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ABSTRACT

Controlled drug delivery systems have been utilized to enhance the
therapeutic effects of many current drugs by effectively delivering drugs in a time-
dependent and repeatable manner. The ability to control the delivery of drugs,
whether through sequential, instantaneous, sustained, delayed and/or enhanced
release has the potential to provide effective dosing regimens with enhanced
therapeutic effects for a plethora of diseases and injuries. For instance, such
systems can enhance anti-tumoral responses or, alternatively, promoting tissue
regeneration. The current need for organ and tissue replacement, repair and
regeneration for patients is continually growing such that supply is not meeting the
high demand primarily due to a paucity of donors as well as biocompatibility issues
that lead to immune rejection of the transplant. To overcome this problem, scientists
working in the field of tissue engineering and regenerative medicine have
investigated the use of scaffolds as an alternative to transplantation. These scaffolds
are designed to mimic the extracellular matrix (ECM) by providing structural support
as well as promoting attachment, proliferation, and differentiation with the goal of
yielding functional tissues or organs.

Continued advancement and hybrid approaches using different material
combinations and printing methodologies will further advance the progress of 3D
printing technologies toward developing scaffolds, and other implantable drug
delivery devices, capable of being utilized in the clinic. Such advancements will not
only make inroads into improving structural integrity of implantable devices but will
also provide platforms for controlled drug delivery from such devices. The primary

focus of this thesis will be on controlled drug delivery as well as the integration of
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controlled drug delivery into 3D printed devices aimed at promoting tissue
regeneration.

We initially assessed the efficacy of a controlled drug delivery system for the
treatment of cancer using on-demand, and sustained, release of an anticancer drug,
doxorubicin (DOX), for the treatment of melanoma in a murine model. Using a
melanoma model, we investigated the antitumor potential of combining ultrasound
(US) with poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with DOX. An in vitro
release assay demonstrated an ability of US to affect the release kinetics of DOX
from DOX-loaded PLGA microspheres by inducing a 12% increase in rate of release
where this treatment resulted in synergistic tumor cell (B16-F10 melanoma cells)
Killing. Melanoma-bearing mice treated intratumorally with DOX (8 ug)-loaded
microspheres and subjected to US treatment at the tumor site were shown to
significantly extended survival compared to untreated mice or mice subjected to
either treatment alone. The synergistic increase in survival of melanoma-challenged
mice treated with the combination of US and DOX-loaded microspheres implicates a
promising additional tool for combatting an otherwise currently incurable cancer.

We then further investigated other novel control drug delivery systems which
included a 3D printed device (tube) for the purposes of sequential drug delivery. 3D
printed hollow alginate tubes were fabricated through co-axial bioprinting and then
injected with PLGA to provide sequential release of distinct fluorescent dyes (model
drugs), where fluorescein was initially released from alginate followed by the delayed
release (up to 55 h) of rhodamine B in PLGA. With an alginate shell and a PLGA core,
the fabricated tubes showed no cytotoxicity when incubated with the human

embryonic kidney (HEK293) cell line or bone marrow stromal stem cells (BMSC).
Vi
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Microscale printing through two-photon polymerization (2PP) was then investigated
for controlled drug delivery potential. Poly(ethylene glycol) dimethacrylate (PEGDMA)
devices were fabricated using a Photonic Professional GT two-photon polymerization
system while rhodamine B was homogenously entrapped inside the polymer matrix
during photopolymerization. These devices were printed with varying porosity and
morphology and using varying printing parameters such as slicing and hatching
distance. Overall, tuning the hatching distance, slicing distance, and pore size of the
fabricated devices provided control of rhodamine B release due to resulting changes
in the motility of the small molecule and its access to structure edges. In general,
increased spacing provided higher drug release while smaller spacing resulted in
some occlusion, preventing media infiltration and thus resulting in reduced drug
release. 2PP was further explored for its ability to tailor topographical cues in
addition to controlled drug release. These physical cues, similar to those of the ECM,
have been seen to promote differentiation. With 2PP, we explored microscale
topographies with nanoscale precision, where different star size topographies were
fabricated. It was observed that the smallest star size topographies differentiated
human iPSCs towards the endoderm and mesoderm germ layer.

Integrating the facility for controlled drug release into 3D printed devices
provides a demand for constructs that not only need to fulfill their purpose of
temporarily substituting for the missing tissue at the site of injury, but also providing
the necessary cues to promote appropriate tissue regeneration. With 3D printing
technology, novel drug delivery constructs were fabricated and tested to appraise
functionality such as the ability to control drug delivery and the ability to function as a

non-toxic medium for cellular attachment, proliferation, and forced differentiation.
Vil
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PUBLIC ABSTRACT

Controlled drug delivery systems have been utilized to enhance the
therapeutic effects of many current drugs by effectively delivering drugs in a time-
dependent and repeatable manner. The ability to control the delivery of drugs,
whether through sequential, instantaneous, sustained, delayed and/or enhanced
release has the potential to provide effective dosing regimens with enhanced
therapeutic effects for a plethora of diseases and injuries. For instance, such
systems are capable of enhancing anti-tumoral responses or, alternatively, promoting
tissue regeneration. The need for organ and tissue replacement, repair and
regeneration for patients is continually growing such that supply is not meeting the
high demand primarily due to a paucity of donors as well as biocompatibility issues
that lead to immune rejection of the transplant. In an effort to overcome this
problem, scientists working in the field of tissue engineering and regenerative
medicine have investigated the use of scaffolds as an alternative to transplantation.
These scaffolds are designed to mimic the natural tissue environment by providing
structural support as well as promoting cellular attachment, growth, and maturation
with the ultimate goal of yielding functional tissues or organs. With the emergence
and continued advancement of 3D printing technologies, the fabrication of various
constructs and devices to tailor the drug delivery criteria for personalized medicine
becomes more feasible. Such advancements will not only make inroads into
improving structural integrity of implantable devices but will also provide platforms
for controlled drug delivery from such devices.

The need for the delivery of these cues has led to attempts to design devices

with the capacity to release the necessary drugs in a controlled manner in order to
Viii
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elicit effective therapeutic effects. To test for the effects of controlled drug delivery
systems, we initially utilized controlled drug delivery systems for the treatment of
cancer through on-demand and sustained release of an anticancer drug for the
treatment of melanoma. These systems led us to further investigate more novel
controlled drug delivery systems compared to conventional microparticle controlled
drug delivery. Bioprinting and stereolithographic 3D printing was investigated for
potential controlled drug delivery due to their prevalence in tissue engineering and
disease application. With the aid of 3D printing technology, novel drug delivery
constructs were fabricated and tested to appraise functionality such as the ability to
control drug delivery and the ability to function as a non-toxic medium for cellular
attachment, growth, and maturation. Through careful designs and printing parameter
manipulations, 3D printing technologies were able to provide sustained and
sequential drug release along with the ability to promote maturation through
topographical cues. The primary focus of this thesis will be on controlled drug delivery
as well as the integration of controlled drug delivery into 3D printed devices aimed at

promoting tissue regeneration.
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CHAPTER 1 : INTRODUCTION

Controlled drug release systems were developed to overcome many problems
currently faced by conventional methods, including toxicity, lack of patient
compliance, high financial costs, and excessively rapid liver and renal clearance.13
Controlled drug release systems are designed to provide predetermined drug release
rates so as to provide optimal efficacy with minimal side-effects. Thus drug levels can
be maintained within a desired range whether it be a constant dose over time
(sustained); cyclical, where the release of drug is regularly repeated following a lag
time (pulsatile); differential, where the two or more drugs can be delivered at
different times (sequential), or instantaneous release that is often triggered by
external events (on-demand).*> Regardless of the type of controlled release utilized,
these approaches affecting drug release have allowed modern medicine to provide
more effective dosage regimens. Not only do these systems increase the
effectiveness and cost of current drugs, they help to address many patient
compliance/adherence issues involving forgetfulness®, complicated dosage
schedules (e.g. warfarin)’, and inability to physically access the drugs (rheumatoid
arthritis).® Controlled drug delivery systems have been successful in many different
applications but there has been limited studies to investigate the effects of controlled
drug delivery systems in 3D printing. The integration of controlled drug delivery
systems into 3D printing may provide a versatile tool in not only fabricating
constructs capable of promoting higher levels of tissue regeneration but also creating
drug-loaded implants for various disease applications.

Each year, the number of people in the United States suffering from organ

dysfunction or organ failure due to damaged or diseased tissue is increasing because
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of the aging population.® llinesses or traumas, such as heart attacks19, strokes11,
and joint degeneration12 can drastically reduce the quality of life for the victims as
well as causing levels of tissue damage that current medicine is incapable of
adequately repairing. This lack of therapeutic efficacy is primarily due to the fact that
current treatments are aimed at merely preventing or reducing further tissue damage
rather than contributing to the repair or regeneration of the tissue. Medications such
as anticoagulants (warfarin) and antiplatelet agents (aspirin) for heart attacks and
strokes primarily function to prevent blood clots and do not contribute to any form of
tissue regeneration.13 Similarly, analgesics, such as acetaminophen (paracetamol)14
and nonsteroidal anti-inflammatory drugs (e.g. aspirin and ibuprofen)15, are given to
patients suffering from osteoarthritis (degenerative joint disease) primarily for pain
relief, and play a limited role in tissue regeneration/repair. As a result, patients are
obliged to live with chronically damaged tissues which leads to a lower quality of life
and contributes to an increased healthcare cost.16 The aim of regenerative medicine
is to restore or replace damaged or diseased tissues with healthy, functioning tissue.
Tissue engineering requires an understanding of the biological processes required for
cellular proliferation and differentiation.17-20 The process of tissue engineering often
begins with a scaffold, which is a three-dimensional support medium essential for the
appropriate proliferation and differentiation of cells embedded in, or infiltrating, the
scaffold. Tissue engineering provides a potential solution to drastically reduce the
demand for tissues and organs. However, there are still major issues that must be
addressed to ensure the feasibility of tissue engineering. These include: creating
materials for cell transplantation; preservation of tissues and cells for long term

storage; inducing blood vessel and nerve growth; and preventing tissue rejection.2122
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In efforts to address these issues, it is important to understand the properties of the
materials used to print scaffolds and how they affect the behavior of cells infiltrating
into, or seeded within, the scaffold; as well as their effects on growth factor/drug
release kinetics and how this affects cell behavior. Improved understanding of these
dynamic processes will help guide us in manipulating each component for optimal
tissue regeneration. The key materials and tools for effective tissue engineering are
cells, scaffolds, and growth factors.22 Through modular cellular manipulation and
continued advancement in stem cell research such as the use of induced pluripotent
stem cells (iPSC)2% 23, tissue engineering has been able to make great forward
strides in terms of helping to combat immune rejection.2* In regards to growth
factors, researchers are establishing paradigms for which the incorporation of growth
factors into scaffolds are required to aid in the differentiation of stem cells to a
desired tissue type. For example, researchers employed scaffolds to provide
controlled drug delivery of insulin-like growth factor-1 and transforming growth factor-
B1 for optimal tissue regeneration of cartilage.2526

3D printing technologies for scaffolding have fielded the interests of many
scientists specializing in tissue engineering. The ideal role of 3D printing in tissue
engineering is to fabricate a device (e.g. scaffold) that provides a microenvironment
that mimics the intricate properties of the native extracellular matrix (ECM) and
thereby favors the regulated development of infiltrating, or seeded, stem cells
dedicated to the generation of a specific tissue type. It is important that scaffolds
mimic the ECM as closely as possible in order to create a microenvironment
conducive to optimal tissue regeneration.27-2° The ECM is responsible for directing

basic cellular functions such as migration, proliferation and differentiation, which are

www.manaraa.com



all vital for effective tissue formation.3° The advancement and creation of 3D printing
technologies have provided researchers with a tool to create intricate replicable
scaffolds that are capable of incorporating stem cells and growth factors, thus
potentiating an improved mode of tissue regeneration.3! The successes of 3D
printing has been seen preclinically and the transition towards clinical based studies
are already underway (Table 1-1).32:33 |n efforts to advance the versatility of 3D
printed systems, the incorporation of controlled drug release properties is one
important factor that may enhance rates or tissue regeneration for a range of
implants targeting different diseases. The advancements in controlled drug delivery
technologies are currently being employed to redefine conventional delivery systems
to create more efficacious therapeutic responses.34 The different drug technologies
that will be focused on for the purposes of this proposal include sequential,
sustained, and on-demand release. The approach to accomplishing the desired
delivery will be dependent upon a number of factors including the chemical
properties of the drug and polymer carrier complex, as well as the route of drug
administration. Whilst all aspects of tissue engineering are important and need
continual improvements 32.35-36 the focus of this research is on the use of standard
3D printing technologies, such as bioprinting, and stereolithography by two-photon
polymerization (2PP), and materials selected for the purposes of controlled drug
delivery.

