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Chair of the Supervisory Committee:
Professor Buddy D. Ratner

Departments of Bioengineering and Chemical Engineering

The grim prognosis for patients diagnosed with malignant gliomas necessitates the development
of new therapeutic strategies for localized and sustained drug delivery to combat tumor drug
resistance and regrowth. Here we introduced the novel formulation of drug encapsulated
aerosolized microspheres as a biodegradable, intelligent glioma therapy (DREAM BIG Therapy)
that is applied post-resection. DREAM BIG Therapy consists of three types of microspheres
[poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and poly(e-caprolactone) (PCL)]
containing various encapsulated chemotherapeutics, suspended in a degradable, aqueous poly(N-
isopropylacrylamide) (PNIPAM) solution. The thermoresponsive PNIPAM solution is capable of
suspending drug encapsulated microspheres at room temperature which can be “sprayed on” the
post-surgical site. The physiological temperature of the treatment site (37°C) would cause
PNIPAM solution to solidify and form an adherent gel layer with entrapped microspheres,
providing intimate contact with remaining tumor cells. Over time, PLGA (rapid degradation),

PLA (medium speed degradation), and then PCL (slow degradation) microspheres would break



down, releasing their drug payloads in a sequential, multi-drug release directly to the tumor site
addressing cancerous regrowth and tumor drug resistance. This dissertation will address the

development of DREAM BIG Therapy, from microsphere formulation to pilot in vivo studies.

Initial work focused on developing blank and drug encapsulated microspheres using emulsion
techniques. Preliminary studies utilized rhodamine B as a model drug for encapsulation in
PLGA, PLA, and PCL particles and optimized formulation parameters to achieve a high
encapsulation. Then, gefitinib, 1gG, and lomustine were encapsulated in PLGA, PLA, and PCL

microspheres, respectively, achieving encapsulation efficiencies greater than 80% and drug

loadings greater than 0.3%. The in vitro release of gefitinib and IgG were also studied. Gefitinib

released from PLGA microspheres over 40 days while the release of IgG from PLA

microspheres was slower, over a year long period.

The microsphere-PNIPAM system was tested for aerosolized application ex vivo. The aqueous

PNIPAM solution suspended the microspheres and was aerosolized before phase transitioning to

an adherent gel layer on the tissue, entrapping the microspheres on the tissue surface. Finally,
when tested in vivo, the gefitinib encapsulated PLGA microspheres entrapped in PNIPAM

slowed the tumor volume growth of a subcutaneous C6 glioma in comparison to blank PLGA
microspheres entrapped in PNIPAM. Overall, this research confirms the potential of DREAM
BIG therapy for future use with multiple chemotherapeutics and microsphere types to combat

gliomas at a localized site.
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1 Introduction

1.1 Glioma Survival and Diagnosis

Malignant tumors that originate in the brain and spinal cord will be diagnosed in over 20,000
men and women in the United States in 2015 [1, 2]. Over half of these will prove fatal to the
patient. The fastest growing and most common malignant tumors originate in the glial or support
cells of the brain. These include astrocytomas, oligodendrogliomas, ependymomas, and the most
common and aggressive type, glioblastoma multiforme (GBM) [2, 3]. After diagnosis of a GBM,
a 12-15 month survival period is expected despite maximal therapy [4, 5]. The median survival is
age dependent, with a five year survival rate of 17%, 6%, and 4% for 20-44, 45-54, and 55-64
year olds, respectively [2]. Even benign or non-cancerous tumors are cause for concern. If left
untreated, they can continuously grow, destroying normal brain tissue until it becomes a life-
threatening illness. While risk factors include family history, radiation exposure, and immune

disorders, there are no known causes for brain cancer and thus cannot be prevented.

Currently, there are no widely practiced methods to screen for brain tumors. Common indicative
symptoms include blurred visions, balance problems, headache, nausea, seizures, vomiting,
numbness in parts of the body, and changes in speech, hearing, personality, or moods [2, 6].
After performing neurological exams to test the central nervous systems, doctors can order
several different tests to image the brain, looking for abnormal tissue. The most commonly used
are magnetic resonance imaging (MRI) and computed tomography (CT) [2, 6]. MRIs utilize
radio waves and strong magnetic fields to image and differentiate between soft tissues of brain,
providing detailed images of the location and growth of abnormal tissue. However, they do not

look at bones or in this case, the skull, and require lengthy scans while the patient is confined in



a narrow tube. CTs, on the other hand, use x-rays to map out the soft tissue and bones of a
patient. While the image is not as detailed as an MRI, they take less time and patients are less
confined. Unfortunately, these imaging tests only tell that there may be a tumor present, but not
what type of tumor (benign or malignant). Therefore, a biopsy procedure entailing the physical
removal of a piece of the tumor tissue is performed and the sample tested to diagnose tumor type.
Other possible tests include a positron emission tomography scan as an imaging aide and lumbar

punctures to test for tumor cells in the cerebrospinal fluid.

1.2 Surgical Excision, Radiation Therapy, and Chemotherapy

After diagnosis of a brain tumor, treatment options include a combination of tumor resection,
radiation therapy, and both systemic and localized chemotherapy. If the tumor location is
operable, the first step is usually tumor resection. The surgeon removes as much of the tumor as
possible without causing a loss of brain function to the patient. While some types of brain tumors
like ependymomas and gangliogliomas are operable and may be cured from surgery alone,
astrocytomas, oligodendrogliomas, and GBMs are infiltrative and cannot be fully removed
without causing brain damage [2]. If left unchecked, the tumor remnants eventually grow back.
In general, tumor reoccurrence is within 2 cm of the primary tumor site due to this issue [7]. Side
effects of tumor resections include loss of brain function, general weakness and headaches, and
the possibility of infection and brain swelling [2, 6]. Yet, these risks are considered minor when

compared to the benefit of a reduced tumor mass.

Radiation therapy is another common treatment applied after tumor resection or as the main

treatment if the tumor is inoperable. High-energy rays are concentrated on the tumor location to



kill tumor cells over several sessions [2, 6]. While radiation therapy targets the tumor cells, it

can also be harmful to normal cells. Side effects include brain function loss, irritability, fatigue,
nausea, and vomiting. In addition, there is a risk that the radiation can cause a second tumor due
to damage of normal cell genes. Like tumor resection, these risks are balanced by the possibility

of killing tumor cells and needing less chemotherapy.

Chemotherapy is the third common treatment for tumors and requires the application of drugs to
kill cancer cells. This can be done systemically, either orally or intravenously, or locally at the
tumor site. The treatments can be done alone or in combination with tumor resection and
radiation therapy [2, 6, 8]. While there are many types of anti-cancer drugs, there are only a few
that are able to reach the brain when applied systemically due to the blood brain barrier. This
barrier consists of small blood vessels with tight junctions that surrounds and protect the brain,
maintaining metabolic balance. However, the characteristic tight junctions and selectivity of this
barrier makes it difficult for most drugs to penetrate from the blood stream to the brain.
Therefore, drug options are limited. A few of the currently used drugs include cisplatin,
temozolomide, vincristine, procarbazine, etoposide, carmustine, and carboplatin [2]. Common
side effects of chemotherapeutics applied intravenously include loss of appetite, headaches,
nausea, vomiting, fevers, weakness, infections, bruising, weakness, tiredness, hair loss, and
mouth sores [2, 6]. These side effects are due to the drugs indiscriminately targeting all rapidly
dividing cells which not only include tumor cells but also bone marrow, hair follicles, and the
lining of the mouth and intestines. When applied systemically, these drugs get the chance to

impact all of these cell types, lowering the overall quality of life for the patient. In addition, these



drugs are given in cycles that last for a few weeks, necessitating the patient to come into the

clinic several times to receive treatment.

The only FDA approved intracerebral or localized therapy is the application of Gliadel® wafers
to the site of tumor resection. Over a period of approximately two to four weeks, these wafers
degrade and release the anti-cancer drug, carmustine, in a controlled delivery to tumor remnants.
These wafers limit the severe side effects typical of systemic delivery by releasing their drug at a
localized site, which by-passes the blood brain barrier and reduces the total amount of drug
needed to reach therapeutic levels. The wafers are composed of a degradable, polymeric matrix
of 1,3-bis(p-carboxyphenoxy)propane and sebacic acid in a 20 to 80 molar ratio loaded with 7.7
mg carmustine [9]. Combined with tumor resection and radiation therapy, the GLIADEL®
wafers increased patient survival by approximately two months and are a current standard of care
for brain tumor patients [10]. Drawbacks may include the risk of infection, seizures, and brain

edemas [11].

1.3 Limitations of Current Therapies

Even when surgical excision, radiation therapy, and chemotherapy are applied in combination
and maximal treatment is given, the survival still remains poor at 12-15 months [4, 5]. The bleak
survival rate is attributed to such factors as tumor drug resistance, intracellular drug metabolism,
and limited drug uptake, in part due to the major obstacle of the blood brain barrier, and tumor
regrowth [12-15]. For example, consider the current gold standard of care for GBMSs, which
includes the application of Gliadel® wafers after tumor excision. When implanted, these dime

sized wafers provide a controlled release to remaining tumor cells that could not be surgically



removed without causing loss of brain function. However, the wafers are not necessarily
impacting all the tumor cells. Due to the convoluted morphology of the brain and the tumor
resection cavity, these rigid, planar wafers are in poor surface contact with the brain tissue. As
shown in Figure 1.1, there are obvious areas where the wafers are not in contact with the tissue,

allowing tumor remnants to remain untreated.

Figure 1.1: Gliadel® wafers applied to a brain tumor resection cavity, showing sub-optimal
contact of the tissue and wafers [16]. Reprinted from Journal of Controlled Release, 159/1,
Wolinsky et al., Local drug delivery strategies for cancer treatment: Gels, nanoparticles,
polymeric films, rods, and wafers, 14-26, 2012, with permission from Elsevier.

Radiation therapy is also applied in combination with these wafers. However while radiation
therapy can cure some brain cancers such as medulloblastomas and germinomas, it will only
provide a limited control for astrocytomas, oligodendrogliomas, and ependymomas [17]. In
addition, there is the issue of drug resistance. Tumors can either develop a resistance to
chemotherapeutics or can be resistant to a range of anti-cancer drugs before chemotherapy is
even applied [15]. The drug encapsulated in the wafer, carmustine, has a potential resistance
mechanism through changes in O6-methylguanine-DNA methyltransferase, reduced
glutathione/glutathione-S-transferase, and protein kinase. Therefore, while the wafers may be
effective initially, they may not be effective long term. Even temozolomide, a very common and

popular chemotherapeutic applied systemically has a potential resistance mechanism through



changes in O6-methylguanine-DNA methyltransferase [15]. Greater drug sensitivity is achieved
when the promoter regions of the gene encoding the enzyme is methylated [18]. Therefore, a
multi-drug therapy is needed to overcome tumor drug resistance. However, the blood brain
barrier severely limits which drugs can be utilized. This presents the need for a sustained,
localized, multi-drug delivery system to overcome the blood brain barrier and the shortcomings

of the current therapies.

