For saline tests, statisti-
cal significance was assessed by an unpaired two-tailed Student's t-test.
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Abscess fluid

Patient abscess fluid was obtained from the microbiology labora-
tory and brought to the laboratory for analysis within 72 hours of collec-
tion. At least 2 mL of abscess fluid was required for testing. Approximately
10 x 10 200-nm catSHELS containing 80 mg/mL catalase was added
to the side port under direct ultrasound observation (Siemens Sequoiaq,
7MHz, M1 0.2 or 1.9). Once microbubbes had subsided, the same num-
ber of empty control catSHELS were added to the same sample. Finally,
at the end of the experiment, 3% H,O, was added as a positive con-
trol to confirm that catSHELS were functional. Cine loops were collected
and loaded into Image J for quantitation as described previously. Back-
ground sample echogenicity was assessed as the 20 frames taken im-
mediately prior to the addition of catSHELS. The 50 frames subsequent to
the addition of catSHELS were averaged as the post-SHELS echogenic-
ity. Once signal had returned to baseline, a second "background" image
was taken immediately prior to adding the control SHELS. As abscess fluid
specimens were collected on different days and each was essentially an
independent experiment with its own confrols, aggregate statistical sig-
nificance was assessed by a paired two-tailed t-test. Abscess sample col-
lection and subsequent analysis were performed in accordance with UC
San Diego's institutional review board guidelines.

6.2 Glucose Oxidase Encapsulation with
Ru(phen)i? Doped SHELS: gRUSHELS

6.2.1 Background

Diabetes mellitus, or, shortly, diabetes, is a disease characterized
by chronically raised blood glucose (sugar), due to either lack of insulin
or sensitivity of cells to insulin, a pancreatic hormone[184, 185]. There are
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primarily three types of diabetes.

Type 1: In patients with type 1 diabetes, the pancreas cannot pro-
duce insulin, requiring patients to obtain insulin externally.

Type 2: In patients with type 2 diabetes, the cells in the body fail to
use insulin properly, even though insulin is produced at the pancreas.

Gestational: This form occurs when pregnant women develop a
high level of blood sugar, which may potentially lead to the development
of type 2 diabetes[186, 187].

The number of diabetics is increasing at epidemic rates and was
estimated in 2011 to be around 366 million worldwide, with this number ex-
pected to reach around 552 million by 2030[188]. Diabetes causes long-
term ftissue complications affecting both small and large blood vessels
including, microangiopathy, atherosclerosis, increased rates of coronary
heart disease, peripheral vascular disease, and stroke[185]. Most of these
complications can be prevented if blood glucose levels are maintained
within the physiological range of 4-30 mM, which can be achieved by
frequent monitoring of blood glucose and external administration of in-
sulin with amounts adjusted to the blood glucose level[189]. However,
maintaining a normal blood glucose concentration is very difficult due
to often unpredictable fluctuations, which requires reliable, continuous
monitoring.

In particular, strict monitoring of blood glucose levels is critical to
the prevention or early detection of hypoglycemia (low blood glucose).
Hypoglycemia is a serious condition and can lead to neuroglycope-
nia, mild dyshoria, seizures, unconsciousness, and even permanent brain
damage[187].

6.2.2 Current Blood-Glucose Monitoring Techniques

Currently, there are primarily two broad classes of monitoring tech-
niques: point sample and continuous. Point-sample techniques involve
the measurement of glucose from collected bodily fluids such as urine
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and blood. However, this technique is inconvenient for the patient and
at the same time does not have the benefit of monitoring cases such as
hypoglycemia, which is serious and can occur during sleep or between
point-sample monitoring times[184].