Our initial attempt at implementing a controlled drug release system was to
utilize Poly (lactic-co-glycolic acid) (PLGA) microspheres for the delivery of the
anticancer drug, doxorubicin, for the treatment of melanoma through ultrasound

triggered release. We then further investigated more novel forms of controlled drug
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delivery, using 3D printing in proof-of-principle studies, aimed towards generating
scaffolds for tissue engineering or implants for drug delivery. In order to assess the
feasibility of controlled drug delivery systems derived from 3D printing technology, we
first designed constructs (comprising a PLGA core and a 3D printed alginate shell),
using bioprinting, with the capability of sequential drug release. We then investigated
2PP 3D printing to understand controlled drug release on the microscale level in a
proof of concept study by manipulating common printing parameters such as
hatching, slicing, and spacing. The results would help to correlate 3D printing settings
to controllable drug release, where previous work has demonstrated that, for any
given material chemistry, the structural outcomes of 2PP devices are highly
dependent on selected 2PP parameters, such as slicing and hatching distance.
Parameters were chosen due to their prevalence in fabricated structures, where
hatching (distance between individual lines), slicing (distance between vertical
layers), and spacing are often changed to ensure that the final structures closely
matched what was designed. With the ability to print with nanoscale precision, 2PP
was utilized to investigate the roles of microscale printed surface topographies with
varying shapes and sizes on cellular differentiation. The results of these experiments
will provide additional tools for the advancement of tissue engineering using 3D
printing.

This chapter aims to introduce controlled drug delivery systems with a strong
emphasis on different aspects of 3D printing technologies. Future chapters will
discuss the aforementioned experiments in greater detail as well as elaborate on the

properties and rationale for using certain materials, such as PLGA, and PEGDMA.
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BACKGROUND

Controlled drug release

Controlled drug delivery is a term that can apply to any formulation or device
that has been designed to influence the timing and/or rate of drug release. Current
and past research has aimed to understand and fabricate devices capable of
different drug delivery mechanisms: 1) sequential, 2) sustained, and 3) on-demand
drug release for the purposes of controlled drug releases. These drug delivery
programs aim to provide more efficient therapeutic effects than current conventional
treatment modalities by delivering the drug(s) in a more controlled fashion. The
process of sequential drug delivery involves the release of an initial drug at a defined
rate followed by the delayed release of a second drug preferably at, once again, a
defined rate. In a sustained drug release system, the extended period of effective
drug delivery helps to reduce the number of administrations which has the advantage
of increasing patient compliance. On-demand drug delivery is an important release
mechanism capable of providing a triggered release of drugs or molecules to combat
certain side effects, such as pain, or to provide a more robust effect as needed, such
as increasing insulin dosages based on blood glucose fluctuations. For this instance,
the on-demand release system offers an advantage over sustained or pulsatile drug
releasing implants. However, a desirable system would be one that would be able to
release insulin in response to the patient’s blood glucose level, which has not yet
been effectively formulated.# The release may be triggered through various means
such as pH change, infrared radiation, magnetic fields, or ultrasound. Such triggers

disrupt film layers or polymer composition to allow for the enhanced release of the
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desired drug. These release profiles can be combined in any iteration to form more
complex release profiles for personalized medicine.

Sequential release utilizes a temporal dependence on when the drugs are
released, where, as previously discussed, the release mechanism works by initially
releasing a drug that is then followed by a delayed release of another drug.
Sequential release has been demonstrated using titania nanotubes and polymer
micelles to sequentially deliver both hydrophobic (indomethacin and itraconazole)
and hydrophilic (gentamicin) drugs.3” Sequential drug release has also been seen in
the treatment of breast cancer where it has been reported that treating estrogen
receptor-positive breast cancer cells with ibandronate before tamoxifen was 1.6-fold
more effective than summing the effects of either drug alone, in terms of prohibiting
cell growth.38 Thus, a synergistic effect can be obtained through sequential release.
Sustained drug release involves continuous release of a drug maintained at a
constant drug concentration over a specific period of time in order to obtain a
prolonged effect. Sustained drug delivery has been an important drug delivery system
for the treatment of ocular pathologies since current treatment modalities suffer
from a range of disadvantages that may include: poor uptake, systemic side effects,
and poor patient adherence to the therapy. Intravitreal injections can help to
enhance ocular drug delivery but the required repeated administration and potential
injection-related side effects limits the utility of this technique.3° Sustained release
from intraocular implants demonstrated the ability to deliver ganciclovir as an
alternative treatment for cytomegalovirus retinitis in patients with the acquired
immunodeficiency syndrome. The ganciclovir tablet coated with polyvinyl alcohol,

which is permeable to ganciclovir, was able to be more effective in treating
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cytomegalovirus retinitis compared to intravenously delivered ganciclovir.° In
another study, the sustained release of doxorubicin and CpG oligodeoxynucleotides
from intratumorally administered PLGA particles yielded enhanced T cell responses
leading to tumor-free mice.41

In a separate study, on-demand release of doxorubicin was accomplished in
the form of magnetothermally responsive doxorubicin encapsulated supramolecular
magnetic nanoparticles, where the application of an alternating magnetic field
released doses of doxorubicin.*2 This triggered release of doxorubicin greatly reduced
the colon tumors in mice compared to PBS and alternating magnetic fields alone.42 In
terms of tissue regeneration, the rapid formation of mature vascular networks was
possible with the dual delivery of vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF), with distinct release kinetics, from a single
polymer scaffold. In Lewis rats and non-obese diabetic mice, the PLGA scaffold was
able to provide dual, sustained release of VEGF and PDGF to yield larger blood vessel
areas and induce the maturation of mural cells more efficiently when compared to
bolus administration of one or both proteins.43 In another study, the Mooney group
explored other methods of controlled drug release for the purposes of blood vessel
formation, using a bilayer PLGA scaffold that was designed to release VEGF locally in
one spatial region and then sequentially deliver VEGF and PDGF in an adjacent
region. This delivery system helped to grow larger and more mature blood vessels
compared to either treatment alone in SCID mice. It was reported that the size and
maturation of the vessels were enhanced and dependent on the delivery of PDGF.44
In a similar study, zonal release was shown to have concentrated levels of alkaline

phosphatase within rhBMP-2 loaded microparticle zones. These scaffolds were
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fabricated by sintering PLA microparticles plasticized with PEG to form scaffolds with
layers varying according to whether or not they incorporated proteins, thus restricting
the release of different bioactive molecules to specific regions within the scaffolds.45
Thus, taking advantage of new and current drug delivery systems and biomaterial
science, and incorporating them into 3D printed scaffolds to act as biometric,
programmable and multidrug delivery devices will help to advance the versatility and

efficacy of 3D printed systems.

Conventional vs. current 3D printing

Conventional techniques for scaffolding provided the first attempts at creating
biomimetic scaffolds capable of tissue regenerations and it is from their
shortcomings that have allowed for the need and creation of 3D printing
technologies. Conventional techniques used for scaffold fabrication include solvent-
casting particulate-leaching, gas foaming, fiber meshes/fiber bonding, phase
separation, melt molding, emulsion freeze drying, solution casting, as well as freeze
drying, and these are discussed further elsewhere.#647 However, the need for more
replicable and biocompatible scaffolds for the purposes of tissue engineering have
made some of these techniques outdated. These conventional methods have many
limitations since they are often inadequate at fabricating precise pore size, pore
geometry, high levels of interconnectivity, and high mechanical strength.46-47 Other
limitations of these conventional techniques also include suboptimal distribution of
cells due to the inaccuracies inherent in the process of seeding cells manually. This
becomes problematic since cells may need to be precisely arranged according to the

need and function of the tissue such as endothelial cells aligning to form vessels, or
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osteoblasts forming mineralized clusters.*” For example, in melt molding, a finely
powdered polymer is mixed with a porogen (removable particulates used to make
pores), and is heated in a mold past the glass transition point. A physically cross-
linked polymer is formed to the dimensions of the mold and the porosity can be
controlled by varying the size and concentration of the porogens.48 Porogens are then
removed through leaching with water to form porous scaffolds.49-50 Melt molding
provides independent control of porosity and pore sizes, but has the disadvantages
of needing high processing temperatures for non-amorphous polymers and
incomplete elimination of porogens.5! Fiber bonding can be used to manufacture
scaffolds with potent mechanical integrity while retaining high porosity.52-53 However,
despite the structural integrity conferred on the bonded fibers, this technique
requires organic solvents and elevated temperatures which may be toxic to cells and
inhibit the use of heat labile biomolecules.5! Instead, electrospun scaffolds have
been fiber bonded and demonstrated significantly improved mechanical properties
without affecting the surface properties.>* Conventional scaffold fabrication
techniques can construct porous scaffolds out of a variety of materials for use in
tissue engineering. The simple design process and compatibility with other scaffold
fabrication methods ensure conventional techniques will remain relevant for
producing highly porous scaffolds for prototyping and proof of concept studies. In
addition, other challenges that are faced when using these techniques include the
lack of precise uniformity, limited interconnected pores, and structural shape
limitations.51

Three-dimensional printing has been developed as an advanced technology to

overcome the limitations of conventional methods of 3D printing and may ultimately
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lead to the production of scaffolds capable of more effectively promoting the
regeneration of functional tissue. With the assistance of computer-aided designs
(CAD), scaffolds can be reproducibly fabricated and, depending on the 3D printing
technology, performed with nanoscale precision. Three-dimensional printing
technology has emerged as a promising tool to fabricate scaffolds with high precision
and accuracy, creating intricately detailed biomimetic 3D structures.>® The
techniques currently being used to achieve 3D printing of scaffolds, which involve a
layer-by-layer process, include, but are not limited to, direct 3D printing, fused
deposition modeling, stereolithography, and selective laser sintering. These
techniques have been used to produce scaffolds ranging from millimeter to
nanometer sized scaffolds. It is also important to note that solid freeform fabrication,
additive manufacturing, and 3D printing have become synonymous over the past
decade and are now used interchangeably. Advantages of using 3D printing include
the ability to fabricate versatile scaffolds with complex shapes capable of
homogenous cell distribution, and the ability to imitate the extracellular matrix (ECM).
However, the availability of biomaterials with the stability and desired properties for
3D printing of scaffolds is restricted depending on the printing technology used.
Another disadvantage is the production time that it takes to fabricate scaffolds,
which greatly increases as the scaffold design becomes more and more precise and
intricate.®6 This is especially the case for conventional methods which involve a lot of
manual labor compared to an automated process.®1 With increased research and
understanding of 3D printing, the use of hybrid materials and multiple printing
technologies may lead to the fabrication of ECM-like scaffolds capable of overcoming

current disadvantages. Evolving from conventional techniques, 3D printing provides
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tissue engineers with a way to design scaffolds capable of mimicking the
microenvironment that supports cellular attachment, proliferation, distribution, and
differentiation with the potential to form functional tissue. In this chapter, we will
assess the most common 3D printing materials and technologies being implemented

to design scaffolds for the purposes of controlled drug delivery.