1.4 Intracerebral Drug Delivery Strategies for Glioma Treatment

To target the tumor remnants left after tumor resection and to bypass the blood brain barrier, the
scientific community has developed many different approaches for a localized drug delivery
system applied intracerebrally. These include manual injections, convection-enhanced delivery,
implantable reservoirs, and biodegradable drug carriers [5, 18-21]. While the manual injection of
chemotherapeutics to the cavity site is a simplistic approach, high risks of infections, edema, and
backflow limits it use today, especially with less invasive and more effective technique available

[5, 21].

Implantable reservoirs, such as the Ommaya reservoir, have also been used for malignant
gliomas. The Ommaya reservoir is a subcutaneous reservoir connected to a catheter that is
connected to the tumor bed through the skull [5, 21]. By manually compressing the reservoir,
chemotherapeutics are delivered through the catheter to the tumor bed. The risk of infection and
the inconvenience of having to refill the reservoir limits the wide scale clinical application of this

drug delivery device [21].



Biodegradable drug carriers such as the Gliadel® wafers have garnered much interest from the
scientific community due to their lack of systemic side effects, localized controlled drug release,
minimal complexity, and full biodegradation [19-21]. These carriers also include gels,
microcarriers, and nanocarriers [21]. However, biodegradable drug carriers have the distinct
drawback of a small penetration depth into the tissue from the site of injection, which coupled
with a high rate of elimination from the body, limits the therapeutic effectiveness of this
treatment [19, 21]. In addition, the biodegradable carrier size limits the amount of drug that can

be delivered.

To overcome limited diffusion and drug dosage, research has looked at convection enhanced
delivery (CED) [5, 19, 21, 22]. Using a pumping device connected to a stereotactically implanted
catheter, a drug solution is pressure driven into the cavity. This results in a larger volume of
drugs that can be “pumped” onto the brain that then spreads further, when compared to a
traditional diffusion drug delivery device such as the biodegradable carriers. However, a degree
of backflow is common in CED due to the pressure necessary to pump the fluid, up to 70 mmHg
[19]. This backflow could cause the drug to spread too much and lead to chemical meningitis and
neurotoxicity [5, 19, 22]. Other drawbacks include invasiveness, long infusion times, and high
intracranial pressure. Even so, CED is considered a potential therapy for GBM since it can
forcibly deliver drugs at high concentrations to the tumor and can easily be altered by the doctor

as needed [19].

Both biodegradable carriers and CED are promising methods of delivery, each with their own

drawbacks and advantages. As such, further research is still being conducted to overcome the



shortcomings discussed here and provide a therapy that can treat malignant gliomas and

ultimately, provide a long-term cure.

1.5 Drug Encapsulated Aerosolized Microspheres as a Biodegradable, Intelligent Glioma
Therapy

Even with the limited drug penetration depth, the biodegradable drug carriers such as the
Gliadel® wafers are promising avenues for intracranial delivery because of their controlled drug
release, minimization of systemic side effects by delivering to a localized site, bypassing the
blood brain barrier, and the potential for increased patient compliance by using a single treatment
that releases drug over several weeks to months. However, these wafers are only a two to four
week therapy. Therefore, biodegradable, drug encapsulated polymeric microspheres with a
longer, sustained release profile have received a lot of attention as an alternative type of drug

delivery vehicle [23-65].

Polymeric microspheres are well known for controlled drug delivery and review articles are
available [66-71]. Their implantation and degradation in the brain has been studied and
confirmed as biocompatible with experiments ranging from small animal experiments to Phase 11
human trials [33, 34, 72-74]. As such, we will be utilizing microspheres as the vehicles for our
drug delivery to gliomas. However, instead of the commonly used single polymer type
microsphere, we will be utilizing three different, FDA recognized, biodegradable polymers:
poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA), and poly(e-caprolactone) (PCL)
[75]. Each of these polymers has their own, unique degradation rate, resulting with a multi-

staged, sequential drug release when applied in combination (Figure 1.2). PLGA, the fastest



degrading polymer, would release its encapsulated chemotherapeutic first. Then a second
chemotherapeutic would be released from PLA and then a third chemotherapeutic from PCL. In
this manner, the tumor can be hit by multiple chemotherapeutics to overcome tumor drug
resistance and the sequential releases will result in a long term therapy with only a single

application by the care provider to the patient.

Drug Level

Figure 1.2: The release of chemotherapeuticsTfllrrzem multiple microspheres: PLGA microspheres
(blue) will release its pay load first, and then PLA (purple), and then PCL (green). The gray box
indicates the therapeutic window, when the chemotherapeutics are effective in the body.

To address the poor surface contact of the Gliadel ® wafers with the tumor cells, we will use a
poly(N-isopropylacrylamide) (PNIPAM) solution as a degradable, aerosolizable,
thermoresponsive polymer carrier for the drug encapsulated microspheres. PNIPAM is an
extensively studied polymer due to its sharp, reversible liquid-gel phase transition, demonstrating
a lower critical solution temperature (LCST) of about 32 °C in deionized water [76]. Below the
LCST, PNIPAM is a liquid, but above the LCST, PNIPAM phase transitions to a gel. As such, if
drug encapsulated microspheres were suspended in the PNIPAM at room temperature, it would
form a suspension. However, when applied as a spray to the tumor cavity at physiological
conditions (37°C), the PNIPAM would phase transition and collapse, entrapping the

microspheres at a localized site, conforming to the convoluted morphology of the brain and

providing intimate contact with the remaining tumor cells. After the microspheres degrade and



release their payload, the PNIPAM would degrade, and hopefully, only cancer free tissue would

remain.

Overall, the novelty of drug encapsulated aerosolized microspheres as a biodegradable,
intelligent glioma therapy (DREAM BIG Therapy) is based on first, a multi-drug delivery system
using polymeric microspheres for a sequential therapy that can combat tumor drug resistance;
second, the PNIPAM transitions from an aerosolizable liquid to a conformal, adherent solid on
contact with the brain, providing an easy application to a complex, irregular surgical site; and
third, the entire system is fully biodegradable and only requires one application by the care giver

to the patient.

1.6 Overview

The purpose of the studies presented here is to develop a topical, slow release, degradable, multi-
drug delivery system applied post-surgically with the potential to significantly increase patient
life expectancy. This system consists of drug encapsulated PLGA, PLA, and PCL microspheres
suspended in a degradable, aerosolizable PNIPAM solution. At room temperature, the aqueous
PNIPAM solution suspends the drug encapsulated microspheres that can be “sprayed on” the
post-surgical site. The physiological temperature of the brain causes the thermoresponsive
PNIPAM to solidify and form an adherent gel layer with entrapped microspheres, providing
intimate contact with remaining tumor cells. Over time, PNIPAM degrades along with PLGA,
PLA, and then PCL microspheres, releasing multiple chemotherapeutics at different rates
directly to the tumor remnants to inhibit cancerous re-growth. Chapter 2 focuses on the

formulation and characterization of the drug encapsulated polymeric microspheres in addition to
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the synthesis of the degradable PNIPAM. Chapter 3 addresses the in vitro drug release from the
formulated microspheres and the aerosolized delivery of PNIPAM to tissue at physiological
temperature ex vivo. Chapter 4 focuses on a subcutaneous tumor model that was used to test the

drug encapsulated PLGA microspheres entrapped in PNIPAM in vivo.
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2 Formulation and Characterization of Blank and Drug
Encapsulated Polymeric Microspheres and Synthesis of
Degradable PNIPAM

2.1 Background

2.1.1 Motivation

There are numerous methods for formulating drug encapsulated polymeric microspheres and for
synthesizing PNIPAM. In this chapter, the methods chosen to formulate drug encapsulated
microspheres and to synthesize linear, degradable PNIPAM will be described and the results
discussed. In subsequent chapters, the products of these methods will be used for in vitro and in

VivO experiments.

2.1.2 Microsphere Formulation and Characterization

Polymeric microspheres for controlled drug delivery are well known and documented [66-68, 70,
77]. Their applications have ranged from the treatment of prostate cancer symptoms (Lupron
Depot®) to the treatment of alcoholism (Vivitrol®) and acromegaly (Somatuline Depot®) [70].
In most cases, these drug encapsulated microspheres are injectable, achieving a slow, sustained
release as the microsphere degrades. Unlike intravenous delivery where the drug is injected as a
bolus dosage and can be rapidly cleared by the body, the sustained release profile of

microspheres provides therapeutic levels long term, necessitating fewer treatments.

With the various applications of injectable microspheres achieving approval from the FDA for
drug delivery, it is not surprising that polymeric microspheres are used as a potential vehicle for

a localized, controlled release of chemotherapeutics for glioma therapy [23-65]. This type of
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therapy has the advantage of being applied after tumor resection, overcoming the blood brain
barrier and enabling the delivery of drugs that have not successfully penetrated the blood brain
barrier. In addition, this type of therapy should have limited side effects when compared to
systemic delivery as the chemotherapeutics are localized to the tumor site and not circulating

throughout the entire body.

Some chemotherapeutics that have been successfully encapsulated in polymeric microspheres
include 5-fluoruracil (5-FU), bis-chloroethylnitrosourea (BCNU), camptothecin, carboplatin,
doxorubicin, imatinib mesylate, 5-iodo-2’-deoxyuridine (IUdR), mitoxantrone, paclitaxel,
temozolomide, C-terminal fragment of platelet factor 4, hemopexin, and antisense
oligonucleotides. The most common technique for formulating these drug encapsulated
microspheres is emulsion methodology [27-32, 37, 43-49, 78], while other options include
coacervation [38-40, 50] and spraying techniques [24, 51-54]. Since emulsion methodologies are
widely used for microspheres targeted for glioma therapy and are relatively simple to design and
carry out, they were used to create the drug encapsulated microspheres presented in this work.
The spraying techniques were not tested due to the necessary specialized equipment e.g. spray

dryers. Coacervation was as an alternative if the emulsion technique proved unsuccessful.