Continuous monitoring solutions offer more convenience for the
patient are a good option for maintaining blood levels. Numerous studies
have examined continuous-monitoring techniques with various degrees
of invasiveness. Optical methods are considered totally non-invasive and
rely on different spectroscopic techniques, with the main drawback be-
ing that spectroscopy suffers from light scattering and its attendant re-
duction in signal-to-noise ratios[190, 189]. Scattering is also a variable ef-
fect and depends of the patient's hydration, blood flow, and tempera-
ture. Non-glucose metabolites also frequently interfere with the measure-
ment. The heterogeneity of light-absorbing and light-scattering structures
between individuals and within individuals over time requires frequent
spectroscopy calibration, resulting in inconvenience to the patient mak-
ing these techniques error-prone[184].

Transdermal methods are minimally invasive techniques that in-
volves sampling tissues by obtaining fluids from skin using methods such
as reverse iontophoresis, sonophoresis, or skin-suction blister technique.
However, they suffer from high error and low sensitivity[184]. The transder-
malcollection of liquid for analysis takes upward of 15-20 minutes, and the
glucose concentration in these fluids are about three orders of magnitude
less compared to their levels in blood. These techniques also suffer from
the variable flux of glucose across the skin, and the effects of prolonged
use at a single skin site prevents their successful commercialization[187].

Among minimally invasive sensors, amperometric enzyme elec-
trodes are the most explored type of glucose sensors. Here, enzyme glu-
cose oxidase is immobilized on a charged electrode, and through the
following reaction of glucose with glucose oxidase, hydrogen peroxide is
produced[185].
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Glucose + O, — H,0, + gluconicacid

The production of hydrogen peroxide results in a change in the
current flowing through the electrode, and although less common, this
current change is also sometimes correlated with oxygen consumption.
Currently there exist several commercially available devices based on
this concept, including Medisense[190], which determines a patient's glu-
cose level using a finger-prick blood sample.

Such sensors are almost always implemented as a fine needle or as
some type of flexible wire form, with the active site located at or near the
tip, which is implanted subcutaneously. Although intravascular place-
ment is also possible, subcutaneous implantation is preferred to reduce
the interference of the signal with blood clot formation[187, 185].

Subcutaneous glucose levels are proportional to the blood glucose
concentration under most circumstances, however, with a lag of several
minutes. For the detection of hypoglycemia, this slight variation becomes
an advantage, as measured drops in glucose are lagged by blood level,
in this case serving as an early detector of hypoglycemia[187].

The main problem of such live-monitoring sensors is that the output
of the sensor is strongly influenced by in vivo conditions. This variability is
associated with sensors' interference with proteins, small molecules, and
inhibitors. Several approaches have been sought to reduce such inter-
ference. One such approach is microperfusion, which involves washing
away inhibiting molecules or cells while generating a thin, mobile aque-
ous film to provide a protective barrier against them and hydrating tis-
sues. Another approach is to implant the sensors directly into the tissue to
prevent a wound response and its attendant inflammation, which would
aftract immune cells to the area[187].

Artificial chemistries have also been explored; these include ar-
tificial glucose receptors, which are based on the attachment of the
glucose reactive boronic acid moiety to a reporting unit to generate a
detectable fluorescence, colorimetric, or electrochemical change[191].
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However, all of the techniques noted above are limited by their inability
to achieve the sensitivity and convenience required for accurate imme-
diate and long-term glucose monitoring.

6.2.3 Ideal Glucose-Measurement Technique

The ideal glucose sensor should offer quick and predictable re-
sponse to changing glucose concentrations while also achieving a re-
versible and reproducible signal. As a possible solution for the effective
monitoring of chronic diseases such as diabetes, the cost and scalability
of the synthesis and fabrication become important.

The ideal sensor should have a long operational lifespan in physio-
logical conditions and should also be biocompatible and convenient for
the patient. For accurate estimation of the adequate amount and the
right fiming of insulin administration, continuous monitoring throughout
the day and night is crucial. The sensor would thus need to provide data
on the direction, magnitude, duration, frequency, and potential causes
of fluctuations in blood glucose levels; these data are crucial because
insulin therapy increases the risk of hypoglycemia.