Materials used for 3D printing of scaffolds

Important criteria to consider when fabricating suitable scaffolds for tissue
regeneration are biocompatibility, biodegradability, pore interconnectivity, pore size,
porosity, and mechanical properties. Biocompatibility and biodegradability are
important properties for scaffold materials to possess, ensuring they are degraded
into nontoxic products while leaving behind only the desirable living tissue. In
addition, the material should not generate excessive inflammatory responses as this
would hinder or even prevent angiogenesis and new tissue formation.57 It would also
be beneficial if scaffold materials could behave as substrates for cellular attachment,
proliferation, and differentiation. Furthermore, as cells proliferate and differentiate,
the scaffold must be able to withstand the forces being applied by the cells otherwise
its collapse would result in poor diffusion of oxygen, nutrients, and waste, leading to
inefficient tissue formation. Finally, the mechanical stability of the scaffold must be
structurally sound so as to withstand daily activity and normal body movements.58
Naturally derived materials such as alginate, chitosan, collagen, fibronectin, and
hyaluronic acid have an advantage over synthetic materials as they provide more
innately biological functions. Using naturally derived materials, that normally

constitute or inhabit the ECM, results in a better mimicking of genuine ECM and this
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therefore enhances cell attachment and regulates cellular proliferation more
efficiently than synthetic polymers.5° Although natural materials are beneficial for
cellular processes, the use of synthetic polymers such as poly(e-caprolactone) (PCL)
and poly(D, L-lactic-co-glycolic acid) (PLGA) for scaffolding has yielded higher
mechanical strengths, higher processability, and controllable degradation rates.59-60
However, these synthetic polymer scaffolds have relatively low biological activity, in
terms of promoting tissue regeneration, compared to naturally derived-ECM
polymers. In addition to being less biologically active, the intrinsic hydrophobicity of
synthetic polymers, such as polyesters, generally results in poor cell adhesion®?,
which results in suboptimal proliferation and differentiation, ultimately leading to
substandard tissue formation.5°

For 3D printing systems utilizing powder beds, grain size and grain size
distributions must be taken into account to produce porous scaffolds®2, as these
factors have a direct influence on microporosity which has been seen to influence
cell distribution, attachment, proliferation, and differentiation.63-64 To achieve
biomimicry of the ECM, scaffolds need to be biologically active, have high mechanical
strengths, be easy to process, and have controllable degradation rates. To create
these complex scaffolds, hybrid systems comprising both synthetic and natural
polymers have been used and are likely to be used in the future.6567 It is important to
keep in mind that different powdered combinations, materials, and structure size
have direct effects on the scaffold printability, as is the case for most materials in 3D
printing. To be a viable option for tissue regeneration, it is important to keep in mind
that the materials used for 3D printing of scaffolds for tissue engineering should be

printable with a high degree of reproducibility. Such materials should also be cost-
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effective and malleable to form the desired morphology of the design scaffold. The
search for the optimal material or material blend for 3D printed scaffold fabrication is
an ongoing challenge. This research is necessary, as different types of tissue
replacements require different specifications such as specific pore sizes, scaffold
morphologies, or mechanical strengths. Scientists are continuously searching for
more effective scaffolds capable of mimicking the ECM for cellular attachment,
proliferation, and differentiation resulting in the formation of functional tissue. To
date, the majority of research on 3D printed scaffolds has been concerned with bone
tissues, and therefore more research is necessary in the field of tissue engineering
with respect to other tissues such as cardiac tissue. Newly designed composites and
synthesized biomaterials may pave the way for 3D printed scaffolds with >99%
precision, 100% interconnectivity, versatile pore size manipulation, and high

mechanical strengths for a range of load-bearing and tissue formation applications.

3D Printing techniques for scaffold fabrication

In the last decade, many different technigues have been used to form porous
3D biomimetic scaffolds, and have included phase-separation, self-assembly,
electrospinning, freeze drying, solvent casting/particulate leaching, gas foaming, and
melt molding. Using scaffolds, the architecture of native extracellular matrices can be
mimicked at the nanoscale level and therefore provide the primary base for the
regeneration of new tissue.®8 Originally a “top-down” approach was used as a tissue
engineering method for scaffold fabrication. In this method, cells are seeded onto a
biodegradable and biocompatible scaffold, and are predicted to migrate and fill the

scaffold hence creating their own matrix. By using this technique, several avascular
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tissues such as bladder®® and skin’® have been engineered effectively. However, due
to the limited diffusion properties of these scaffolds, this technique faces several
challenges for fabrication of more complex tissues such as heart and liver.”1
Therefore, “bottom-up” methods have been developed to overcome this problem.”2
Bottom-up approaches include cell-encapsulation with microscale hydrogels, cell
aggregation by self-assembly, generation of cell sheets, and direct printing of cells.”3
These tissue blocks can be assembled to form complex tissue constructs using
various methods including microfluidics,”* magnetic fields,”® acoustic fields,”6 and
surface tension.”® These methods are relatively easy and have provided a solid
foundation for the fabrication of scaffolds. However, as mentioned previously, these
conventional methods suffer from several limitations including inadequate control
over scaffold properties such as pore size, pore geometry, distribution of high levels
of interconnectivity, and mechanical strength. As such, it is necessary to develop
technologies with sufficient control so as to design more intricate tissue-specific
scaffolds. In addition, scaffolds can be coated using surface modification techniques
(such as introducing functional groups) to enhance cell migration, attachment, and
proliferation. Three-dimensional printing allowed scaffolds to become more precisely
fabricated (similar to that of the computer-aided design (CAD)) with higher flexibility in
the type of materials used to make such scaffolds. Three-dimensional printing uses
an additive manufacturing process where a structure is fabricated using a layer-by-
layer process. Materials deposited for the formation of the scaffold may be cross-
linked or polymerized through heat, ultraviolet light, or binder solutions. Using this
technology, 3D printed scaffolds can be prepared for optimized tissue engineering.

For appropriate formation of tissue architecture, the seeding cells (often stem cells)
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require a 3D environment/matrix similar to that of the ECM. The ECM acts as a
medium to provide proteins and proteoglycans among other nutrients for cellular
growth. The ECM also provides structural support to allow for cellular functionality
such as regulating cellular communication, growth, and assembly.’”

With this in mind, scientists and engineers originally attempted to replicate
the ECM through conventional techniques, which consequently established a
framework for using more advanced techniques, such as 3D printing, to yield higher
quality scaffolds. The 3D printing technique can create defined scaffold structures
with controlled pore size and interconnectivity and the ability to support cell growth
and tissue formation.2”. 7879 The current methods for 3D printing involve CAD, which
is then relayed to each 3D printing system to “print” the desired scaffold structure.
Through various 3D printing technologies, discussed below, researchers are trying to
fabricate biocompatible scaffolds that efficiently support tissue formation.

Computer aided design and digital imaging

The start of many 3D printing processes involves a CAD that must be drawn or
taken from known organ structures. Generally 2D slices acquired from imaging
instruments are compiled and stacked on top of one another to form a 3D
structure.3% 80 |n tissue engineering, it is imperative to grow tissue similar to that of
the native tissue and in order to accomplish this, imaging techniques can be used to
produce scaffolds that closely mimic the structure of native tissues.”” These images
inform scaffold designs by providing morphology and size parameters to which
scaffolds need to conform in order to fit into irregularly shaped defects/fractures
where tissue formation is desired. The scaffold shape also helps to direct the growth

of cells and provide shape for the final tissue.8? It is also worth noting that scaffold
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shape can affect the type of tissue regenerated as can be seen in dentin tissue
regeneration with differentially shaped scaffolds using dental pulp-derived cells.82
The complexities in morphology and architecture of tissues can be delineated with
imaging technologies such as magnetic resonance imaging (MRI) and computer
tomography (CT). These imaging technologies help to take cross-sectional slices of
organs and compile them into a 3D image, thus allowing the design of scaffolds to be
a close representation of native organs.3%

MRI functions by using magnetic fields and pulsating radio waves to yield
detailed pictures of organs and soft tissues. Using gradient coils to interpret energy
signals produced by water molecules within the tissue, 2D images are generated.83
These 2D images are then stacked to create a 3D image of the scanned area.
Because MRI requires hydrogen molecules generally in water, they are best used for
soft tissue imaging such as ligament and tendons and organs of the chest and
abdomen (heart, spleen, pancreas, liver, kidneys). They are also used to image pelvic
organs such as the bladder and reproductive organs.

CT, also known as computerized axial tomography, is a technology that uses X-
rays to produce images from a scanned area. In a CT scanner, x-ray tubes are rotated
around a patient’s body producing signals that are taken up by digital x-ray detectors
and sent to be processed by a computer to generate cross-sectional images of the
body. These cross-sections are then stacked to create a 3D image of the scanned
organ(s). CT scans are generally used for imaging bone due to its density while soft
tissues can be problematic as they have varying abilities to inhibit x-ray penetration

resulting in faint or undefined images. In order to image these soft tissues,
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contrasting agents such as iodine or barium-based compounds may be used to
facilitate contrast and increase visibility.84

MRI is preferable over CT when attempting to image soft tissue and other
organs besides bones as the contrast of tightly placed organs can more readily seen
when changes to radio waves and magnetic fields are applied. The radio waves and
magnetic field enable the ability of the instrument to highlight the desired tissue in
tightly knitted areas. However, CT scans create better quality images of bone
structures than MRI due to the low concentration of water in bones resulting in less
hydrogen atoms emitting energy to succinctly create a cross-sectional image.
Creating a scaffold directly from the images is not always feasible due to the
possibility of scanning diseased or damaged organs.3® In this case, computer
modeling may be necessary to recreate the missing parts of the organ or tissue. With
MRI and CT imaging techniques, the reconstruction of both 2D and 3D images is a
powerful tool to recreate the complexity of tissue structures. These tools allow
researchers to be one step closer to fabricating a precise replica of the needed
extracellular matrix to enhance functional tissue formation.

Direct 3D printing

Three-dimensional printing involves the fabrication of structures through
successive layer deposition using a computerized process. The first “3D printer” was
developed by Sachs et al. at the Massachusetts Institute of Technology (MIT) in the
1990s and was based on the technology of an ordinary inkjet printer. This printing
technique can sometimes be referred to as “binder jetting” or “drop-on-powder”.85 In
an ordinary 2D inkjet printer, the ink nozzle moves in a side to side motion

incrementally along one plane such that the printed material has the 2 dimensions of
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length and width. A 3D printer uses the same technology, but as well as moving side
to side along one plane, the printer has a platform capable of moving up and down
(90 degrees to the side to side motion), hence adding the dimension of height and
thereby printing in 3 dimensions. The 3D printer designed by researchers Emanuel
Sachs, John Haggerty, Michael Cima, and Paul Williams at the MIT has similar
characteristics to the 2D inkjet printer. However, instead of ink, the 3D printer uses a
liquid binder solution that is selectively deposited on a powder bed instead of paper.
The process begins with a powder bed, which could vary depending on materials
used, that is spread onto the build platform and leveled using a roller system. The
printer nozzle then dispenses binder solution in the designated powdered areas
directed by the CAD. Once the binder solution and powder are combined, the excess
powder is removed (blown off). The build platform is then lowered, and a new powder
layer is deposited and leveled. This process is then repeated until the final structure
is created (Figure 1-1). This technique also has the versatility to change the
composition of binder and powder if it is deemed necessary where certain parts of
the scaffold may require a material with higher mechanical strengths and/or smaller
pore sizes. An example of this may be building a scaffold with larger pore sizes deep
within the scaffold, while having smaller surface pores. With the increase in pore
sizes, cells deep within the scaffold will be able to maintain their cellular processes
as vital resources such as nutrients, oxygen, and waste are able to diffuse without
difficulty compared to small pore sizes that may result in the nutrient deprivation of
cells leading to cell death. Cell death on a large scale ultimately leads to the collapse
of the scaffold and the inability to form functional tissue. The resulting desired effect

of the fabricated scaffold will be to provide a medium that guarantees high
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proliferation and differentiation of cells to generate functional tissues. The
advantages of this method are the expansive list of powder-binder solutions available
to yield the desired scaffold. The use of binders, however, can lead to toxicity if they
are not completely removed once the scaffold is ready to be implanted, as in the
case of organic solvents that are used as binders for some powdered polymer
materials. Another disadvantage for this printing technique is the post processing
required, where heat treatment may be necessary to ensure durability.86

Liquid Binder Ink-Jet Nozzle

/
Lx "d—'-'FEP{r

/

%+ Powder Bed

Scaffold

Powder Delivery Fabrication
Platform Platform

Computer-
- gldc.ed
i esign
3D Printing

Figure 1-1 : Schematic of direct 3D printing of a CAD scaffold. Adapted from “Porous
scaffold design for tissue engineering” by Scott Hollister, Nature
Materials 2005, 4, 518.20
Bioprinting
In a similar manner to direct 3D printing, 3D-Bioplotter printing, or bio-printing,

has garnered much attention due to its ability to print scaffolds with cell-laden gels.