The emulsion methodology can either involve a single or a double emulsion depending on the
drug to be encapsulated. For hydrophobic chemotherapeutics, the single emulsion or oil in water
(O/W) emulsion is commonly used [27-30]. As shown in Figure 2.1, the polymer to form the
microsphere, PLGA or PLA for example, is dissolved in an organic solvent, usually methylene

chloride, along with the drug to be encapsulated. This “oil” solution is added to an aqueous
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solution containing a stabilizer, e.g. poly(vinyl alcohol) (PVA), and homogenized, creating an
O/W emulsion. The organic solvent is then removed by evaporation before the polymeric
microspheres are dried and recovered. A variation of the single emulsion can use an

acetone/mineral oil emulsion instead of the organic and water system [31].

Polymer, Solvent, and Drug
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Figure 2.1: Schematic of the oil in water solvent evaporation technique for microsphere
formation.

For water soluble chemotherapeutics, the double emulsion or water in oil in water (W/O/W)
emulsion is utilized [43, 46, 49, 78]. As shown in Figure 2.2, an extra phase is utilized when
compared to the single emulsion. Instead of dissolving the drug in the oil phase, the drug is
dissolved in water that is then added to the oil phase and homogenized, creating the first O/W
emulsion. This primary emulsion is then added to the aqueous solution containing a stabilizer
and homogenized, creating a W/O/W emulsion. The organic layer acts as a barrier, preventing
the hydrophilic drug from diffusing from the internal, agueous phase to the external, aqueous

phase [37]. Then, the organic solvent is evaporated and the microspheres recovered.
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Figure 2.2: Schematic of the water in oil in water (W/O/W) solvent evaporation technique for
microsphere formation.

One of the chief methods for characterizing drug encapsulated microspheres is by scanning
electron microscopy (SEM) [28, 30]. As shown in Figure 2.3a, SEM visualizes shape, surface
morphology, and size distribution of the drug loaded microspheres. Typically, samples are

mounted on a metal stub and coated with a conductor, either platinum or gold [28, 30, 31, 47].

SEM can also be used to study cross sections of microspheres, showing the inner structure of the

microsphere along with the possibility of drug crystals [31]. The cross sections of microspheres

have also been characterized with confocal microscopy. As shown in Figure 2.3b, this technique

provides a visual method for determining drug distribution within the microsphere, showing
piroxicam located in the PLGA microsphere interior [79]. Aside from SEM, particle size can
also be measured by laser diffraction [30, 36, 37, 78], sieving and weighing the fractions [31],

and a coulter counter [41, 43-46].
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Figure 2.3: Physical characterization of microspheres: a) SEM micrograph of mitoxantrone
encapsulated PLGA microspheres, b) confocal micrograph of a midline cross section of
piroxicam loaded PLGA microspheres [78, 79] Reprinted from Neurosurgery, 59/6, Yemisci et
al., Treatment of malignant gliomas with mitoxantrone-loaded poly (lactide-co-glycolide)
microspheres, 1296-1302, 2006, with permission from Wolters Kluwer and reprinted from
Pharmaceutical Research, 20/7, Berkland et al., PLG Microsphere Size Controls Drug Release
Rate Through Several Competing Factors, 1055-1062, 2003, with kind permission from Springer
Science and Business Media.

The emulsion methodologies allow for a tunable particle size distribution by altering the speed of
homogenization. For example, Zhang et al. demonstrated that manipulating the emulsion speed
from 400 to 800 rpm caused a 24% decrease in microparticle size, from 71.7 to 54.3 um,
respectively, for temozolomide encapsulated PLGA microspheres [28]. This decrease in particle
size was due to the greater shear rates at the higher speeds. Reza et al. also showed the same
trend for IUdR loaded PLGA microspheres, where an increase in stirring rate from 300 to 1,000

rpm decreased the mean particle size from 89.8 to 38.2 um, respectively [37].

Drug loading, a measurement of how much drug is present compared to the polymer carrier, and
encapsulation efficiency, a measurement of how much drug is encapsulated, can also be tuned
using the emulsion techniques. For example, Chen et al. used the single emulsion technique to
create carboplatin encapsulated PLGA microspheres [31]. They demonstrated that an increase in

polymer concentration from 6 to 8% (w/v) increased drug loading from 9.6 + 0.2% to 10.5 +
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0.2%. This increase in drug loading can be due to the more viscous polymer concentration that
hinders the diffusion of carboplatin to the external aqueous phase. However, a critical point was
reached where a further increase in concentration did not yield a higher drug loading. The
solution became viscous enough to encapsulate the maximum amount of drug and a further

increase in polymer concentration would cause a decrease in drug loading.

Similarly, Gil-Alegre et al. showed that there is a limit to the drug/polymer ratio for increasing
the drug loading of BCNU loaded PLGA microspheres [30]. When the ratio was increased from
0.2 to 0.4, the drug loading doubled and the encapsulation efficiency remained the same.
However, for an increase to a 0.8 ratio, the drug loading did not change; instead, a decrease in
encapsulation efficiency resulted. This indicates that there is a solubility limit that must be

considered when encapsulating drugs with the emulsion techniques.

Another way to increase encapsulation efficiency and drug loading is to saturate the external,
aqueous phase with the drug of interest, lowering the concentration gradient between the phases.
For example, saturating the PVA aqueous phase for temozolomide encapsulated PLGA
microspheres more than doubled the encapsulation efficiency from 30% to as high as 85% [28].
Typically, optimized drug loadings for the emulsion system can range from 0.1% to 20% based
on the drug and formulation parameters [25, 26, 30, 43-45]. Encapsulation efficiencies can range

from 15-100% [23, 27, 41, 46, 51, 52].

Overall, the emulsion system provides a relatively simple methodology for formulating drug

encapsulated polymeric microspheres. By changing parameters such as emulsion speed, polymer
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concentration, drug concentration, etc., we can formulate microspheres with tunable properties

such as particle size, encapsulation efficiency, and drug loading.

2.1.3 Chemotherapeutic Choice

With the wide range of chemotherapeutics that are available to encapsulate by using the
emulsion techniques, it was left to our collaborator, Dr. Rohan Ramakrishna (University of
Washington Department of Neurological Surgery), to determine which chemotherapeutics should

be utilized. Three chemotherapeutics were identified: gefitinib, bevacizumab, and lomustine.

Gefitinib (Iressa®) is an epidermal growth factor receptor tyrosine kinase inhibitor that prevents
uncontrolled cell proliferation. This drug is approved for use on non-small cell lung cancers and
is studied for other types of cancer [80]. Bevacizumab (Avastin®) is an antibody that prevents
angiogenesis by blocking the vascular endothelial growth factor A. It is approved for treatment
of colorectal, non-small cell lung, kidney cancer, and GBM [81]. Lomustine (CeeNU ®) is an
alkylating nitrosourea compound, which prevents cell replication, triggering cell death. It is
approved for the treatment of brain cancer due to its ability to readily penetrate the blood brain

barrier, Hodgkin’s disease, lung cancer, melanomas, and various solid tumors [82-84].

Gefitinib has been delivered orally for metastatic brain tumors with positive results [85-87].
Bevacizumab is applied intravenously for glioblastoma multiforme and is shown to help slow the
re-growth of certain brain tumors such as GBM; however, its effect on survival is still unclear
[2]. Lomustine is an FDA approved, oral drug for the treatment of brain tumor in patients who

have already had surgery or radiation therapy [88].
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To date, gefitinib has been encapsulated in PCL microcapsules for use in subcutaneous drug
delivery, achieving capsules approximately 200 to 240 um in size and a seven day release in
vitro [89]. Gefitinib has also been encapsulated in PLGA nanoparticles for the treatment of lung
and skin carcinoma [90]. Bevacizumab has been encapsulated in PLGA nanoparticles,
liposomes, and poly(ethylene glycol)-b-poly(D,L-lactic acid) microspheres for the treatment of
age-related macular degeneration [91-93]. However, neither gefitinib nor bevacizumab have

been encapsulated in polymeric microspheres for intracranial tumor therapy.

Lomustine has already been encapsulated in liposomes for the intravenous treatment of gliomas,
in chitosan nanoparticles for the treatment of human lung cancer, in PLA microspheres for
leukemia treatment, and in PLA microspheres acting as an embolic agent, causing obstruction in
arteries leading to the tumor and allowing for lomustine release [82, 83, 94, 95]. However,
reports of lomustine encapsulated in PCL microspheres or a long term release of lomustine

greater than three days were not found in the literature.

2.1.4 Degradable PNIPAM

PNIPAM, a biostable polymer, has been synthesized by numerous polymerizations techniques
ranging from atom transfer radial polymerization (ATRP) to surface-initiated,
photoiniferter-mediated photopolymerization to reversible addition fragmentation transfer
(RAFT) [76, 96, 97]. However, for the synthesis of a biodegradable PNIPAM, there are only
limited reports [98, 99]. In one study, a degradable PNIPAM hydrogel was synthesized using UV

polymerization of the monomer NIPAM with a benzo-2-methylene-1,3-dioxepen in the presence
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of poly(ethylene glycol-co-glycolic acid) diacrylate. This created a hydrogel with degradable

ester bonds in both the backbone of the PNIPAM and crosslinking sites [98, 99].

Previously, our lab has reported the synthesis of a degradable, linear PNIPAM via ATRP [99].
ATRP was utilized to create a polymer with a controlled, tunable molecular weight of the parent
polymer and its degradation products. To create a degradable PNIPAM, a bi-functional,
degradable initiator containing PCL was incorporated in the polymer. The use of the bi-
functional initiator allowed the polymer chains to grow on both sides of the initiator at the same
rate. Therefore, when the polymer cleaves at the PCL linker, the polymer molecular weight
should be roughly halved. This was shown for a 2.29 x 10" g/mol PNIPAM that had degradation
products of 1.38 x 10* g/mol [99]. This linear PNIPAM also demonstrated an LCST of 30.8 °C,
ideal for our application of a room temperature microspheres suspension to an adherent layer at

physiological temperature and will be used in the work presented here.