Such a comprehensive solution would ideally involve closed-loop
systems, where automated administration of adequate amount of in-
sulin through a pump is determined by the glucose sensor. Although
some such solutions are commercially available, inaccuracies in current
glucose-monitoring techniques, together with inconvenience to the pa-
tience, limit the widespread use of these sensors[184].

6.2.4 Glucose Oxidase Encapsulation within Ru(phen)i?
doped SHELS: gRUSHELS
We have addressed the above-mentioned requirements of in

vivo glucose sensing by encapsulating glucose oxidase (GLOX) en-
zyme in SHELS doped with the ruthenium(ll) compound, dichlorotris(1,10-
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phenanthroline)ruthenium(ll) hydrate (Ru(phen)d?). We call this modified
version of SHELS glucose oxidase encapsulated Ru(phen);? doped SHELS
(gRUSHELS).

Various dyes have been explored for the measurement of glucose.
Among these, the oxygen-sensitive ruthenium(ll) and ruthenium(lll) com-
pounds have been examined, both as free dyes in solutions or by being
doped in sol-gel films or polymers. The fluorescence of these two com-
pounds decreases with an increasing concentration of oxygen[192, 193,
194, 195, 196]. When glucose diffuses into SHELS, it reacts with encapsu-
lated glucose oxidase. As a result of this reaction, oxygen in solutfion is
consumed, resulting in an increase in the fluorescence of Ru(phen)$? (Fig-
ure 6.5). Despite this effect, the Ru(phen)i? fluorescence is not similarly
affected by H,O, (Figure 6.6). With the addition of glucose to the GLOX,
the fluorescence obtained from Ru(phen)3i? increases quickly, reaching
a maximum intensity that indicates the highest instantaneous velocity of
the enzyme. As glucose is consumed, a decaying fluorescence intensity
curve is obtained (Figure 6.7). Thus, the higher the glucose oxidase con-
centration, the higher maximum point the intensity reaches. The higher
glucose oxidase concentration is also correlated with a faster decaying
curve due to the attendant faster consumption of oxygen.

6.2.5 Fabrication of gRUSHELS

For successful in vivo implementation, an approach that would
give users a high level of control, loading efficiency, and durability is re-
quired. In furtherance of this goal, we have utilized a modified version of
SHELS platform made of silica to demonstrate successful in vivo glucose
sensing.

Silica is useful for this application owing to it safety profile, sufficiently
long degradation, thermal and mechanical stability, and low density,
in addition to its high specific surface area and nanoporosity, both of
which are needed for the diffusion of small glucose molecules through
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Figure 6.5: The fluorescence spectra of Ru(phen);? in the absence and
presence of glucose with a concentration of 1 mg/ml (excitation at 456
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the shell[79, 82, 83, 84, 85, 86, 50, 87, 51, 22, 76, 88].

In this modified version of the protocol described previously, amine
functionalized polystyrene particles are used as templates for sol-gel re-
action to grow silica on the surface, nucleating growth of the nanoporous
silica sol-gel network. Tetramethoxysilane (TMOS) is hydrolyzed in aqueous
solution to give silicic acid, which acts as a precursor for the polyconden-
sation reaction on the particle's surface, as shown in an earlier study[76].

However, this type of silica nanoporous network does not per-
mit the diffusion of large molecules into the interior of the shell. There-
fore, to ensure that the hollow interior can be loaded with enzyme,
carboxy-functionalized polystyrene latex nanoparticles as nanomasks
are first mixed with larger templates (Figure 6.8A.1). Particles with op-
positely charged surface functional groups attract one another in so-
lution, causing aggregation (Figure 6.8A.2). The basic nature of the
amine-functionalized surface creates a more efficient nucleation site
for base-catalyzed silica gel growth compared to the acidic carboxy-
functionalized surface. At the point of contact, they serve as negatively
charged nanomasks for the sol-gel reaction on the particle surface (Fig-
ure 6.8A.3). Once the silica layer is formed with the desired thickness,
the polystyrene particles are removed by dissolution or calcination, leav-
ing the silica SHMS structure in place(Figure 6.8A.4). Later, the SHMS are
resuspended and dispersed in water using vortex mixing and gentle son-
ication.