Bioplotter printing is a rapid manufacturing technique that uses a nozzle extrusion
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system of thermally or chemically treated materials (Figure 1-2). In this system, the
ink cartridge contains “bioink” rather than a binder solution used in direct 3D
printing. As with all 3D printing methods, a CAD is first created and then sent to the
3D printer. The materials are deposited in a layer-by-layer fashion, where each layer
may contain a combination of different materials. Similar to that of ink cartridges in
an inkjet printer, the Bioplotter printer is capable of using and changing “bioink” to
develop the final scaffold structure. A key feature of Bioplotter systems is that they
print cell-laden gels, often with other polymeric materials such as PCL, to yield viable
and functional scaffolds.55 87 Three-D-Bioplotter printing utilizes a pneumatic
pressurized air system to dispense the bioink in a layer-by-layer fashion. When
printing cell-laden gels, nozzle diameter and pressure must be calibrated because

excess shear stress generated in the nozzle decreases cell viability.88-89
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Figure 1-2 : Schematic of bioprinting printer set-up.
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In order to develop a more efficient all-in-one system, one group used a
NovoGen MMX Bioprinter from Organovo which comprised two pumps and two
nozzles.?° This system was capable of dispensing gelatin methacrylate (GelMA)
hydrogels, whilst simultaneously dispensing cells to seed the scaffold. This system
enables the direct addition of cells into the scaffold rather than waiting to seed the
cells after scaffold fabrication. This direct seeding has the advantage of
homogenously distributing cells throughout the scaffold, as well as being less time
consuming. A UV light guide was also added to the printer to allow for
photopolymerization of the GelMA. This system generated HepG2 cell-laden scaffolds
capable of retaining high cell viability for at least eight days in vitro. This study
illustrates the viability of using a 3D printer to print scaffolds for complex tissue
engineering processes.

A bioplotter printer is a nozzle-deposition tool used to fabricate 3D scaffolds. A
Tissue Engineering 3Dn-300 printer that was designed by Sciperio/nScrypt
Incorporated to print composite scaffolds with varying PLA/PEG blends of 5, 10, and
20% (w/w) of PEG and PLA/PEG/bioactive calcium phosphate (CaP) glass. The blend
incorporated the use of PEG as a plasticizer to decrease the glass transition
temperature of the blend and enable processing at low temperatures.®1 The addition
of PEG improved scaffold processing, however, the ability of these scaffolds to
support cell growth both in vitro and in vivo is yet to be explored. Using a modified
Bioplotter printer, a multihead tissue/organ building system was used to print PCL
and cell laden hydrogels, while using PEG as a sacrificial layer. This system utilized a
hybrid system of inkjet printing (hydrogels) and fused deposition modeling

(thermoplastics) to enhance the mechanical stability of the scaffold, as some
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hydrogels demonstrate poor mechanical properties.®2 Using this system, a complex-
shaped scaffold for ear regeneration was fabricated.6” The process involved the
creation of a sacrificial layer as a base for the formulation of complex structures that
was easily dissolved away. Similar to trying to build an inverse pyramid or bowl-
shaped structures, there needs to be a support layer to allow the complex structure
to take shape. Using these complex ear-shaped scaffolds positive in vitro results of
chondrogenesis and adipogenesis from the co-printed chondrocytes and adipocytes
were obtained. The use of this hybrid system will allow direct 3D printing to increase
its flexibility in designing scaffolds with even the most complex shapes. The 3D-
Bioplotter technology provides researchers with a versatile and convenient tool to
manufacture ready-to-implant scaffolds with high mechanical strength,
interconnectivity, porosity, biodegradability, and the ability to achieve higher rates of
attachment, differentiation, and proliferation for enhanced tissue regeneration.
Stereolithography (SLA)

SLA is a process where 3D scaffolds are formed from a liquid polymer via a
light-mediated chemical reaction. The exposure of photosensitive material to light
triggers a chemical reaction that leads to polymerization. Polymerization is a process
of reacting monomers or polymers together to form polymer chains or three-
dimensional networks that are highly crosslinked. In SLA rapid prototyping, a vat of
liquid photosensitive (photocurable) polymer or monomer is exposed to light (UV
range of 300 - 400 nm) to be photocured.93-96 After the first layer is cured, the
process is repeated, overlaying the previous layer, until the scaffold has been fully

designed (Figure 1-3).
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Figure 1-3 : Schematic of stereolithographical technique for manufacturing scaffolds.
Adapted from “Porous scaffold design for tissue engineering” by Scott
Hollister, Nature Materials 2005, 4, 518.20
The advantage of SLA is the use of the photopolymer, where the uncured
polymer can be reused for another print. In addition, because of the use of lasers,
scaffolds with higher resolution can be made.?697 The disadvantage of this technique
is that the photopolymers are often not biodegradable once cured and crosslinked. In
addition, photoinitiators are often toxic and generate free radicals that may be

detrimental if not fully removed from the final structure. However, scientists are

constantly trying to improve the system by creating biodegradable photopolymers.97-

98
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SLA 3D printing was also used in combination with electrospinning to fabricate
highly aligned neural scaffolds. This technique was used to overcome the limitations
of high resolution scaffolds without compromising mechanical properties. In this set
up, PCL or PCL/gelatin scaffolds were initially prepared through electrospinning and
then placed on a petri dish to be printed on with a Printrbot® printer using a hydrogel
composed of 40 wt. % PEG (MW 300), 60 wt. % PEG-diacrylate (PEG-DA) (Mn 700)
and photoinitiator (0.5 wt. % of PEG-DA concentration). When seeded with NE-4C
neural stem cells, the ~1000 ym pore sizes equating to 66% porosity enhanced
neural cell attachment compared to scaffolds with smaller porosity. Using this design,
scaffolds with PCL/gelatin fibers not only had the highest mechanical stability,
compared to all other iterations of printing, of 4.83 + 1.14 MPa, they were also
observed to have increased average neurite length and directed neurite extension of
cortical neurons along the fiber. Thus, combining various printing techniques to tailor
scaffolds for specific tissue regeneration needs may be a promising way forward, as
explored by Lee et al.%®

SLA technology provides an opportunity to print complex and defined scaffolds,
where intricacies in the morphology of the scaffold may affect cellular differentiation
and alignment as described for neural cells above. One of the biggest advances in
SLA has been the creation of a two-photon 3D printer, where a Nanoscribe Photonic
Professional GT two-photon lithography system was able to print scaffolds with 3 um
diameter pores and generate retinal cell grafts seeded with human iPSCs.
Worthington et al. at the University of lowa demonstrated the feasibility of using stem
cells to restore vision to patients with retinal degenerative disease.®” The 2PP

technique is based on the interaction of femtosecond laser beams focused by a high
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numerical-aperture objective to induce polymerization of a photosensitive resin within
the volume of the focused laser beam (voxel) which can create resolutions down to
100 nm.100 This resolution is made possible due to the polymerization of the
photosensitive material occurring only in the region where light intensity exceeds the
threshold for initiating the polymerization thus confining polymerization within the
voxel.191 With two photons, the voxels are smaller compared to conventional SLA
printing.192 With the advancements in SLA technologies, such as two photon 3D
printing, 3D printing can be applied to a plethora of diseases and may possibly be a
means of creating controlled drug delivery devices. Although the advances in 3D
printing have led to the fabrication of scaffolds with fine resolutions (down to 10 ym
precision) suitable for a range of tissues, the translation of 3D printed scaffolds to
the clinic has been slow. Current obstacles to using 3D printed scaffolds in clinical
applications reside in issues of biologics, engineering, cost, and regulation/safety.
For biologics, it is necessary to take into consideration the survival requirements of
cells such as oxygen diffusion, cell migration and levels of vascularization which have
often been suboptimal. In terms of engineering, the processability and reproducibility
of the scaffolds is necessary to ensure consistency and homogenous application. As
3D printing is a novel approach to tissue engineering, the procurement of a 3D
printer with the ability to print scaffolds with fine resolution can be an expensive
investment (up to $1.2million for a single printer). In addition, the supply of approved
and appropriate materials, cell culture facilities and, in many cases, recombinant
factors will add to the financial burden. Finally, regulation and safety guidelines must
be established and a standard must be set in order to ensure that scaffolds meet a

certain criteria before being used.193 Never-the-less, the abundance of preclinical in
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vivo studies using various 3D printing techniques demonstrates the feasibility of
using scaffolds for tissue regeneration (Table 1-1). As scientists, engineers,
pharmacists, dentists, and physicians continue to collaboratively develop these 3D
printed scaffolds for tissue regeneration, the likelihood of overcoming barriers to

clinical applications is high.

27

www.manharaa.com




Table 1-1 : Table summarizing preclinical progress of 3D printing techniques used to print scaffolds for tissue
engineering.

Printing Method

Advantages

Disadvantages

Preclinical progress

Direct 3D
printing/Inkjet

= Versatile in terms of
usable materials

= No support is necessary
for overhang or complex
structures

= Potential toxicity (incompletely
removed binders)

= Low mechanical strength prints
compared to laser sintering

* Time Consuming( Post-
processing)8é

. (Rat/BOne)104—108
= (Rabbit/Bone)109-110
= (Mouse/Bone)110-111

w/electrospinning

» (Mouse/Cartilage)112

Bioplotting

= Prints viable cells55 87
= Soft tissue
applications113

= Limitation on nozzle size*88
(*Must not be cytotoxic during
processing)

» Requires support structure for
printing complex shapes

Rabbit/Trachea)114
Rabbit/Cartilage)115
Rat/Cartilage)116
Mouse/Cartilage)117
* (Mouse/Tooth
regeneration)118

* (Mouse/Skin)119

P

Fused Deposition
Modeling

» Low cytotoxicity vs direct
3D printing120

* Relatively inexpensive
(printers and materials)121

» Limitation on materials

(often requires thermoplastics)122

» Materials used are non-
biodegradable

» Requires support structure for
overhangs and complex shapes

» Post-processing may be necessary
» Low Resolution121

* (Swine/Bone)123
= (Rat/Bone)120, 124

Selective Laser
Sintering

* Provides scaffolds with
high mechanical strength
= Powder bed provides
support for complex
structure

* Fine resolution125-126

» Limitation on materials

(must be shrinkage and heat
resistant) [(116]

» Very high temp required( up to
1400°C) 127

= Expensive and time consuming
(processing and post processing)

* (Mouse/Bone) 128
= (Rat/Heart)129
N (Rat/Bone)130-131
" (

(

Mouse/Skin)131-132
= (Mouse/Heart)132
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Table 1-1 — Continued

Stereolithography

= Very high resolution121
= Speed of fabrication133
» Smooth surface finish

» Materials must be
photopolymers134

= Expensive (two photon printers)121
*Support system is necessary for
overhang and intricate objects.