2.2 Hypothesis

It is hypothesized that:

(1) Polymeric microspheres with a smooth morphology and a tunable particle size
distribution can be achieved using the emulsion techniques
(2) Gefitinib, bevacizumab (or a model of bevacizumab), and lomustine can be encapsulated
in PLGA, PLA, and PCL, microspheres, respectively
a. An encapsulation efficiency greater than 60% and a drug loading greater than

0.1% can be achieved for all three polymeric microspheres
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(3) Degradable PNIPAM can by synthesized using ATRP that demonstrates a

thermoresponsive phase transition

2.3 Materials and Methods

2.3.1 Materials

2.3.1.1 Materials for Microsphere Formulation

Dichloromethane (DCM; EMD, HPLC grade), tetrahydrofuran (THF; EMD), hydrochloric acid
(HCI; EMD, 12.1 M), sodium hydroxide (NaOH; Mallinckrodt Chemicals), poly(lactic acid)
(PLA,; gift to Ratner Lab, Mw unknown and Evonik Industries, Mw 58,000), poly(e-
caprolactone) (PCL; Aldrich, Mn 70,000-90,000), poly(lactic-co-glycolic acid) 50:50 (PLGA,;
Evonik Industries, Mw 60,000), poly(vinyl alcohol) (PVA; Sigma Aldrich, 98% hydrolyzed,
Mw 13,000-23,000), rhodamine B (RB; Sigma), fluorescein (Fluka), gefitinib (GB; Fisher, free
base >99%), immunoglobulin G from sheep serum (IgG; Sigma, >95%, lyophilized powder), and

lomustine (LMT; Enzo Life Sciences) were used as received.

2.3.1.2 Materials for PNIPAM Synthesis

Acetonitrile (EMD), chloroform (Sigma), diethyl ether (Sigma), dimethylformamide (DMF;
Sigma, anhydrous), dichloromethane (DCM; EMD, HPLC grade), formaldehyde solution
(Fisher), tetrahydrofuran (THF; EMD, anhydrous), acetic acid (Fisher, glacial), hydrochloric acid
(HCI; EMD, 12.1 M), sodium hydroxide (NaOH, EMD), N-isopropyl acrylamide (NIPAM;
Sigma), poly(caprolactone diol) (PCL diol; Sigma, Mn ~530), triethylamine (TEA, Sigma,
99.5%), copper chloride (CuCl; Sigma, >99%), sodium bicarbonate (NaHCOs3; Fisher),

magnesium sulfate (MgSQy; J.T. Baker, anhydrous), 2-chloropropionyl chloride (Sigma), tris(2-
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aminoethyl) amine (TREN, Sigma, 96%), sodium borohydride (Sigma), and aluminum oxide

(Fluka) were used as received.

2.3.2 Microsphere Formulation

PLGA, PLA, and PCL microspheres were produced by either a double or single emulsion,
solvent evaporation technique. Unless otherwise stated, the following steps were used to produce
microspheres by the double emulsion method. A total of 1.75 g of PLGA, PLA, or PCL was
dissolved in 35 mL of DCM (organic phase, O) and 0.5 g of PVA was dissolved in 50 mL of
deionized water (external water phase, W2). After dissolution, the organic phase was iced for 30
minutes to prevent solvent evaporation during emulsification. Then, 1500 pL of deionized water,
with or without the drug (inner water phase, W1), was added to the organic phase and
homogenized at 6000 rpm for two minutes using an Arrow 6000 electric stirrer and a five blade,
circular impeller. Seven mL of this oil in water solution was added to the PVA solution and
homogenized for one minute at a given speed (Table 2.1 and Table 2.2) creating a W1/O/W2
emulsion. This W1/O/W?2 evaporated overnight before being stirred for 2 hours for further DCM
evaporation. The solution was then centrifuged (3000 g, 4 °C) for 15 minutes with three wash
cycles of deionized water before being filtered through two filters (Whatman Filter No. 4) to
remove spheres less than 10 um in diameter. The remaining spheres were dried under vacuum
and stored in vials out of direct light. A schematic representation of this process is shown in

Figure 2.2.

To produce microspheres using the single emulsion technique, the double emulsion methodology

was used, with a few adaptations. The polymer was dissolved in 33.5 mL of DCM and the 1500
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ML of deionized water with or without the drug was replaced with 1500 uL DCM (with or
without the drug). Otherwise, all steps remained the same. The conditions studied for each

polymer type and model drug or chemotherapeutic are listed in Table 2.1 and Table 2.2.

Table 2.1 List of formulation conditions for blank microsphere.

Polymer Type | Emulsion Type | Impeller Speed Setting Other Conditions
2800
0,
PLA Double $% PVA
8560 3% PVA
3% PVA
0,
2800 5% PVA

2.25 gPCL, 3% PVA
2.25 gPCL, 5% PVA
2.5 gPCL, 5% PVA

Double 3240
PCL 3% PVA
3560 1% PVA in W1, 3% PVA
Only 5 mL of W1/O, 3% PVA
2.5gPCL, 5% PVA
3 gPCL, 5% PVA
2800
Single 3240
3560 3% PVA
2000
Double 2800
PLGA 2000 3% PVA
Single 2.5 gPLGA, 3% PVA
2800 3% PVA
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Table 2.2 List of formulation conditions for drug encapsulated microspheres.

Impeller Speed | Initial Drug Loading
Polymer Drug Emulsion Type Setting (rpm) (mg) Other Conditions
) 2000 L5
Rhodamine B Double 15 3% PVA, 1 mg RB in W2
2800 15 3% PVA, 5 mg RB in W2
Fluorescein Double 2800 15
Double 2000 15
PLGA 15 3% PVA
3 3% PVA
Gefitinib Single 2000 4.5 3% PVA
g 15 2.5 gPLGA, 3% PVA
2800 15 3% PVA
5600 15 2.5 gPLGA, 3% PVA
. 2800 1.5 3% PVA
Rhodamine B Double 3 3% PVA
3560 15 3% PVA
Fluorescein Double 2800 15
1260 7.5 30 mL W2, 10 mg 1gG in W2, 5% PVA
3 3% PVA
15 3% PVA
PLA 3 30 mL W2, 5% PVA
IgG Double 12 30 mL W2, 5% PVA
2800 3 30 mL W2, 5 mg IgG in W2, 5% PVA
7.5 30 mL W2, 5 mg IgG in W2, 5% PVA
75 30 mL W2, 10 mg IgG in W2, 5% PVA
3 2 gPLA, 3% PVA
15 2 gPLA, 3% PVA
15
3
2800 6
Double 15 2.25 gPCL, 3% PVA
. 6 2.25 gPCL, 5% PVA
Rhodamine B 6 5% PVA, 10 mg RB in W2
3240 15
15
Single 2800 6
3240 15
Fluorescein Double 2800 15
15 3% PVA
PCL 3 3% PVA
6 3% PVA
9 3% PVA
15 3% PVA
. _ 2800 15 5 mg LMT in W2, 3% PVA
Lomustine Single 3 30 mL W2, 5% PVA
15 30 mL W2, 5% PVA
3 30 mL W2, 5 mg LMT in W2, 5% PVA
15 30 mL W2, 5 mg LMT in W2, 5% PVA
3 2.5 gPCL, 5% PVA
15 2.5 gPCL, 5% PVA
3560 3 3% PVA
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2.3.3 Microsphere Characterization

2.3.3.1 Microscopy Characterization

Microsphere shape, size, and fluorescence were determined using a Nikon E800 Upright
Microscope with fluorescence capabilities. Samples were prepared by placing 5 pL of an
aqueous solution of suspended microspheres on a glass slide and drying under vacuum prior to
analysis. Both bright field and fluorescence images were taken. The cubes included UV/DAPI
(Ex: 360/40, Em: 460/50, DM: 400LP), FITC (Ex: 480/40, Em: 535/50, DM: 505LP), and
TRITC (Ex: 540/20, Em: 620/60, DM: 565LP). Microsphere morphology and size were
determined using a FEI Sirion XL30 scanning electron microscope. Samples were prepared by
placing 10 pL of an aqueous solution of microspheres on a silicon chip and drying under
vacuum. The chips were then placed on double sided tape and sputter coated with gold-

palladium for 30 to 50 seconds prior to imaging.

2.3.3.2 Particle Sizing

Particle size was determined using a Partica LA-950 Laser Diffraction Particle Size Distribution
Analyzer. The surfactant Triton 10X was added to an aqueous solution of microspheres. Then the
resulting dispersion was placed in the sample chamber for determination of the equivalent
spherical diameter. Three measurements were taken per sample to confirm particle size

distribution.

2.3.3.3 Encapsulation Efficiency and Drug Loading
Microsphere encapsulation efficiency (EE) and drug loading (DL) were determined using a
Shimadzu UV-1601 ultraviolet-visible (UV-vis) spectrophotometer. Initially, a full spectrum of

the drug (or model drug) was taken to determine the wavelength with the highest absorbance
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(Table 2.3). These wavelengths were used to create a standard curve of drug concentration versus
absorbance by measuring the absorbance of known concentrations of the drug dissolved in a

solvent. These curves are shown in Appendix 1.

The amount of drug in the microsphere samples were calculated by dissolving a known amount
of dried, drug encapsulated microspheres in the solvent and measuring the absorbance. The same
steps were repeated for “blank” spheres (sphere with no drug but same formulation conditions) to
produce a baseline absorbance. This baseline absorbance was subtracted from the drug
absorbance reading. From this corrected absorbance value, the amount of drug in the

microsphere samples could be calculated from the standard curves.

The theoretical amount of drug initially added for microsphere formation was determined with a
similar method. A known amount of the solution resulting from the first homogenization, the
W1/0 for a double emulsion and the O for a single emulsion, was allowed to evaporate to
remove DCM before adding a known amount of the solvent. The absorbance of this solution was
measured and the “blank” solution absorbance from a drug-free emulsion subtracted out. The
initial, theoretical drug amount was then calculated from the standard curves. All measurements
were performed in triplicate with error to one standard deviation and statistical significance
analyzed with an unpaired t test. The following equations were used to determine encapsulation

efficiency and drug loading.
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Equation 2.1 Encapsulation efficiency

weight of drug encapsulated (mg)

EE(%) = 100

weight of theoretical drug encapuslated (mg) i

Equation 2.2 Drug loading

DL(% weight of drug encapsulated (mg) 100
= *
(%) total weight of microsphere sample (mg)

Table 2.3 Wavelengths used for absorbance readings.

Molecule Wavelength (nm) Solvent
Rhodamine B 536 THF-1 M HCL 90-10 (v/v)
Gefitinib 333 THF-1 M HCL 90-10 (v/v)
Immunoglobulin G 283 1 M NaOH
Lomustine 396 DCM

2.3.4 Polymer Spin Coating and Contact Angle Measurements

PLGA, PLA, and PCL were dissolved in DCM at 2.5% w/v. Using an EC101 Series Photo Resist
Spinner, approximately 70 pL of the polymer solution was spin-dropped at 4000 rpm for 20
seconds on glass substrates (Gold Seal Microscope Cover Glasses, 15 mm diameter, #2

thickness).