For doping of silica with Ru(phen)$?* (Figure 6.8B.1), particles were
suspended in a Ru(phen)3? solution. TMOS was then added to the so-
lution, which was reacted overnight. Later, inbound Ru(phen)i? was
washed out by ethanol followed by the addition of more TMOS to ini-
tiate further sol-gel reactions. Later, unreacted regents werewashed,
yielding Ru(phen)j* doped synthetic hollow mesoporous nanospheres
(RUSHMS) (Figure 6.8B.2).

RUSHMS are loaded by the diffusion of macromolecules through
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their meso-pores. As the meso-pores are relatively large (typically >5 nm)
compared to many enzymes, enzymes can diffuse freely into the structure
quickly to equilibrate the concentration inside and outside of SHMS (Fig-
ure 6.8B.3). Later, a new layer of nanoporous material is formed around
the particle surface, closing the meso-pores within a nanoporous surface.
In the case of silica, the SHMS surface is negatively charged due to the
presence of SiO~ groups. A positively charged polymer such as poly-I-
lysine (PLL) is added to adsorb to the particles' surface and change the
surface charge to positive. The addition of PLL covers the mesopores,
thus preventing the escape of the enzymes by trapping them in the shell's
hollow interior. Then, TMOS is added to grow new silica on the surface
and to close the meso-pores of RuUSHMS, converting them to RUSHELS
(Figure 6.8B.4). This reaction occurs in near-neutral buffer conditions and
does not damage the enzyme. Once the meso-pores are closed, the
load is encapsulated within SHELS and cannot escape. However, the
load can still interact with small molecules in the surrounding environment
via diffusion through nano-pores.

6.2.6 Discussion

When the shell is doped with Ru(phen)3? and GLOX encapsulated
within SHELS, the behavior of particles resembles free Ru(phen)i? (Fig-
ure 6.9). When the number of particles has changed, both the amount of
Ru(phen)3? and the number of enzymes also changes. As this leads to the
presence of more GLOX, the consumption rate of oxygen also increases
when the number of particles is doubled, which is similar to the behavior
of free Ru(phen);?.

However, with in vivo conditions, the amount of glucose al-
ways fluctuates. Therefore, to determine whether gRUSHELS respond to
changes in glucose concentration, we performed repeated injections of
glucose into solution following its consumption. After initial administra-
tion of glucose into a solution of gRUSHELS with a concentration of 1 x
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Figure 6.8: (A) The nanomasking method for the fabrication of
SHMS 1. Amine-functionalized polystyrene nanoparticles (templates)
and carboxy-functionalized polystyrene nanoparticles (hnanomasks) are
mixed in solution. 2. Templates and nanomasks attract one another,
resulting in aggregation. 3. Followed by addition of sol-gel reactants,
the silica polycondensation reaction occurs on the basic template sur-
face while nanomasks block the reaction at the point of contact with
the templates. 4. Polymer templates and nanomasks are removed by
calcination or dissolution fo generate the SHMS structure. (B) Ru(phen);?
doping of SHMS and glucose oxidase loading. lllustrations show the cross-
sections. 1. Empty SHMS. 2. SHMS is incubated in a Ru(phen)3? solution
followed by sol-gel reaction and removal of reactants to yield RUSHMS.
3. A high concenftration of enzyme is added to the RuUSHMS suspension
and diffuses intfo the hollow interior of RUSHMS. 4. Interior enzyme concen-
tration is equiliorated with that of the exterior. RUSHMS are coated with
another layer of porous material, sealing enzymes within the particle.
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102 pts/ml, the glucose was depleted in 2 minutes. Serial administrations
of glucose at 2 and 4 minutes with a final concentration of 1 mg/ml re-
sulted in similar curves, indicating reproducibility of gRUSHELS response to
changing glucose concentrations (Figure 6.10).