* (Rat/Bone)135
* (Rabbit/Trachea)136
= (Pig/Tendon)137

Electrospinning

= Speed of fabrication

= Cell printing138

= Soft tissue engineering
139

= Low shear stress
(bioelectrospraying)140

» Random orientation of fibers141
= Non-uniform pore sizes142

= High voltage(1-30 kV)
requirements143-144

(Mouse/biocompatibility)145-
146

» (Rat/Bone)147-148

» (Rabbit/Vascular tissue)149

Indirect 3D
Printing

» Good for
prototyping/preproduction
* Material versatility
casting once mold is
obtained1%0

» Requires proprietary waxes for
biocompatibility(Wax Printing)151

= Low accuracies/resolution152

= Mold required for casting153

» Long production times
(mold->cast—>processing—>product)

* (Rat/Bone)154
* (Mouse/Tooth
regeneration)155
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RESEARCH OBJECTIVE

The goal of this research was to develop and investigate controlled drug
release systems with an emphasis on 3D printing technologies for its potential role in

scaffolding to enhance the process of tissue engineering.

RATIONALE AND SPECIFIC AIMS

Controlled drug delivery systems and devices have the potential to address
many of the challenges facing conventional approaches to treating a range of
pathologies including cancer and tissue maladies that require healing or
replacement. Developing technologies for 3D printing of scaffolds for tissue
engineering is an area of research undergoing rapid advances. A major aim in the
development of 3D printed scaffolds is the creation of scaffolds that closely resemble
the native microenvironmental properties at the site of implantation, such as ECM
properties, load bearing mechanical properties, pore size arrangements to allow
nutrient diffusion and cell migration, and the appropriate growth factor milieu for the
promotion of angiogenesis and/or osteogenesis. As new materials and “bioinks” are
synthesized and novel printing methods are discovered, the 3D printing of scaffolds
to be used in tissue engineering continues to become more sophisticated and
effective. The 3D printing techniques and materials discussed in this chapter are
likely to contribute to improved approaches to generating functional tissue for
replacement and repair. Composite materials and hybrid 3D printing approaches are
likely to lead to the next generation of advanced 3D printed scaffolds for tissue
engineering applications. These hybrid systems, as discussed, have the potential to

mitigate the disadvantages of any one printing technique and even the limitations of
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the materials used. As current techniques are further fine-tuned and more bioink
materials become available, the design of effective ECM-like scaffolds becomes
increasingly possible. The focus of 3D printing techniques in medicine to date has
generally been aimed at regenerating or replacing tissue in vivo, however, alternative
approaches also being investigated include the printing of functional tissues in vitro.
Such 3D printed tissues can be formed using a patient’s own cells thereby potentially
overcoming issues of rejection 156157, As technologies advance and 3D printing
becomes a prominent tool for fabricating scaffolds for tissue engineering and
implants for other diseases, the incorporation of controlled drug delivery systems will
contribute to enhancing the therapeutic properties of the printed constructs.
Promising results using 3D printing have been seen preclinically for soft tissues and
clinically as implants in hard tissue, but more research is needed to ensure the
effectiveness of current 3D printed constructs. Ultimately, 3D printing of scaffolds for
tissue engineering may be the key to giving those suffering from organ failure and
dysfunction caused by damaged or diseased tissue a chance at an improved quality
of life.

In order to test the feasibility of using a controlled drug delivery system for
melanoma treatment and using 3D printing technologies to fabricate devices imbued
with controlled drug release kinetics and potential differentiation effects, the
following specific aims have been proposed:

1. Assess the antitumor potential of an on-demand drug delivery system in a

murine melanoma model using ultrasound-triggered doxorubicin release

from PLGA microspheres.

31

www.manaraa.com



2. Assess 3D printing functionality for sequential drug delivery systems using
a core and shell model that involved PLGA (core) and alginate (shell;
fabricated through a co-axial printing technique) as tube structures.

3. Define controlled drug delivery systems on a microscale through two-
photon polymerization (2PP) 3D printing.

4. Investigate the effects of 2PP nano- and microscale topographies on

cellular differentiation.
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CHAPTER 2 : COMBINING ULTRASOUND AND INTRATUMORAL ADMINISTRATION OF
DOXORUBICIN-LOADED MICROSPHERES TO ENHANCE TUMOR CELL KILLING

INTRODUCTION

Cancer is the second leading cause of death behind heart disease in the
United States 158, and many cancer types are largely refractory to current
conventional treatments. This is particularly so for patients with advanced melanoma
and is at least partially due to a lack of antitumor efficacy of chemotherapeutic drugs
imposed by multidrug resistance and the narrow therapeutic window.159-161
Increasing the therapeutic index of chemotherapeutic drugs such as doxorubicin
(DOX) is important if progress is to be made in improving tumor regression rates. DOX
has the potential to cause fatal cardiomyopathy once the lifetime cumulative total
soluble dose exceeds 450 mg/m2.162 As a result, DOX formulations have been
developed and introduced into the clinic, such as pegylated liposomes, known as
Doxil® 162, which have exhibited decreased drug toxicity compared to conventional
DOX therapy although they have not made significant improvements in antitumor
efficacy and long term survival.163-165 Additionally, Doxil® still has dose-limiting side
effects, such as hand-foot syndrome.162

It is becoming increasingly apparent, due at least in part to the heterogeneity
of tumors, that a multipronged therapeutic approach is necessary for the treatment
of advanced cancers where each therapy can have additive or, preferably, synergistic
tumoricidal consequences. In this research, we attempted this by administering US to
DOX-loaded microspheres, made from United States Food and Drug Administration-
approved, biodegradable, and biocompatible PLGA 166-167 gt the tumor site.
Appropriate formulations need to be generated that provide safe and sustained
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release of the drug payload within the therapeutic window. Techniques such as
double emulsion solvent evaporation (water-in-oil-in-water) 168, aqueous-aqueous
emulsion (followed by solid-in-oil-in-water) 169-170  solid-in-oil-in-hydrophilic oil-in-water
171 and solid-in-oil-in-hydrophilic oil-in-ethanol1’2 have generated microspheres with
abilities to provide sustained release of drugs from periods of weeks to months. The
application of US can promote the inertial cavitation of air bubbles (or nucleation
sites) 173 in close proximity to, or in direct contact with, microspheres or cells,
resulting in direct (shock waves from inertial cavitation) or indirect (microsphere
collisions) damage of these microspheres or cells. Inertial cavitation is a process
where air bubbles expand to 2 - 3 times their resonant size and then implode during
a single compression generating large gas pressures and temperatures.174175 The
effects of US-induced inertial cavitation have also been seen to accelerate solid
particle velocities which are capable of producing interparticle collisions resulting in
morphological and compositional changes.176-178 Although the concept of combining
US and non-acoustically active micro-, or nanospheres for the purposes of drug or
gene delivery has received some attention there have been no investigations into the
application of such a system for the purposes of tumor cell killing.179-180 By
combining US and DOX-loaded microspheres there is the increased potential for
manifold modes of cytotoxicity, which include physically-mediated direct lethal
damage to cells or sufficiently disrupting membrane integrity (non-lethal) so as to
increase intracellular uptake of DOX. Also, US may have a role in enhancing the
release of DOX from microspheres by damaging microspheres through inertial
cavitation of neighboring air bubbles, or indirectly through microsphere collisions. In

addition, DOX possesses the ability to not only Kill cells by inhibition of DNA synthesis,
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it also induces an immunogenic form of cell death thereby potentiating tumor-specific
immune responses.181 Thus local treatment of a tumor with chemotherapeutic
agents such as DOX can have systemic ramifications in terms of the generation of
tumor specific immune responses82 as has been more commonly observed with
radiation therapy (and is often referred to as the abscopal effect).183 We
hypothesized that the combination of US with DOX-loaded microspheres delivered
intratumorally could have a synergistic tumoricidal effect through multiple modes of
tumor cell Kkilling, thereby enhancing survival in tumor-challenged mice. In this study
DOX was encapsulated within microspheres (diameter 4-8 ym) made from PLGA
through a double emulsion solvent evaporation technique . PLGA microspheres in
this size range often degrade gradually over a period of days to several weeks,
releasing the encapsulated drug gradually, however, we hypothesized that with the
application of US, a more rapid release rate can be triggered through the damage
caused to the surface of drug loaded microspheres as a result of inertial cavitation of
neighboring air bubbles. Although increased release rates from drug-loaded
echogenic nanoparticles has previously been reported, such findings with solid and
henceforth presumably non-echogenic particles have not been well documented 180,
In this study, we evaluated the effects of combining US with DOX-loaded solid
microspheres and speculate how this combination may have contributed to the

reduced growth of B16-F10 melanoma cells observed in vitro and in vivo.

Poly(lactic-co-glycolic acid) (PLGA)
PLGA (Figure 2-1) is an FDA approved, synthetic, biodegradable and
biocompatible polymer that has had many clinical applications, including 14 PLGA-
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based drug products in the United States.184 The first FDA approved PLGA product
was the Lupron Depot where PLGA microspheres deliver leuprolide acetate for the
treatment of advanced prostate cancer (and now endometriosis18°) over a period of 4
months.186-187 P GA degrades through ester hydrolysis to form lactic acid and glycolic
acid which enter the tricarboxylic acid cycle to be metabolized into carbon monoxide
and water.166. 188 P| GA properties, such as crystallinity and hydrophilicity can be
tuned by adjusting the lactide to glycolide ratio, where these ratios directly influence
the degradation behavior of the polymer. The ratio of lactide to glycolide also directly
affects the release kinetics of various drugs due to its level of crystallinity.166 The
highly tunable nature of PLGA polymers make them suitable for the development of
devices designed for drug delivery and tissue engineering. These PLGA polymers also
offer a high rate of reproducibility when used in particle formulations for the
purposes of controlled drug delivery through sustained release. These controlled drug
delivery systems can also be further enhanced through surface modification for
targeted drug release 189191, One group modified the surface of PLGA nanoparticles
with monoclonal antibodies raised against soluble membrane proteins derived from a
human invasive ductal breast carcinoma cell line (MCF-7). When the nanoparticles
were incubated in a co-culture of MCF-10A neoT cells (a cell line that originated from
human breast epithelial cells) and Caco-2 cells (originating from human colon
adenocarcinoma cells), the nanoparticles were localized solely on, and only entered,
MCF-10A neoT cells, whereas non-coated particles were distributed randomly and
were taken up by both cell types.192 In a separate study, PLGA/PLGA-PEG-PLGA
microparticles loaded with bone morphogenetic protein 2 (BMP-2) were fabricated to

provide sustained delivery of BMP-2. The sustained delivery of BMP-2 was shown in

36

www.manaraa.com



vitro to stimulate high levels of osteogenic differentiation (as measured by alkaline
phosphatase and alizarin red staining) in murine calvaria pre-osteoblast (MC3T3-E1)
cells by day 10 when incubated with BMP-2 loaded particles as compared to little or
no differentiation in control growth media and minimal differentiation in cells
cultured with osteogenic supplemental media.193 As scientists unravel and
understand the cause of many diseases, PLGA will continually provide a platform

capable of tailoring drug delivery requirements for these diseases.

A

Figure 2-1 : Chemical structure of poly(lactic-co-glycolic acid) polymer.
Melanoma

Melanoma, also known as malignhant melanoma and cutaneous melanoma, is
a skin cancer originating from melanocytes, the melanin pigment-producing cells in
the basal layer of the epidermis. Melanoma is the most lethal form of skin cancer
because it has a high potential to metastasize (i.e. spread to other tissues). The
primary cause of melanoma is exposure to ultraviolet (UV) light either from direct
exposure to sunlight (UVA and UVB) or from tanning beds (UVA) which is absorbed by
the skin and results in DNA damage. This DNA damage causes results in aberrant

gene expression in multiple genes and can lead to malignant tumor formation.
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Due to the fact that melanomas occur in the skin, the changes in shape and
coloration of existing moles, as well as abnormal growth of melanomas can usually
be readily seen by the patient. In fact, patients are frequently the first to notice early-
stage melanomas. If diagnosed early enough, most melanomas can be successfully
removed by surgery. Early detection and treatment are key because once the cancer
metastasizes to other parts of the body, no reliably effective therapy is available and
the chances of the patient succumbing to the disease are therefore high.