Water contact angles were acquired using a FTA200 goniometer. Advancing contact angles were
measured and analyzed using FTA32 Analysis Software. Four measurements were completed for

each polymer sample.
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2.3.5 Synthesis of Linear PNIPAM [99]

2.3.5.1 Synthesis of the Di-functional Macroinitiator

Five grams of PCL diol (Mw~530, 9.4 x 10 mol) and 6.5 mL of TEA (0.047 mol) were
dissolved in 150 mL of anhydrous THF. This solution was cooled in an ice bath to 4°C before
2.3 mL of chloropropionyl chloride (0.024 mol) was added drop-wise while maintaining an inert,
nitrogen atmosphere. The reaction mixture was stirred for 18 hours at room temperature. The
resulting white precipitate was removed by vacuum filtration and the remaining solvent removed
with a Blchi rotary evaporator. This material was then dissolved in DCM and washed with
saturated NaHCO; three times to remove acids, twice with 1 N HCI solution to remove TEA, and
once with deionized water to remove salts. The organic phase was dried over MgSQy, filtered,
and rotovapped to produce a dark yellow oil. A schematic representation of this synthesis is

shown in Figure 2.4.

H%O\/\/\ji}lo{/\/iﬂg/wo}*'

Cl
Cl

O

TEA, THF

Figure 2.4: Synthesis of the degradable, di-functional macroinitiator.
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2.3.5.2 Synthesis of the Ligand Tris[2-(dimethylamino)ethyl]amine (MEsTREN)

Three mL of TREN (19.9 x 10" mol) and 135 mL acetic acid were combined together to produce
a white solid. Then, 6000 mL of acetonitrile was added to dissolve the solid. After dissolution,
40 mL of aqueous formaldehyde (37% w/v, 660 x 10” mol) was added and stirred at room
temperature for one hour. Then, the reaction mixture was placed in an ice bath before 10 g of
sodium borohydride (13.4 x 10 mol) was slowly and carefully added. This mixture was then
allowed to stir for 48 hours at room temperature. The solvent was removed with a rotary
evaporator to obtain a yellow solid. The solid was dissolved in 3 M NaOH with a final pH of 11.
This product was extracted three times with DCM, dried over MgSQy,, filtered, and rotovapped to
obtain a yellow, viscous, oil-like liquid. This oil was vacuumed for 12 hours and centrifuged at
4000 g, 4°C, for 10 minutes to remove any possible solids and then stored at 4°C. A schematic

representation of the synthesis is shown in Figure 2.5.

H,N a) Formaldehyde; Aceticacid  (y,c),N
NN SN NN NCHs),
S b) NaBH,
H,N Acetonitrile, R.T., 48h (HaC),N
3v/2
TREN
MesTREN

Figure 2.5: Synthesis of the ligand MEsTREN.

2.3.5.3 Synthesis of Linear PNIPAM (20k)
One gram of NIPAM (0.009 mol) and 36 mg of the macroinitiator CL-PCL-CI (5 x 10 mol)

were dissolved in 1 mL DMF and purged with nitrogen for one hour while, in parallel, 0.115 g of
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MesTREN (0.0005 mol) was also purged. These solutions were transferred to a glove box before
50 mg of CuCl (0.0005 mol) was added to the DMF solution and dissolved by stirring. Then, the
MesTREN was added and stirred at room temperature overnight, forming a viscous solution. The
solution was then diluted with THF (1:1 THF:DMF v/v). The resulting THF solution was passed
through an alumina column until a clear solution was obtained. The resulting solution was
rotovapped to remove the solvent, producing a white-yellow solid. This solid was dissolved in a
minimal amount of chloroform before being precipitated in a cold diethyl ether three times, with
a centrifugation of 4000 g, 4°C, for 5 minutes between each precipitation. The resulting powder
was dried under vacuum, dissolved in water, and lyophilized before storage. A schematic

representation of this synthesis is shown below in Figure 2.6.

[CI-PCL-PEG-PCL-CI]:[CuCl]:[Me,TREN]

— [1] ¢ [10] = [10] Cl ——PCL-PEG-PCL -Cl
_>:o > 0 0

HN DMF, R.T. NH HN
‘cH / \
N HC CH

/ \ /\

NIPAM

Figure 2.6: Synthesis of linear PNIPAM.

2.3.6 Analysis of Macroinitiator, Ligand, and PNIPAM

The di-functional macroinitiator, ligand, and PNIPAM were characterized using a Bruker AV-
300 nuclear magnetic resonance (NMR) spectrometer. *H NMR spectra were obtained in
solution of chloroform-d with chemical shifts expressed in parts per million downfield from the

tetramethylsilane internal standard.
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2.3.7 Testing Thermoresponsiveness of PNIPAM

The ability of the degradable PNIPAM based formulation to form a stable gel for entrapping
microspheres at physiological temperatures was tested as follows. The PNIPAM was dissolved
in PBS over night at 4°C at a concentration of 2.5% Wenipam/Vess. To 1 mL of the aqueous
PNIPAM solution at RT, 15 mg of RB-PLGA microspheres were added and suspended. Then,
the suspension was placed at 37°C to trigger gelation. After gelation, the vial was removed and
the transition from a gel to a liquid observed. This was also repeated for PNIPAM without the

presence of microspheres.

2.4 Results

2.4.1 Non-encapsulated Polymeric Microsphere Formulation

Non-encapsulated or “blank” PLGA, PLA, and PCL microspheres were initially formulated
using the double emulsion, solvent evaporation technique. Representative SEM images are
presented in Figure 2.7. As a starting point, the goal of these formulations was a smooth,
spherical, non-porous microsphere approximately 50 um in diameter. SEM images of
preliminary attempts are shown in Appendix 2, where flattened, non-spherical particles were

produced dependent on the impeller type used in the emulsions.
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50 um, b) PLA at 2800 rpm, scale bar 10 um, and c¢) PCL at 3240 rpm, scale bar 20 pm.

Two stirring speeds were used during the secondary emulsion to produce two distinct particle

size distributions. The results are summarized in Table 2.4. An example particle size distribution

is shown in Figure 2.8 for PLGA microspheres formulated at 2000 and 2800 rpm. The diameters

of blank microspheres corresponding with the optimized gefitinib-PLGA, 1gG-PLA, and

lomustine-PCL microspheres are also listed in Table 2.4.

Table 2.4 Particle size distribution for blank microspheres.

Average Standard
Polymer Conditions Diameter Deviation
(um) (um)
2000 rpm, double emulsion 35 14
2800 rpm, double emulsion 25 9
PLGA 2000 rpm, 3% PVA, single emulsion 22 8
2800 rpm, 3% PVA, single emulsion 15 6
2000 rpm, 2.5 g PLGA, 3% PVA, single emulsion 40 24
2800 rpm, double emulsion 37 13
PLA 3560 rpm, double emulsion 29 10
1260 rpm, 30 mL W2, 5% PVA 28 12
2800 rpm, 30 mL W2, 5% PVA 11 8
2800 rpm, double emulsion 49 17
PCL 3240 rpm, double emulsion 44 18
2800 rpm, 30 mL W2, 5% PVA, single emulsion 30 12
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Figure 2.8: The particle size distribution of blank PLGA microspheres formulated at 2000 rpm
(35 £ 14 pm) and 2800 rpm (25 £ 9 pm).

2.4.2 Rhodamine B Encapsulated Polymeric Microspheres

Rhodamine B (RB) is a commercially available, hydrophilic dye that was used as a model drug
for initial testing of encapsulation. Due to its hydrophilicity, the double emulsion technique was
utilized. Encapsulation potential was tested on all three polymeric microspheres with full
characterization including microscopy, encapsulation efficiency, and drug loading. The presence
of rhodamine B was determined with fluorescence microscopy, shown in Figure 2.9 for PLGA,
PLA, and PCL microspheres. Representative SEM images are shown in Figure 2.10 and the
particle size distributions are listed in Table 2.5. Two stirring speeds at the secondary emulsion

stage were utilized to create two particle size distributions.
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Figure 2.9: Fluorescence micrographs of rhodamine B encapsulated microspheres: a) PLGA
microspheres at 2000 rpm, b) PLA microspheres at 2800 rpm, and ¢) PCL microspheres at 3240
rpm at an initial rhodamine B loading of 1.5 mg.

Figure 2.10: SEM micrographs of rhodamine B encapsulated polymeric microspheres: a) PLGA
at 2000 rpm, scale bar 5 um, b) PLA at 2800 rpm, scale bar 50 um, and c¢) PCL at 3240 rpm,
scale bar 50 pm.

Table 2.5 Particle size distribution for rhodamine B encapsulated microspheres.

. Average Diameter | Standard Deviation
Polymer Conditions
(pm) (pm)

2000 rpm, 1.5 mg RB 42 15

PLGA 2800 rpm, 1.5 mg RB 23 8
PLA 2800 rpm, 1.5 mg RB 37 11
3560 rpm, 1.5 mg RB 27 10

PCL 2800 rpm, 1.5 mg RB 52 20
3240 rpm, 1.5 mg RB 51 20
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The encapsulation efficiency (EE) and drug loading (DL) of the rhodamine B encapsulated
polymeric microspheres were also determined. Figure 2.11 and Figure 2.12 shows the
differences between selected encapsulation efficiencies and drug loadings for different
formulation parameters of the three polymeric microspheres. Appendix 3 and 4 quantitatively
defines the encapsulation efficiencies and drug loadings for all formulations studied,

respectively.
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Figure 2.11: The encapsulation efficiency of rhodamine B encapsulated PLGA, PLA, and PCL
microspheres.
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Figure 2.12: The drug loading of rhodamine B encapsulated PLGA, PLA, and PCL
microspheres.

2.4.3 Fluorescein Encapsulated Polymeric MicrospheresThe hydrophobic dye fluorescein was
used to test the encapsulation potential of PLGA, PLA, and PCL microspheres created using the
double emulsion technique. Only fluorescence micrographs (Figure 2.13) were taken since more
detailed characterization would occur for the chemotherapeutics and this encapsulation was only

a proof of principle.
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Figure 2.13: Fluorescence micrographs of fluorescein encapsulated microspheres: a) PLGA
microspheres at 2800 rpm, b) PLA microspheres at 2800, and ¢) PCL microspheres at 2800 rpm
at an initial fluorescein loading of 1.5 mg.