6.2.7 Conclusion

This low-cost configuration can be administered subcutaneously
with minimal burden to the patient. One can envision an external fluores-
cence detector that could be attached easily to an armband, allowing
frequent automated measurement of the glucose level externally. The
fluorescence generated from Ru(phen)i® can be excited and the emis-
sion can be detected through the skin.

Silica and Ru(phen)i? are safe at the required dose ranges and
9gRUSHELS degrade slowly, preventing long-term toxicity and enabling the
use of this glucose-monitoring model for chronic diabetes. The reading
can also be coupled to an automated insulin pump, thus offering a com-
plete solution for diabetes.

SHELS achieve high enzyme entrapment capacity and high
Ru(phen)3? doping efficiency due to their negative surface charge.
Nanoporous silica provides high surface area for small molecule diffusion,
and its hollow structure generates low toxicity. An additional dye that is
not sensitive to oxygen and hydrogen peroxide concentration, preferen-
tially at near infrared range, can also be doped into the shell to permit a
ratio-metric measurement in order to increase accuracy.
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Chapter 7

Conclusions and Future Potential
of SHELS

In summary, SHELS are shown to be a promising platform for en-
capsulating functional biomolecules, such as enzymes acting on small
molecule substrates that can freely diffuse in and out through the par-
ticles' pores. SHELS can be manufactured in large quantities with sizes
and characteristics that can be tightly controlled, thus maximizing en-
tfrapment capacity and enzymatic activity. The experimental results show
that this porous shell effectively encapsulates the enzyme payload with-
out affecting enzyme activity. The shell also protects the payload from
specific and nonspecific interference from large biomolecules in vivo. In
addition, surface modifications of SHELS should be able to enhance cir-
culation and targeting in vivo without the need for modification of the
payload. As nanomasking provides flexible fabrication of SHELS with con-
trol of particle dimensions and permeability, SHELS can be tailored and
optimized for specific loads and substrates. Moreover, the utilization of a
hollow nanostructure reduces the amount of carrier material infroduced
into the body. It has also been shown that SHELS technology prevents the
neutralization of foreign enzymes by antibodies in vivo and can be used
to achieve systemic effects even while these particles remain localized.
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The SHELS fabrication approach is general and should be applicao-
ble to many other materials. SHELS made of different materials can be en-
visioned being used in a variety of applications, including non-biomedical
ones such as biocatalysis.

For an enzyme-delivery technology to succeed in the clinic, multi-
ple requirements such as stability, immunoprotection, sustained activity,
low toxicity, sufficient target retention, and broad applicability must be
met. Failure to meet any of these conditions risks effective translation to
the clinic, explaining why currently only a few enzyme-based therapeutic
and diagnostic approaches are currently available on the market (Fig-
ure 7.1). Conventional enzyme-delivery and -protection methods in the
literature include nanoporous and mesoporous matrices and PEGylation
of enzymes, as discussed previously.

However, none of the alternative enzyme-encapsulation methods
show promise to meet these requirements, whereas the SHELS technol-
ogy, with its high loading capacity, versatility, low toxicity profile, scalabil-
ity, and easy functionalization ability supported by the promising preclini-
cal data reported in this dissertation, shows great potential for addressing
multiple issues encountered in the clinic.

For medical applications, however, toxicity and quantification of
the immune response on SHELS will need further study. The effect of sur-
face modifications on the activity of the payload remains to be tested.
Indeed, for systemic delivery applications, the surface of SHELS can be
further functionalized for targeting and improved circulation half-life,
thereby eliminating the need for chemical modification of the enzymic
payload. Under these conditions, stealth SHELS should allow continuous
and controlled access of the substrate to the native enzyme cargo, which
makes this a promising therapeutic platform for treating metastatic dis-
ease. In addition, SHELS could be applicable to in vivo medical diagnos-
tics and monitoring. Enzyme-prodrug therapy and enzymatic depletion
of fumor nutrients are among the most promising applications of SHELS.
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