Melanoma progression can be characterized by five stages (stages O - V)
where stage 0 indicates the melanoma to be in situ, meaning that the abnormal
melanocytes are located only in the epidermis, whilst stage IV, the most advanced, is
when the melanoma has metastasized to other parts of the body. Surgery is the first
treatment of all stages of melanoma. After stage O, other therapies besides surgery
may be necessary to cure or remove the skin cancer. There are four main types of
melanoma. Three of these; superficial spreading melanoma, lentigo maligna
melanoma and nodular melanoma comprise 90% of malignant melanoma whilst
acral lentiginous melanoma and some other rare types make up the remaining
10%.194

Superficial spreading melanoma is the most common type of melanoma
accounting for approximately 70% of all diagnosed melanomas. True to its name, this
melanoma spreads along the surface layer of the skin for an extended period of time
before penetrating deeply. This type of melanoma can form from pre-existing, benign
moles. The first sighs are darkened, flat, barely- raised lesions with irregular borders

and color variations (black, brown, red, tan, or white). This melanoma can be found
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anywhere on the body, but most commonly on the backs of men and the legs of
women, and the upper back of both sexes.

Lentigo maligna melanoma arises from lentigos, which are flat, brown spots
that are associated with aging or sun-damaged skin, rather than moles. For this
reason, this type of melanoma is commonly found among the elderly in chronically
sun-exposed areas such as the face, ears, arms, and upper torso. Since this type of
melanoma arises from lentigos, it closely resembles lentigos, but may contain
different shades of brown and other color variations of black, blue, red, gray, or
white.

Nodular melanoma is most aggressive of the four main melanoma types
because it grows more deeply and more quickly compared to the other three types.
The melanoma appears as a blue-black dome-shaped nodule but as with most
melanomas, color variations of blue, gray, white, brown, tan, red, or even flesh tones
can be possible. This type of melanoma is invasive when it is first diagnosed, and
malignancy is recognized when the damaged area becomes a bump or a highly
raised area on the skin. This type of melanoma may not necessarily form from an
existing mole and often occurs in areas of the body that only receive intermittent sun
exposure (e.g. the chest).

Acral lentiginous melanoma is the most common melanoma among African
Americans and Asians, and the least common among light-skinned individuals. This
melanoma appears as tan, black, or brown discoloration with irregular borders on the
palms of hands, soles of the feet, or under nails, particularly the big toenail. The
specific causes for this melanoma are unknown and unrelated to sun exposure, so

the cancer cannot be attributed to UV radiation.195

39

www.manaraa.com



Treatment strategies for malighant melanoma depend on several parameters
including histological classification and stage of the disease. Standard treatment for
a primary melanoma lesion is wide excision of the primary tumor through surgery.
Excision margins are based on the thickness of primary melanoma; wider excision
margins are needed for the removal of a melanoma as its thickness increases due to
the potential of metastases of melanomas to the lymph nodes, excision of the
draining lymph node (or sentinel lymph nodes) is considered critical since this is most
likely to be the first lymph node to which a melanoma will metastasize. Currently,
sentinel lymph node biopsies are sensitive enough to evaluate metastasis to the first
draining lymph node. If lymph node metastasis is detected in the sentinel lymph
node, then other lymph nodes in the area of the primary melanoma may also be
surgically removed. When surgery of tumors or metastatic lymph nodes not possible,
radiation therapy of the primary tumor or the regional lymph nodes is a viable option.
Both types of therapy are appropriate for solitary or localized lesions but are not
sufficient for patients diagnosed with metastatic disease. Adjuvant therapy (i.e.
additional treatment provided after surgery or radiation) is recommended to patients
with potential for recurrence (stages Il and lll) and may include immunotherapy, or
even the testing of a new treatment in a clinical trial. Since there is no effective
treatment for the most advanced form of melanoma (stage V), many treatment
options may be offered to the patient which may include a combination of surgery,

chemotherapy, and/or immunotherapy.196
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MATERIALS AND METHODS

Microsphere fabrication

Microspheres were fabricated using a previously described double emulsion
solvent method.168 Briefly, a stock solution of doxorubicin (DOX: Sigma-Aldrich, St.
Louis, MO) was made by dissolving 10 mg of DOX in 250 pl of 1% poly(vinyl alcohol)
(PVA; Mowiol® 8-88; MW ~67,000; Sigma-Aldrich). This solution was incubated
overnight at 4°C to ensure a complete and homogenous solution. Water phase 1
consisted of either 75 ul of the DOX solution or 75 ul of 1% PVA (for blank particles).
An oil phase was created by dissolving 200 mg of PLGA (Resomer® RG 503;
Boehringer Ingelheim KG, Germany) in 1.5 mL of dichloromethane (DCM). A primary
emulsion was prepared by sonication of 75 ul of the water phase 1 into the oil phase
using a sonic dismembrator ultrasonic processor (Fisher Scientific, Pittsburgh, PA) at
40% amplitude for 30 s. This emulsified solution was then added to 30 mL of 1% PVA
in ammonium acetate buffer solution (pH:8.4) and homogenized using an Ultra
Turrax T-25 basic homogenizer (IKA-WERKE, Inc., Wilmington, NC) at speed 4, 17500
min-1, for 30 s. The emulsion was stirred for 1.5-2.0 h in a fume hood to allow DCM
to evaporate. The particles were then centrifuged at 7*g for 5 minutes at room
temperature to filter out particles larger than desired size. The supernatant was
collected and centrifuged at 180*g for 5 min, washed twice with nanopure water,
dispersed in 5 mL of water, and Iyophilized using a FreeZone 4.5 freeze dry system

(Labconco, Kansas City, MO).
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Determining size, DOX-loading, and DOX-loading efficiency of PLGA microspheres
Eight batches of DOX-loaded PLGA microspheres were prepared as described

above. To determine loading and loading efficiency, samples from each batch were
tested. To determine loading, a sample of DOX-loaded microspheres (3-5 mg) post-
lyophilization was dissolved in DMSO and the yield of DOX was calculated using a
standard curve. Along with the standard curve samples, the test samples were
measured for DOX at Aex485, Aemb570 using a SPECTRAmMax M5 Microplate
Spectrofluorometer (Molecular Devices, San Diego, CA). The yield of DOX was then
divided by the weight of DOX-loaded microspheres (in the sample) to determine the
loading per mg of microspheres. To determine loading efficiency, the known amount
of total DOX-loaded PLGA particles from each batch post-lyophilization was multiplied
by the calculated loading (as determined above) and then divided by the original 3
mg of DOX added to fabricate the particles. This value was then multiplied by 100 to
achieve a percent value. The size (diameter) of the fabricated microspheres was
calculated using scanning electron microscopic (SEM) images (Hitachi High-

Technologies, Tokyo, Japan) and analysis using ImageJ software.

Device configuration for US generation
Device configuration and US generation were set-up as previously
described17® where a 4040B 20 MHz DDS Function Generator (BK Precision, Yorba
Linda, CA) was used to generate the desired waveforms. The function generator was
then connected to a radio frequency ENI 310L RF Power Amplifier (ValueTronics Intl
Inc., Algin, IL) which helped to produce excitation signals to drive the transfer of the
waveforms to a custom designed 1 MHz transducer (L=2.5",D=1",ID =0.5")

42

www.manaraa.com



(Ultrasonic S-Lab, Concord,CA). Refer to Figure 2-2 for instrument configuration. The
function generator parameters were programmed to have continuous sinusoidal
waves at a frequency of 1 MHz and an amplitude of 0.2 V in order to output the
desired ultrasonic waves necessary for microsphere damage. US application was
performed using these settings for a period of 10 seconds at an intensity of 900

mW/cm=2as determined by radiation force balance.

Power Amplifier

Function Generator

Figure 2-2 : US generation instrument set up.

Ultra-morphology of blank particles after the application of US

Blank particles were weighed and suspended in nanopure water at a
concentration of 3 mg/mL and added to a 1.5 mL microcentrifuge tube. The
suspensions were then divided in two, where one sample was the control, while the
other was the test group. To demonstrate the importance of the presence of air
bubbles in mediating US-triggered particle damage, particle suspensions were also
made using degassed nanopure water. Nanopure water was degassed under vacuum
at high stirring for 24 h. Samples were then sealed with Parafilm® film and fully
submerged in a petri dish containing water at room temperature. Underneath this

petri dish was a HAM A acoustic absorber (Precision Acoustics, United Kingdom)
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which absorbed deflected ultrasonic waves and reduced reflected waves. This
acoustic absorber was used to mimic the absorption of waves that occurs when US is
applied to organs, which is the main contributor to attenuation. The US probe was
also submerged into the water, to reduce any attenuation of sounds waves, and then
US was directly applied to the microcentrifuge tube for 10 seconds whilst the tube
was rotated clockwise at a rate of 0.2 rotations/s. A schematic of the set up can be
seen in Figure 2-3. The ultra-morphology of US treated blank microspheres was
examined using Scanning Electron Microscopy (SEM). Briefly, microsphere samples
from the US treated and untreated tubes were placed on silicon wafers and mounted
on a SEM stub using double sided carbon tape. These samples were then left to dry
overnight in ambient air for 24 h prior to being coated with gold-palladium using an
argon beam K550 sputter coater (Emitech Ltd., Kent, England). Once coated,
samples were imaged using a Hitachi S-4800 SEM (Hitachi High-Technologies).
Particle size distributions were measured from SEM micrographs using Image)

software.
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:// 0  Micropartile

Acoustic Absorber

Figure 2-3 : Schematic of the application of US to blank microspheres.

DOX-loaded microspheres (3 mg) were added to amber microcentrifuge tubes
containing 1 mL of PBS. After US application (as described in methods section “Ultra-
morphology of blank particles after the application of US”), the tubes were then
placed in a shaker incubator set at 300 rpm and 37 °C. Samples were collected after
1, 3,6, 12, 24,48, 72,96, 168, 336, 672, 840, and 1008 h. Sampling involved
centrifuging the microcentrifuge tubes at 180*g for 5 minutes from which 300 ul of
supernatant was collected. Then 300 pl of fresh PBS was added back to the tubes
and the microsphere pellets were resuspended. The collected samples were
measured at Aex485, AemD70 using a SPECTRAmMax M5 Microplate Spectrofluorometer
(Molecular Devices). These readings were then compared to a standard curve and
normalized for photodegradation (data not shown) and weight to determine the

amount of DOX released.
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Evaluating the effect of blank and DOX-loaded microspheres plus US on cell viability
Cell lines and cell culture
The murine melanoma cell line, B16-F10, was acquired from ATCC and

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco®, Life
Technologies Corporations, NY) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA), 10 mM HEPES (Gibco®), 50 pg/mL gentamycin
sulfate (Cellgro, Manassas, VA), 1 mM sodium pyruvate (Gibco®), and 1 mM
Glutamax (Gibco®). These cells were incubated at 37 °C and 5% CO» in a humidified
atmosphere.

Assessing the effect of blank and DOX-loaded microspheres plus US on cell viability
in vitro

B16-F10 cells were initially seeded at a density of 1 x 105 cells in 4 mL of
complete DMEM media in 6-well plates and incubated for 24 h. Then the cells were
treated with one of the following treatment systems: untreated/control (no
microspheres, no US); US (no microspheres); blank microspheres alone; blank
microspheres with US; DOX-loaded microspheres alone; DOX-loaded microspheres
with US; and soluble DOX alone. The dose of DOX used (0.5 pg/mil) for all treatment
groups was the LDso (for B16-F10 cells as determined from a two day incubation
period). The LDso was determined from a study involving B16-F10 cells seeded into
wells of a 96-well tray and was simply used as a guide as to what dose to use that
would yield sufficient specific cell Killing. The amount of blank particles and DOX-
loaded microspheres added were comparable. After treatment, cells were incubated
for 48 hours and then washed with 1 mL of PBS before being detached from the

plate surface with 0.5 mL of 0.25% trypsin-EDTA (1X) (Gibco) for 2 minutes, followed
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by 2 mL of complete media to quench the trypsin. Wells were then flushed 5-10
times with a 1 mL pipette to remove additional cells from the plate surface. The cell
suspensions were then centrifuged at 230*g for 5 minutes, the supernatant was
discarded, and the cell pellets were resuspended in 200 ul of media. Cells were then
counted on a hemocytometer using a 1:1 mixture of cells to 0.4 % trypan blue to
compare the effectiveness of treatments on cell viability. Cell viability was measured
based on the number of live cells within each sample and then comparing these
results to the control group. In order to determine if the treatment with DOX-loaded
microspheres plus US was synergistic, the percent cytotoxicity generated by this
treatment was compared to the combined cytotoxicities of DOX-loaded microspheres
alone and US-treated blank microspheres. Prior to comparison the nonspecific
cytotoxicity generated by blank microspheres alone was subtracted from all three

cytotoxicity values.