2.4.4 Gefitinib Encapsulated PLGA Microspheres

Gefitinib (GB) was the first chemotherapeutic encapsulated during the course of this dissertation
research. Based on the similar ring structure and molecular weight to rhodamine B, this drug was
chosen to be encapsulated in PLGA. After preliminary testing, single emulsions were used to
encapsulate this drug due to its higher hydrophobicity. Figure 2.14a and b shows the
fluorescence and SEM images of the gefitinib encapsulated PLGA microspheres (GB-PLGA).
Table 2.6 lists the different particle sizes achieved and Figure 2.15 shows particle size
distribution tuning based on increasing impeller speed. Figure 2.16 and Figure 2.17 describe the
encapsulation efficiency and drug loading of gefitinib in PLGA, respectively. Quantitative
numbers on encapsulation efficiency, drug loading, and the total amount of drug encapsulated

are in Appendix 5, 6, and 7, respectively.
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Figure 2.14: Characterization of gefitinib encapsulated PLGA microspheres: a) fluorescence
micrograph of microspheres formulated at 2800 rpm (19 £ 8 um) and b) SEM image of
microspheres formulated at 2000 rpm (23 £ 8 um), scale bar 20 pm.

Table 2.6 Particle size distribution for gefitinib encapsulated PLGA microspheres.

Average Standard
Polymer Conditions Diameter Deviation
(Lm) (Lm)
(o)
2000 rpm, 3% PVA, 1.5 93 8
mg GB
0
2800 rpm, 3% PVA, 1.5 19 8
mg GB
2000 rpm, 3% PVA, 15
PLGA mg GB, 2.5 gr PLGA 28 1
4100 rpm, 3% PVA, 15 17 6
mg GB, 2.5 gr PLGA
5600 rpm, 3% PVA, 15 10 5
mg GB, 2.5 gr PLGA
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Figure 2.15: The particle size distribution of gefitinib encapsulated PLGA microspheres
formulated at 2000, 4100, and 5600 rpm.
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Figure 2.16: The encapsulation efficiency of gefitinib encapsulated PLGA microspheres.

39



Drug Loading (%)

O e

3] (V5] = W (o)) ~
—

=
—_
0

. -

19 um, 23 pum, 23 pm, 23 pm, 28 um, 10 pm,
1.5mgGB 1.5mgGB 3mg GB 45mgGB  15mgGB, 15mgGB,
25gPLGA 2.5gPLGA

[e)

Figure 2.17: The drug loading of gefitinib encapsulated PLGA microspheres.

2.4.5 1gG Encapsulated PLA Microspheres

Bevacizumab was the second chemotherapeutic to be encapsulated in the microspheres using the
double emulsion technique. However, due to the high cost of this chemotherapeutic, the model
antibody immunoglobulin G (IgG) was used. Fluorescence and SEM micrographs of IgG
encapsulated PLA microspheres (IgG-PLA) are shown in Figure 2.18. Table 2.7 lists the particle
sizes of IgG-PLA at the optimal condition (2800 rpm, 7.5 mg IgG, 30 mL W2, 10 mg IgG in W2,
5% PVA) and at a larger sphere size, using the same formulation parameters. Figure 2.19
describes the encapsulation efficiency while Figure 2.20 describes the drug loading. For
quantitative numbers on encapsulation efficiency, drug loading, and the total amount of drug

encapsulated, see Appendix 8, 9, and 10, respectively.
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microscopy with microspheres formulated at 3 mg 1gG initial loading at 2800 rpm and with 7.5
mg IgG initial loading and a 30 mL W2 phase containing 10 mg 1gG at b) 2800 rpm, scale bar 5
pm and ¢) 1260 rpm, scale bar 10 pm.

Table 2.7 Particle size distribution for 1gG encapsulated PLA microspheres.

Average Standard

Polymer Conditions Diameter (um) | Deviation (um)

1260 rpm, 7.5 mg 1gG, 30 mL

oL | W2,10mgIgGin W2, 5% PVA 43 25
2800 rpm, 7.5 mg IgG, 30 mL 11 7
W2, 10 mg IgG in W2, 5% PVA
30 mL W2
140
120
100 }

80 }
40 I w <
20 i . § : l

Encapsulation Efficiency (%)

0
11 pm, 11 pm, 11 pm, 11 pm, 11 pm, 11 pm, 11 pm, 43 pm, 11 pm, 11 pm,
3 mg 15 mg 3mg 12 mg 3mg 7.5 mg 7.5mg 7.5 mg 3mg 15 mg
IgG 1gG IgG 1gG 1gG, IgG, 1gG, 1gG, 1gG, IgG,
W2: W2: W2: W2: 2gPLA 2gPLA

S5mglgG 5 mglgG 10 mg IgG 10 mg IgG

Figure 2.19: The encapsulation efficiency of IgG encapsulated PLA microspheres.
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Figure 2.20: The drug loading of 1gG encapsulated PLA microspheres.

2.4.6 Lomustine Encapsulated PCL Microspheres

Lomustine (LMT) was the third chemotherapeutic encapsulated during the course of this
dissertation research. Due to its hydrophobicity [82], LMT was encapsulated in PCL
microspheres. Figure 2.21 shows SEM micrographs of LMT encapsulated PCL microspheres
(LMT-PCL). Fluorescence micrographs of LMT-PCL are not available due to the limitation of
the available filter cubes on the microscope. Table 2.8 lists the particle size achieved for the
optimal parameters and Figure 2.22 and Figure 2.23 describe the encapsulation efficiency and
drug loading, respectively. For quantitative numbers on encapsulation efficiency, drug loading,

and the total amount of drug encapsulated, see Appendix 11, 12, and 13, respectively.
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Table 2.8 Particle size distribution of lomustine encapsulated PCL microspheres.

Average Standard
Polymer Conditions Diameter Deviation
(um) (um)
2800 rpm, 15 mg LMT, 30 mL
PCL W2, 5 mg LMT in W2, 5% PVA 311 121

Figure 2.21 Characterization of lomustine encapsulated PCL microspheres formulated at 2800
rpm, with an initial loading of 15 mg LMT and 30 mL for W2 containing 5 mg LMT, a) scale bar
100 pm, b) scale bar 20 pm.

350 30 mL W2
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15mg 3mg 6mg 9mg 15mg 15mg 3mg 15mg 3mg 15mg 25gr, 2.5gr, 3560
LMT LMT LIMT LMT LMT LMT, LMT LMT LMT, LMT, 3mg 15mg rpm,

Encapsulation Efficiency (%)

W2: Ww2: W2 3mg
5mg Smg Smg LMT
LMT LMT LMT

Figure 2.22 The encapsulation efficiency of lomustine encapsulated PCL microspheres. All
formulations are at 2800 rpm, unless otherwise noted.
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Figure 2.23 The drug loading of lomustine encapsulated PCL microspheres. All formulations are
at 2800 rpm, unless otherwise noted.

2.4.7 Contact Angle Measurements of PLGA, PLA, and PCL

The advancing contact angle measurements for the three polymers are listed in Table 2.9.

Table 2.9 Contact angle measurements of PLGA, PLA, and PCL.

Average Contact Angle | Standard Deviation
PLGA 70.8 15
PLA 74.7 1.3
PCL 75.5 0.8

2.4.8 Analysis of Macroinitiator, Ligand, and PNIPAM

2.4.8.1 Di-functional Macroinitiator
'H NMR spectra in CDCLg is as follows:  1.30 (m, -COOCH,CH,CH,CH,CH,COO0-), 1.52 (m,

-COOCH;CH,CH,CH,CH,COO- and CICH(CH3)COO-), 2.35
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(m, -COOCH,CH,CH,CH,CH,COOCH,CH,0-), 3.75 (m, -COOCH,CH,-O-CH,CH,COO-),

4.0-4.6 (M, -COOCH,CH,CH,CH,CH,COOCH,CH,0- and CICH(CH3)COO-).

2.4.8.2 Ligand (MesTREN)
'H NMR spectra in CDCLg is as follows: & 2.2 (s, 18H, -CH3), 2.32 (m, 6H, -

NCﬂzCHgN(CHg)Z), and 2.60 (m, 6H, -NCH2Cﬂ2N(CH3)2)

2.4.8.3 PNIPAM
'H NMR spectra in CDCL; is as follows: & 1.14 (-CONHCH(CHs),-), 1.4-2.4 (-CH,CHCO-)

4.03 (-CONHCH(CH3),-).

2.4.9 Thermoresponsiveness of PNIPAM
The ability of degradable, aqueous PNIPAM (20,000 g/mol) to form a stable gel and to entrap

RB-PLGA microspheres is shown in Figure 2.24a and Figure 2.24b, respectively.

T>32°C

—
|

T<32°C

Figure 2.24: The thermoresponsiveness of an aqueous solution of degradable PNIPAM in PBS

(2.5% Wenipam/Vess) without a) and with b) RB-PLGA microspheres at room temperature and
37°C.
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2.5 Discussion

In this chapter, we have formulated blank and encapsulated PLGA, PLA, and PCL microspheres.
Initial studies were focused on creating blank or non-encapsulating microspheres using the well-
established emulsion technique [26, 33-37, 41]. After optimization of impeller type, smooth,
spherical, non-porous microparticles were produced from both double and single emulsions
(Figure 2.7). It was observed that the speed of the impeller during the secondary emulsion had an
impact on particle size; the faster impeller speed and the resulting greater shear forces produced
smaller microspheres compared to a slower speed (Table 2.4). As an example, Figure 2.8 shows
the particle size distribution of blank PLGA microspheres emulsified at 2000 and 2800 rpm with

diameters of 35 = 14 pm and 25 £ 9 pm, respectively.

The model drug rhodamine B was chosen to test the encapsulation potential of the microsphere
system. This hydrophilic dye was used previously as a model drug for encapsulation in PLGA
and poly(sebacic anhydride) microspheres [79, 100, 101]. In addition, rhodamine B has a
molecular weight similar to one of the chosen chemotherapeutics, gefitinib, with a molecular
weight of 479 and 447 g/mol, respectively, and is easy to quantify using UV-vis spectroscopy.
Initial encapsulation and characterization of PLGA, PLA, and PCL microspheres demonstrated
that rhodamine B was part of the polymeric microsphere due to the microsphere’s fluorescence
and that the dye was not localized to the surface, as demonstrated by the lack of surface dye
crystals when viewed with SEM (Figure 2.9 and Figure 2.10). If a large amount of rhodamine B
was not encapsulated but localized at the surface, it would be visible with SEM as demonstrated
by Berkland et al. in Figure 2.25b [101]. The pits that are visible on the microsphere surfaces are

assumed to be due to DCM evaporation as the microspheres are drying [102].
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Figure 2.25 A comparison of rhodamine B encapsulated microspheres: a) PLA microspheres
without surface localized rhodamine B and b) poly(sebacic acid) microspheres with surface
localized rhodamine B [101]. Reprinted from Journal of Controlled Release, 94/1, Berkland et
al., Microsphere size, precipitation kinetics and drug distribution control drug release from
biodegradable polyanhydride microspheres, 129-141, 2004, with permission from Elsevier.