US/DOX-loaded microsphere treatment of tumor challenged mice

For tumor challenge, 7 - 10 week old C57BL/6 female mice (5 per group)
purchased from Jackson Laboratories (Bar Harbor, ME) were anesthetized by
intraperitoneal injection of a ketamine/xylazine mix (87.5 mg/kg ketamine; 2.5
mg/kg xylazine). All animal care, housing and experimental procedures were
performed and carried out in accordance with the requirements of the University of
lowa Animal Care and Use Committee. Mice were then challenged with 1 x 105 B16-
F10 cells by subcutaneous (s.c.) injection (in 100 pL of FBS-free media) into the
shaved dorsal right flank. Seven days after tumor challenge, US treatments were

applied and repeated on days 7, 8, 9 and 13. After mice were anesthetized,
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intratumoral injections of 100 uL of suspended particles or PBS solution were
administered. For blank particles, mice were injected with concentrations (w/v)
equivalent to the weight of particles delivering the highest dose of DOX. Injections
were split into two doses, where 50 uL of the particle suspension would first be
injected using an insulin needle/syringe, followed by the application of US for 10
seconds, while keeping the needle inside the injection site to avoid excessive
injections. Before the application of US, a smear (enough to cover the US probe and
the targeted area) of US transmission gel (Chattanooga Group, Hixson, TN) was
applied to the shaved skin surface above the tumor. US, at the settings described in
methods section “Device configuration for US generation”, was directly applied to the
tumor containing the US transmission gel, making sure that the tip of the probe was
submerged within the transmission gel. These steps were then repeated for the
remaining 50 pL in the insulin syringe. The starting dose of DOX (2 ug) was based on
a previous study using DOX-loaded microspheres where intratumoral therapy (without
US) was administered.41- 197 Tumor outgrowth, determined by tumor size as a
function of time, was measured multiple times per week and tumor volume was
calculated by the equation for determining the volume of an ellipsoid: [(Diameter 1 x
Diameter 2 x Height) x (11/6)]. Mice were euthanized when tumors reached or

exceeded 20 mm in any direction.

Data Analysis
Data were analyzed and graphed using GraphPad Prism 7. Statistical analyses
were performed on cell viability studies using one-way ANOVA followed by a Tukey’s

multiple comparison test. The Mantel-Cox test was used to analyze survival curves.
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Global significance was then followed by a Tukey-Kramer multiple comparison test
that compared the means of each group to one another. The cumulative release data
(Figure 2-5A) were analyzed using nonlinear regression with a two-phase exponential
decay function. The initial values and parameter constraints were as automatically
provided by the program. Least square fitting was used. The best curve that fitted the
data set was selected based on the extra sum-of-squares F-test. Data were
presented as mean * SD, unless stated otherwise. The percent DOX release study at
t = 3 h (Figure 2-5B) was analyzed using the student t-test (unpaired, two-tailed). All

statistical analyses were done based on a 95% confidence interval.

RESULTS

Characterization of DOX-loaded and blank microspheres
SEM images of the fabricated microspheres were analyzed for particle size
using ImageJ and blank microspheres were 6.42 + 1.75 ym (n = 200), while DOX-
loaded microspheres were determined to be 6.23+ 1.78 pm (n = 200). All
microsphere preparations demonstrated smooth surfaced intact spheres. The
average loading of a total of 8 batches of DOX-loaded microspheres was 6.76 + 2.13
ug DOX/mg of PLGA microspheres, while the loading efficiency was approximately 25

+ 8%. The average yield per batch of DOX-loaded microspheres was 113 + 9.68 mg.

Evaluation of US effects on ultra-morphology of blank microspheres
US was applied to blank microspheres (in water) which were then evaluated,
using SEM, for any damaging effects caused by US-induced inertial cavitation.

Compared to the untreated microspheres (Figure 2-4A, 2-4B), the ultra-morphology of
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the microspheres that were treated with US displayed noticeable signs of superficial
damage (Figure 2-4C, 2-4D). A small percentage (approx. 15%) of microspheres
treated with US showed signs of surface damage that may have been caused directly
or indirectly (particle collisions) by inertial cavitation. This percentage is likely an
underestimation since we can only visualize one face of the microspheres using SEM.
Multiple exposures (up to 4x) to blank microspheres did not further increase
detectable damage (data not shown). That this damage was not readily detected on
microspheres not treated with US nor on US-treated microspheres resuspended in
degassed water (Figure 2-4E, 2-4F) strongly implicates the involvement of air bubbles

already present within the medium (water).

50

www.manaraa.com



G) Akik

20- I_““_I

Q
(=2}
@ 15
€
«
[a)
2 104
L2 I"_SI
@
o g
X

0

N
< Q’\‘b oeb
000 qf’o %°
>
S S
N N
Q>
<
B
)
2
O
Q
Treatment

Figure 2-4 : US-mediated damage to the surface of PLGA microspheres. (A-F) SEM
images of blank PLGA microspheres either untreated (A,B), or treated
with US without degassing (C,D) or with degassing (E,F). (G) Graph
illustrating the percent of particles displaying surface damage (E). ****
p < 0.0001. Error bars represent standard deviation of the mean.
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Effect of US on the drug release profile of DOX-loaded microspheres

The effect of US on the release kinetics of DOX from DOX-loaded microspheres
was investigated. Comparing release profiles of US-treated versus untreated DOX-
loaded microspheres revealed an increased rate of release of DOX by the former.
Upon exposure to US, there was an approximately 12% increase in the cumulative
release profile compared to the control group (Figure 2-5). Analysis using nonlinear
regression with a two-phase exponential decay function revealed that cumulative
release rates of treated versus untreated microspheres were statistically different (p
< 0.001) (Figure 2-5A). The majority of the enhanced release was observable within 3
h of US treatment and shown to be significant upon analysis of two pooled

experiments (Figure 2-5B).
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Figure 2-5 : Cumulative release of DOX from DOX-loaded particles with or without US

exposure. US was either applied or not applied to DOX-loaded
microspheres (loading of 1.94 yg DOX/mg PLGA microspheres), as
described in the methods section “Ultra-morphology of blank particles
after the application of US”. A) Release was subsequently monitored
over the indicated time period and showed an enhance burst release of
6% (3 h) and a total increase in 12% over the span of the release study
(1008 h). B) Pooled data from 2 experiments (n = 13) comparing percent
release DOX from US treated and non-treated microspheres att = 3 h.
*** p < 0.001. Error bars represent standard deviation of the mean.
Also shown are curves of best fit based on the extra sum-of-squares F-
test. * p < 0.05.
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Effect of the combination of US and DOX-loaded microspheres on killing melanoma
cells in vitro.

The effect of US +/- DOX-loaded microspheres on B16-F10 tumor cell viability
in vitro was investigated. US alone and DOX-loaded microspheres alone provided
23% and 29% tumor cell Killing, respectively. Blank microspheres alone caused the
least tumor cell death (15%), while DOX in solution alone provided the greatest tumor
cell killing (94%). Blank microspheres + US induced 54% killing, while DOX-loaded
microspheres + US caused 76% tumor cell killing (Figure 2-6). The lower degree of
cell death caused by DOX-loaded particles + US compared to DOX in solution can be
attributed to the fact that the DOX is encapsulated in the PLGA microspheres and is
not completely and immediately available for cells to take up compared to the DOX in
solution. With the addition of US to blank microspheres there was a synergistic
increase in cell death compared to either treatment alone implicating that inertial
cavitation of air bubbles in the presence of microspheres contributed to the
cytotoxicity. We speculate that the blank microspheres may have directly damaged
cells by physical impact as a result of the forces applied to the microspheres by
cavitating air bubbles. When DOX-loaded microspheres were combined with US,
synergy was observed (see methods section “Assessing the effect of blank and DOX-
loaded microspheres plus US on cell viability in vitro” for description of how synergy
was calculated) suggesting that US was responsible for enhanced killing of cells by
DOX-loaded microspheres due not only to enhanced physical cell damage but also
due to enhanced release rate of DOX and/or enhanced permeability of non-lethally

damaged cells to soluble/released DOX.
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Figure 2-6 : Cell viability of B16-F10 cells treated with particles (w/wo DOX) and/or
US. Cells were subjected to treatment and incubated for 48h prior to
analysis by counting (see methods section “Assessing the effect of blank
and DOX-loaded microspheres plus US on cell viability in vitro”).
Statistical analysis was performed using one-way ANOVA with a Tukey’s
multiple comparison test and showed statistical significance between all
groups (only a selection is indicated) except for US vs. blank
microspheres and US vs. DOX-loaded microspheres. (n =4, ** p < 0.01,
**%% p < 0.0001). Error bars represent standard deviation of the mean.
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Effect of the combination of US and DOX-loaded microspheres on survival in a mouse
melanoma model

Mice challenged with B16-F10 melanoma cells were treated with intratumoral
injections of PBS, blank microspheres, or DOX-loaded microspheres with or without
US on day 7 post tumor challenge (see Figure 2-7A for regimen). The naive group
treated with PBS had tumors that progressed at a greater rate than other treatment
groups (data not shown) and these mice consequently had the lowest mean survival
(10.4 days, Table 2-1). Statistical analysis revealed that DOX-loaded microspheres
(containing 8 ug DOX) plus US was the only treatment to have significant therapeutic
benefit over most other groups (Figure 2-7B), having a mean survival of 22.1 days
compared to 10.4 days for PBS treated mice (Table 2-1). This treatment group
demonstrated statistically significant extended survival over negative control groups
as well as over mice treated with DOX-loaded microspheres (containing 8 ug DOX)
alone (p < 0.05) or with DOX-loaded microspheres (containing 2 pg DOX) plus US (p <
0.01). Mice treated with US as a part of the therapy trended toward longer survival
times compared to treatment counterparts without US. In addition, the mice treated
with US plus DOX-loaded microspheres (8 pg DOX) exhibited a 13% “cure rate”
(Figure 2-7B) where “cured” simply means the mice were tumor-free at the
conclusion of the survival study (Day 60). It was also noted that survival rates were
dose dependent, where higher concentrations of DOX yielded a trend toward
increased survival. Based on a combination of encapsulation efficiency and
injectable volume limitations (100 uyL was the maximum volume feasible
intratumorally), the maximum dose we could administer was 8 ug of DOX. Analysis of

hazard ratios (Table 2-1) revealed the percent chance survival increased
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synergistically from 6 percent for mice treated with blank microspheres plus US and
from 34.1% for mice treated with DOX-loaded (8 ug) microspheres alone, to 74% for
mice treated with DOX-loaded (8 ug) microspheres plus US. This synergy may be at
least partially explained by the additional role of DOX as an inducer of immunogenic
apoptosis where the host’s immune system is stimulated to recognize the B16-F10
melanoma cells as foreign by the induction of tumor specific T cells. Thus, we chose
to add an immune checkpoint blocker (anti-PD-1) to the most effective treatment
group, DOX-loaded (8 ug) microspheres plus US, to see if this could further improve
survival outcome by enhancing any tumor-specific effector T cell response. No
significant increase in survival was observed (Figure 2-7C), suggesting either that the
impact of DOX-loaded microspheres/US on the effector arm of the immune response
may have been limited or that the immune checkpoint axis of PD-1:PDL1 was not of
significant influence in suppressing any induced antitumor immune response. In
addition, at day 90 subsequent to initial tumor challenge, all “cured”, or tumor-free,
mice were rechallenged by subcutaneous injections of 1 x 105B16-F10 cells
(contralateral to original challenge), in a similar manner to that described in methods
section “US/DOX-loaded microsphere treatment of tumor challenged mice”. All mice
developed detectable tumors within 2 weeks of rechallenge demonstrating the lack

of a protective adaptive immune response (data not shown).
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Figure 2-7 : Survival study of in vivo tumor therapy. A) Tumor challenge and treatment
regimen. B) Survival curve (pooled data) of tumor (B16-F10) challenged
mice that received the following treatments on indicated days: PBS only
(n=14), PBS + US (n = 18), blank particles + US (n = 15), DOX-loaded
particles (4 ug) alone (n = 9), DOX-loaded particles (2 pg) + US (n = 5),
DOX-loaded particles (4 pg) + US (n = 10), and DOX-loaded particles (8
pg) alone (n = 5), DOX-loaded particles (8 ug) + US (n = 15). A Mantel-
Cox test was performed to analyze the survival distribution yielding a p-
value of 0.0110. This global significance was then followed by a Tukey-
Kramer post-test with multiple comparisons * p < 0.05, ** p < 0.01,
*** p < 0.001. C) Survival curve comparing mice treated with DOX-
loaded particles (8 ug) + US and/or anti-PD1, where all anti-PD1 groups
weren =DbH.