The particle sizes of the rhodamine B encapsulated microspheres were also determined at two
different impeller speeds, matching the same formulation conditions of the blank microspheres
(Table 2.4 and Table 2.5). It was found that the particle size did not significantly change due to
encapsulation, but remained within one standard deviation of the blank particle measurements.
This indicates that, for the rhodamine B system, blank microspheres can be used to test
formulation conditions to produce a selected particle size without testing multiple drug loaded

microspheres.

When encapsulation efficiencies and drug loadings were calculated, there was a strong
correlation between the values and polymer type (Figure 2.11 and Figure 2.12). Initial
formulations at an emulsion speed of 2000 rpm (PLGA) or 2800 rpm (PLA, PCL) and a 1.5 mg
initial rhodamine B loading resulted in PLGA microspheres having the statistically greatest
encapsulation efficiency and drug loading at 53 £ 9% and 0.08 + 0.007%, then PLA at 21 + 7%
and 0.04 = 0.008% and PCL at 13 + 8% and 0.02 = 0.006%, respectively (p < 0.05). The

crystallinity of these polymers can provide some insight into why this happens. PCL and PLA
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are semi-crystalline polymers with an approximate 40% crystallinity for PCL and 37%
crystallinity for PLA [103, 104]. The crystalline phase of these polymers is relatively
impermeable to water, so the drug entrapment of the water soluble rhodamine B will most likely
occur in the amorphous region of the polymer, as demonstrated by Huatan et al., Kim et al., and
Youan et al., where an increase in the amorphous region of the polymer and decrease in polymer
crystallinity increased the encapsulation efficiency [105-107]. Therefore, PLGA 50:50,
characterized as an amorphous or non-crystalline polymer [108], would have the greatest
encapsulation efficiency, as we showed, and PLA and PCL would be lower. The contact angle
measurements of these polymers provide further insight to the encapsulation efficiency of the
microspheres, with PLGA having the smallest angle at 70.8 + 1.5°, indicating its greater
hydrophilicity when compared to PLA at 74.7 + 1.3°and PCL at 75.5 £ 0.8°. Therefore,
rhodamine B, a hydrophilic dye, would be more readily retained within a PLGA microsphere.
When encapsulated in PLA or PCL, rhodamine B would preferentially diffuse to the external

aqueous phase (W2) and wash out of the microspheres during formulation.

Even so, there are ways to overcome a low encapsulation efficiency and drug loading. For
example, Chen et al. increased the PLGA polymer concentration during emulsification from 6 to
18% wi/v to increase carboplatin drug loading [31]. The polymer solution became more viscous,
reducing the amount of drug that leached out during the sphere hardening phase. This modestly
increased the drug loading from 9.6 + 0.15 to 10.5 + 0.2%. Another option was demonstrated by
Zhang et al. for temozolomide encapsulated PLGA microspheres using the single emulsion

method [28]. To overcome a low encapsulation efficiency, the external aqueous phase was
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saturated with the drug in addition to having the drug in the internal, oil phase. This more than

doubled the efficiency from 30% to as high as 85%.

Increasing the initial drug loading can also have an impact on drug loading and encapsulation
efficiency. As demonstrated by Gil-Alegre et al., increasing the drug/polymer ratio from 0.2 to
0.4 doubled the drug loading, maintaining the same encapsulation efficiency [30]. However, for
an increase to a 0.8 ratio, the drug loading did not change; instead, a decrease in encapsulation
efficiency resulted. This indicates that there is a solubility limit that must be considered when

encapsulating drugs using the emulsion techniques.

Following these examples, PCL, having the lowest encapsulation efficiency, was subjected to
changes in initial drug loading, polymer amount, and rhodamine B in both the internal (W1) and
external (W2) aqueous phases. The best and highest encapsulation efficiencies and drug loadings
were achieved when rhodamine B was present in both the internal and external water phases,
lowering the concentration gradient and significantly increasing the encapsulation efficiency to
70 + 14% from 13 + 8% and drug loading to 0.35 £ 0.024% from 0.02 £ 0.003% (p < 0.05).
Increasing the initial drug loading from 1.5 mg to 6 mg increased the encapsulation efficiency to
26 = 6% and drug loading to 0.14 + 0.02% while changes from double to single emulsion and
increasing the polymer concentration did not impact the encapsulation efficiency and drug

loading.

Following these results, PLGA was optimized by placing rhodamine B in the external, aqueous

phase (W2). In an initial test, 5 mg of rhodamine B were used in W2 (10%, w/v), increasing
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encapsulation efficiency to 439% = 16. This greater than 100% efficiency is from part of the
rhodamine B in W2 being encapsulated in the microsphere during emulsification, approximately
27 = 1%. To reduce the amount of drug, 1 mg of rhodamine B in W2 was used (2% w/v) with a
resulting efficiency of 274% + 13 and a drug loading of 0.23 £ 0.010%. Approximately 47% of
the rhodamine B in the external phase was encapsulated. PLA was not optimized because of

limited polymer amounts. However, it is assumed that similar optimization would be possible.

Fluorescein, a hydrophobic dye, was also used as a model drug to test the encapsulation
capability of the microsphere system. It was encapsulated in all three polymer types and present
when viewed with fluorescence microscopy (Figure 2.13). A full characterization of
encapsulation efficiency and drug loading was not conducted since gefitinib, a hydrophobic

chemotherapeutic, would be used instead.

The first chemotherapeutic to be encapsulated was gefitinib, utilizing the single emulsion
technique due to its poor water solubility, less than 1 mg/mL [109]. PLGA was chosen to
encapsulate gefitinib since rhodamine B, with a similar molecular weight and ring structure, best
encapsulated in this polymer. Initial characterization showed that the gefitinib encapsulated
microspheres were UV fluorescent, indicating gefitinib was located somewhere on or in the
microspheres (Figure 2.14a). As a control, blank PLGA microspheres were also examined and
were not UV fluorescent. When imaged with SEM, the gefitinib encapsulated microspheres were
smooth and nonporous (Figure 2.14b). Surfaced localized drug crystals were not present,
indicating gefitinib was encapsulated inside the microspheres. The gefitinib encapsulated PLGA

microspheres demonstrated a tunable particle size distribution based on impeller speed, as shown
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in Table 2.6 and Figure 2.15, with sizes ranging from 28 + 11 um in diameter at a low impeller

speed to 10 + 5 um in diameter at a high speed.

In initial experiments, encapsulation efficiency was high at 90 £ 2% for a 1.5 mg initial gefitinib
loading and 2000 rpm impeller speed (Figure 2.16). However, as shown in Figure 2.17, the drug
loading was low at this condition (0.11 + 0.002%). Further increases in initial gefitinib loading
from 1.5 mg to 3 and 4.5 mg actually caused a decrease in encapsulation efficiency, indicating a
limit to the drug/polymer ratio, as previously discussed. Therefore, the polymer concentration
was increased by changing the PLGA amount from 1.75 g to 2.5 g and the initial gefitinib
loading increased to 15 mg. The resulting increase in polymer viscosity and initial gefitinib
loading significantly increased the drug loading to 0.63 + 0.023% and the amount of drug present
from 0.2 +£ 0.02 mg to 1.9 £ 0.21 mg (p < 0.05). Encapsulation efficiency remained high at 82 +
9%. This formulation was considered optimal since reported in vivo studies have a drug dosage
from 15 pg to 1 mg for intracranial tumor bearing mice and rats [30, 36, 43-45]. The increase in
PLGA and initial gefitinib loading had a minimal effect on particle size, causing an increase
from 23 £ 8 um to 28 £ 11 um. This could be attributed to the more viscous oil phase present
with the higher concentration of PLGA. Of note is that the same, optimal formulation parameters
but at a faster impeller speed (5600 versus 2000 rpm) resulted in smaller microspheres, 10 £ 5
pm, while maintaining a comparable encapsulation efficiency at 87 + 12% and drug loading at
0.55 £ 0.026%. This indicates that a robust set of optimized formulation parameters was
achieved for the gefitinib-PLGA microspheres, allowing for particle size (and subsequent drug

release) tuning without the need for repetitive optimization.
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The second chemotherapeutic to be encapsulated was the antibody, bevacizumab. However, due
to the high cost of this chemotherapeutic, the commercially available antibody, immunoglobulin
G (1gG), was used instead. PLA was chosen to encapsulate 1gG due to its slightly higher
hydrophilicity, as determined by contact angle (Table 2.9). The double emulsion technique was
selected for encapsulation because it was used to successfully encapsulate other non-small
molecules such as hemopexin and C-terminal fragment of platelet factor 4 (PF-4/CTF) for
glioma treatment and to formulate bevacizumab encapsulated PLGA and poly(ethyleneglycol)-b-
poly(D,L-lactic acid) microspheres for the treatment of age-related macular degeneration [43, 44,

91].