Table 2-1 : Mean survival times for tumor-challenged mice receiving indicated

treatment.
Treatment Mean Survival (Day) Hazard Ratio
(95% Cl)
10.4 1.00
PBS Alone
11.3 1.09
PBS + US (0.540, 2.21)
11.5 0.939
Blank microspheres + US (0.448, 1.96)
11.6 0.927
DOX-loaded microspheres (4 ug) alone (0.399, 2.15)
13 0.659
DOX-loaded microspheres (8 ug) alone (0.233, 1.86)
10 1.46
DOX-loaded microspheres (2 ug) + US (0.518, 4.13)
15.3 0.447
DOX-loaded microspheres (4 ug) + US (0.196, 1.02)
22.1 0.259
DOX-loaded microspheres (8 ug) + US (0.113, 0.593)
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DISCUSSION

In this study, we demonstrated the tumoricidal benefits of combining DOX-
loaded microspheres with US. We speculate that the combination of: 1) physically
based cell killing/damage mediated directly or indirectly (microsphere collisions) by
US, 2) chemically based killing mediated by DOX, and 3) enhanced release rate of
DOX from US-treated PLGA microspheres likely contributed to the observed enhanced
tumor cell Killing in vitro and greater survival in vivo when compared to DOX-loaded
microspheres alone or US/blank microspheres alone. Microspheres treated with US
in vitro were observed to have undergone discernible and quantifiable superficial
damage (see SEM images, Figure 2-4). Such damage can be visualized as disrupted
uniformity at the surface of the particles. Since the surface damage is not observed
on US treated microspheres in degassed medium (Figures 2-4E-G) we speculate that
the damage is attributed to the process of inertial cavitation of proximal air bubbles
that are capable of damaging the particles directly and/or indirectly by inducing
interparticle collisions.176

The application of US to DOX-loaded microspheres in vitro was shown to
increase the rate of release of DOX from the microspheres (Figure 2-5) which we
propose may have been a direct result of the damage described above (Figure 2-4).
Whether the increase in release rate of DOX was due to the direct impact of air
bubbles undergoing inertial cavitation, the impact of particle:particle collisions
(caused indirectly by the inertial cavitation of air bubbles) or a combination of the two
is unknown. Nevertheless, the application of US provides the opportunity for
controllable drug release. In addition to the US-inducible increased rate of drug
release from the nonechogenic PLGA microspheres, these microspheres have the
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added advantage of simultaneously providing sustained drug release since only a
fraction of the DOX payload is stimulated to be released upon US treatment.41. 168
This is in contrast to the immediate payload release that results when echogenic
particles are used.198-200

Cell viability studies were performed to assess the effects of combinations of
US +/- DOX-loaded particles on B16-F10 melanoma tumor cells in vitro (Figure 2-6).
Although DOX solution exhibited the highest tumor cell death (94%), this is not a
viable direction for treating melanoma in the clinic due to: 1) the vesicant properties
of soluble DOX, particularly if administered intratumorally, as well as 2) the undesired
acute and chronic toxicities that result from soluble DOX.201-202 Thuys, soluble DOX
was used in vitro as a positive control. Excluding the soluble DOX-treated group,
tumor killing was greatest (76%) when cells were treated with DOX-loaded
microspheres plus US. We speculate this to be due to a synergistic effect resulting
from the presence of microspheres/US causing physical cell damage 293 plus the
cytotoxicity generated by released DOX 204 where the rate of release increased upon
US treatment (Figure 2-5). The statistically significant difference in cytotoxicities
between DOX-loaded microspheres and blank particle treatments confirm that DOX
released from these particles impacted on cell viability since uptake of DOX-loaded
microspheres would be unlikely due to their excessive size. US alone did cause a
small amount of cell killing, which we propose was most likely through
sonoporation/inertial cavitation, where the intensity of the US causes irreversible
damage to the cell membrane.180 The degree to which the increased release of DOX
from the US-treated microspheres contributed to the increased cytotoxicity is difficult

to assess since the combination of US and microspheres may have increased cell
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permeability to DOX, therefore potentially further contributing to the observed
cytotoxicity of DOX regardless of the enhanced release.205

An in vivo murine melanoma model was employed to observe the effect of
combining US and intratumorally administered DOX-loaded microspheres on survival
(Figure 2-7). Supporting the findings from the in vitro experiments, the combinatorial
treatment of tumors with DOX-loaded microspheres (8 pg) plus US was the most
effective treatment group, as demonstrated by longer survival times and 13% tumor-
free mice (“cured”) at the termination of the survival study (Day 60). US, when
combined with DOX (4 pg or 8 pg)-loaded microspheres, enhanced survival times
compared to the same treatment groups without US. In particular, when the
treatments with DOX (8 pg)-loaded microspheres in the presence and absence of US
were compared, a significant difference was observed (p < 0.05). However, US alone
or in combination with blank microspheres only had a marginal and non-significant
impact on survival. This contrasted with the in vitro data where US alone and the
combination of US and blank microspheres were significantly cytotoxic. Such findings
suggest that the cell death directly caused by physical damage to melanoma cells in
vivo was likely to have been minimal. It has been shown that the impact of US on cell
viability is indirectly correlated to cell density 296, and therefore tumor cell killing in
vitro would have been expected to be higher than it would be for a densely packed
tumor mass. Thus, we propose that the synergy observed in vivo when US and DOX (4
ug or 8 pg)-loaded microspheres were used in combination may have stemmed from
US-mediated enhanced cell permeability 205, through the generation of non-lethal cell
membrane damage thereby resulting in increased uptake of DOX. Support for this

comes from the recent finding that US alone can increase cancer cell uptake of
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chemotherapeutic agents.207 That US could induce an increased release of DOX was
demonstrated in vitro (Figure 2-5), however, whether it occurred in vivo to the same
or any extent is uncertain since this was not easily measurable. Nevertheless, it is a
possible explanation for how the combinatorial treatment may have at least partially
contributed to the observed synergistic effect in vivo.

Another possible interpretation of the observed synergy was that a mode of
Killing aside from US/microsphere mediated physical damage and direct DOX-
mediated cytotoxicity occurred. One possibility that we considered was that some
amount of immune based killing was generated through the ability of DOX to induce
immunogenic apoptosis of tumor cells.181 However, when the mice surviving
(“cured”) from treatment with DOX-loaded (8 pg) microspheres plus US were
subsequently rechallenged with B16-F10 cells they succumbed to the tumor
therefore suggesting that the adaptive immune response may not have played a role
in the enhanced survival caused by the combinatorial treatment. This likely lack of
immune involvement in tumor cell killing is further supported by the finding that
immune checkpoint blockade (anti-PD1) could not significantly extend survival of
mice treated with DOX-loaded microspheres plus US (Figure 2-7C). It would have
been desirable to have generated a detectable antitumor immune response as this
would have benefits for the treatment of metastatic melanoma due to the generation
of a potential abscopal-like response. In order to address this, it may be necessary to
include additional chemotherapeutic agents capable of promoting antitumor T cell
responses when used in combination with DOX, such as cyclophosphamide.182

To the best of our knowledge this is the first study using drug loaded

microspheres in combination with US that go on to test cytotoxic impact in an in vitro
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and in vivo cancer cell system. The results from the melanoma mouse model, whilst
promising, indicate that there is room for generating improved efficacy through
formulation modifications and these potential adjustments may stem from findings
from independent sources. Other researchers have implemented US as a method of
promoting pulsatile drug release, using cross-linked hydrogels containing
mitoxantrone for the treatment of breast cancer in preclinical in vivo studies.208 The
researchers found that providing US to gels in vivo marginally, but not significantly,
improved the anti-tumor activity of the mitoxantrone compared to gels not treated
with US, and suggested that spatial and temporal optimizations can be performed to
maximize drug efficacy. Another approach, using US with DOX-liposome-loaded
microbubbles, has been shown to Kill melanoma cells in vitro, however, this system
does not provide a means of sustained drug release since the majority of the payload
is released upon US treatment.2%9 The application of US on microspheres loaded with
anti-cancer agents such as DOX has the potential to be used as a cancer treatment
system, possibly in combination with a cancer vaccine and/or intraoperatively upon
resection of superficial lesions. The former may boost the possibility of an effective
systemic immune response, whilst the latter would reduce the chances of local tumor
recurrence. The above system can be considered as a potential treatment for

melanoma patients with skin lesions readily accessible to treatment.

CONCLUSION
We initially assessed the efficacy of a controlled drug delivery system for the
treatment of cancer using on-demand, and sustained, release of an anticancer drug,
doxorubicin (DOX), for the treatment of melanoma in a murine model. Using a
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melanoma model, we investigated the antitumor potential of combining ultrasound
(US) with poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with DOX. An in vitro
release assay demonstrated an ability of US to affect the release kinetics of DOX
from DOX-loaded PLGA microspheres by inducing a 12% increase in rate of release
where this treatment resulted in synergistic tumor cell (B16-F10 melanoma cells)
Killing. Melanoma-bearing mice treated intratumorally with DOX (8 ug)-loaded
microspheres and subjected to US treatment at the tumor site were shown to
significantly extended survival compared to untreated mice or mice subjected to
either treatment alone. Our system provides a means of US-triggered enhanced drug
release, as well as retaining a sustained release profile since the PLGA microspheres
were only partially affected by US treatment when measured in vitro. Adjustments in
polymer chemistry, molecular weight, and crystallinity will affect the hydrolysis rate
(DOX release) as well as mechanical properties (response to applied force) of the
formulation, resulting in varying susceptibilities to US. It would also be valuable in
future approaches to explore the implementation of multiple US treatments of
tumors containing DOX-loaded microspheres so as to generate a pulsatile release
profile as Huebsch et al. obtained with their treatment system.208 Further
optimization is required to provide a systemically deliverable nanoparticle version
capable of targeting metastasized lesions. Nonetheless, the synergistic increase in
survival of melanoma-challenged mice treated with the combination of US and DOX-
loaded microspheres implicates a such a treatment methodology as a promising
additional tool for combatting an otherwise currently incurable cancer. The efficacy of

these controlled drug delivery systems to treat cancer led to the investigation of more

65

www.manaraa.com



novel controlled drug delivery systems such as 3D printing compared to the

conventional microparticle controlled drug delivery.
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CHAPTER 3 : CONTROLLED AND SEQUENTIAL DELIVERY OF FLUOROPHORES FROM
3D PRINTED ALGINATE-PLGA TUBES

INTRODUCTION

The ability to control the means by which drugs are delivered, whether through
pulsatile 210212 sequential 37- 213, or on-demand release 42, has