Following similar basic formulations conditions of gefitinib-PLGA, 1gG was encapsulated at
2800 rpm with an initial 1gG loading of 3 mg 1gG. Preliminary characterization showed that the
IgG encapsulated PLA microspheres were UV-fluorescent (Figure 2.18a), indicating that 19G
was present on or in the microspheres. However, the encapsulation efficiency was low at 18 +
4% (Figure 2.19). While increasing the initial 1gG loading to 15 mg IgG increased efficiency to
36 = 9%, this was still considered too low. Therefore, the PLA amount was increased to 2 grams,
resulting in an efficiency of 23 + 2% for a 3 mg 1gG initial loading. The low encapsulation
efficiency could be due to the hydrophilicity of 1gG; IgG would preferentially diffuse to the
external aqueous phase with a low 1gG concentration from the high 1gG concentration in the
internal aqueous phase. Therefore, the next step was to reduce the amount of the external
aqueous phase from 50 mL to 30 mL. This reduction would hopefully reduce the driving force of
IgG to the external phase. The IgG that did diffuse out would result in a higher concentration of

IgG because of the lower volume. While this modestly improved the efficiency to 46 + 15%, it
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was not at our goal of 60%. Therefore, following the previous work with rhodamine B and PCL,
5 mg 1gG (17% w/v) was loaded into the reduced, external phase. This increased encapsulation
efficiency to 105 = 10% with an initial 1gG loading of 3 mg; however, the drug loading was still
considered low at 0.13 + 0.013% (Figure 2.20). The initial 1gG loading was then increased to 7.5
mg 1gG and the external phase concentration increased to 33% (w/v), resulting with an optimized
encapsulation efficiency of 88 + 12% and a drug loading at 0.32 + 0.055%, significantly higher
than the first attempt (p < 0.05). These same conditions were used to produce larger
microspheres 43 = 25 pum in diameter. However, the encapsulation efficiency was low at 34 +
11% for this larger size. This lowered encapsulation efficiency could be due to the precipitation
kinetics of polymer microspheres. As described by Berkland et al., there are two competing
factors affecting encapsulation efficiency during the time that the microspheres “harden” from a
DCM enriched polymer phase to a “hard” polymer phase with no DCM [101]. First, larger
microspheres have a decreased amount of drug that successfully diffuses out of the sphere
because of the large, physical size of the polymer the drug must diffuse through. On the other
hand, larger spheres take longer for the DCM to evaporate and “harden”, allowing more time for
the drug to diffuse before being entrapped by the hard polymer. Specifically, Berkland et al.
describes a minimum in encapsulation efficiency for 50 um microspheres, where the rate of
entrapment and sphere hardening is slower than the drug diffusion, as compared to microspheres
approximately 10 um in diameters [101]. Our larger microspheres set at 43 £ 25 um and smaller
microsphere set at 11 + 7 um with the resulting low and high encapsulation efficiencies, would

support this hypothesis.
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These two particles size sets of IgG-PLA were also imaged with SEM, showing that spherical
particles were produced (Figure 2.18b and c). However, the microspheres were not as smooth as
the gefitinib-PLGA microspheres. The smaller diameter microspheres had outward protruding
bumps on the surface while the larger diameter microspheres had material present at the surface.
Following the hypothesis of the precipitation kinetics described above, the bumps on the smaller
sized microspheres could be pockets of IgG that were diffusing towards the external aqueous
phase that were entrapped as the sphere hardened. These bumps are not present on the larger
microsphere set due to the longer time of sphere hardening, allowing the 1gG to fully diffuse and
result in a lower encapsulation efficiency. Instead, the material that is seen via SEM could be
residual 1gG from the external aqueous phase that was not fully washed off during microsphere
formulation. While the spheres are not perfectly smooth when compared to the blanks, these

microspheres are still spherical and considered an acceptable product.

The third chemotherapeutic to be encapsulated was lomustine, a hydrophobic, small molecule
drug already approved for the treatment of gliomas [82-84]. Lomustine (LMT) was chosen to be
encapsulated in PCL, the most hydrophobic of the three polymers (Table 2.9). Early formulations
were similar to GB-PLGA and IgG-PLA formulations, with an initial LMT loading of 1.5 mg
LMT at 2800 rpm. As can be seen in Figure 2.22, the encapsulation efficiency was low at 18 +
0.7% and remained low despite increasing the initial LMT loading to 3, 6, 9, and 15 mg LMT.
Increasing the oil viscosity by increasing the PCL amount from 1.75 g to 2.5 g did not have a
significant impact on encapsulation efficiency, causing an increase to 22 + 2% (p < 0.05).
Following a similar protocol to RB-PCL and IgG-PLA, 5 mg of LMT was loaded in the external

aqueous phase (10% w/v). However, this only modestly increased the encapsulation efficiency to
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24 £ 2%. Therefore, the external agueous phase volume was reduced to 30 mL. Without any
LMT present in the external aqueous phase, LMT encapsulation efficiency remained low at 34 +
3%. However, with LMT in the external phase at 10% w/v, the encapsulation efficiency
significantly increased to 291 + 36% for an initial LMT loading of 3 mg (p < 0.05). Similar to
RB and IgG, this means that PCL was encapsulating part of the LMT in the external aqueous
phase (~ 25%). The next step was to increase the initial LMT loading to 15 mg, which would
hopefully increase the overall drug loading in the microspheres. As seen in Figure 2.22 and
Figure 2.23, this reduced the encapsulation efficiency to 102 + 12% and increased drug loading
to 1.54 = 0.08%. The amount of drug initially loaded into the microsphere was fully encapsulated
by reducing the concentration gradient between the internal and external aqueous phase. Other
formulations that were tried without success to increase encapsulation include immediately
stirring the microspheres after emulsification to increase the rate of sphere hardening and
decrease the diffusion time, rinsing the microspheres once to remove excess drug, and

formulating the microspheres in the dark, due to light sensitivity of LMT.

The particle size of the optimized formulation parameters (2800 rpm, 15 mg initial LMT loading,
30 mL W2 with LMT 10% wi/v) was 31 + 12 um in diameter. This is comparable to blank PCL
microspheres formulated at similar conditions, with a particle size of 30 £ 12 um in diameter.
The microspheres produced were, for the most part, smooth and spherical, as shown by the SEM
images in Figure 2.21a and b. The presence of “flattened”” microspheres seen in Figure 2.21a
may indicate that some PCL microspheres being hollow, demonstrating the same sunken shape
of hollow spheres reported in the literature [110-112]. In nanoparticle mini-emulsions, these

hollow spheres arise from phase separation inside the particles between the hydrophobic material
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and polymer [110, 113]. Since these “hollow” spheres are minimally present, these microspheres

are still considered an acceptable product.

The synthesis of the di-functional macroinitiator, ligand, and PNIPAM were characterized by
NMR, comparing detected peaks to reported values [99]. In the case of PNIPAM, the *H-NMR
spectra showed the disappearance of the peaks related to the vinyl protons (at 5.5 ppm and 6.2
ppm) of the NIPAM monomer and showed the characteristic PNIPAM peaks at 1.14, 1.4-2.4,

and 4.03 ppm.

The thermoresponsiveness of aqueous PNIPAM was demonstrated when a 2.5% Wenipam/Vess
solution was exposed to room temperature (25°C) and physiological temperature (37°C). As
shown in Figure 2.24a, at room temperature below the LCST of PNIPAM, the solution was a
liquid. However, after exposure above the LCST at 37°C, the solution solidified, forming an
opaque gel. Figure 2.24b shows that the presence of rhodamine B encapsulated PLGA
microspheres did not hinder this phase transition. Instead it shows that the PNIPAM was capable
of entrapping the microspheres, demonstrating PNIPAM’s capability as a carrier for drug
encapsulated microspheres. It is important to note that the gelation phenomenon is reversible.
Once allowed to cool back to room temperature, the PNIPAM reverted back to liquid form,

releasing the microspheres.

2.6 Conclusions
The first part of this work was focused on formulating blank and drug encapsulated polymeric

microspheres. Smooth, spherical, non-porous microparticles were produced from both double
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and single emulsions with the size dependent on the impeller speed during emulsification. The
model drugs rhodamine B and fluorescein were successfully encapsulated in PLGA, PLA, and
PCL microspheres. For rhodamine B encapsulation, PLGA microspheres had the highest

encapsulation efficiency and drug loading, then PLA, and then PCL. However, by altering the

formulation parameters, high encapsulation efficiencies and drug loadings were achieved.

Gefitinib encapsulated PLGA microspheres, IgG encapsulated PLA microspheres, and lomustine
encapsulated PCL microspheres were also successfully produced using the emulsion techniques.
All three drug and microsphere combinations were optimized with a high encapsulation
efficiency, greater than 80%, and drug loading, greater than 0.3%. These optimized particles
were spherical and mostly smooth, with particle size dependent on impeller speed during

emulsification.

The second part of this work was focused on synthesizing a linear, degradable PNIPAM.
PNIPAM with a 20,000 g/mol molecular weight was successfully synthesized and an aqueous
solution of PNIPAM demonstrated a reversible, temperature dependent phase transition that was

capable of entrapping microspheres.
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3 Evaluation of the In Vitro Drug Release

3.1 Background

3.1.1 Motivation

Chapter 2 demonstrated that polymeric microspheres were capable of encapsulating both model
drugs and chemotherapeutics. While the microspheres were characterized for particle size,
surface morphology, and drug encapsulation, the release rate in vitro has not yet been elucidated.
The release rates determined in vitro are the first steps to understanding the drug release rate in
vivo and for deciding the amount of microspheres necessary for a therapeutic dosage. In this
chapter, the methods used to determine the release rates of rhodamine B, gefitinib, 1gG, and
lomustine will be described and the results discussed. Linear, degradable PNIPAM will also be

tested for an aerosolized application on tissue at physiological temperature.

3.1.2 In Vitro Release of Drugs from Polymeric Microspheres

The release of chemotherapeutics from polymeric microspheres is dependent on several factors
including particle size, drug type, polymer type and molecular weight, fabrication technique,
drug loading content, stabilizer concentration, the use of additives to control porosity, etc. [24,
27,41, 51, 52, 55, 56]. For example, a typical release of 5-FU from PLGA microspheres has a
biphasic profile: an initial burst phase in the first day or two followed by a sustained release for
18 days, as shown in Figure 3.1 [36, 72]. However, as demonstrated by Fournier et al., this
release can be extended by changing several formulation factors [41]. First, the polymer type was
changed from PLGA to the slower degrading poly(methylidene malonate 2.1.2) (PMM 2.1.2).
Then, a higher polymer concentration and molecular weight was used, resulting with a more

viscous organic phase that prevented the diffusion of the drug crystals to the surface of the
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particles. Last, a shorter emulsion time was used, which provided less time for the 5-FU crystals
to escape to the external phase, resulting with a higher drug loading and again, fewer crystals
localized along the peripheral of the sphere that can release at early time points. With this type of
formulation parameter tuning, a 65% initial burst at 24 hours followed by an ongoing release 43

days later was achieved.
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Figure 3.1: In vitro release profile of 5-fluorouracil from PLGA microspheres [72]. Reprinted
from Cancer, 86/2, Menei et al., Local and sustained delivery of 5-fluorouracil from
biodegradable microspheres for the radiosensitization of glioblastoma, 325-330, 1999, with
permission from Wiley.

Lin et al. also demonstrated that the choice of polymeric carrier has a significant effect on the
release of the chemotherapeutic, doxorubicin, using PLGA and PLGA-PLA composite
microspheres [52]. In the first part of the study, doxorubicin was loaded into PLGA microspheres
with differing ratios of the lactide and glycolide copolymers. The more hydrophobic PLGA
composition with the higher lactide content (85:15) had a slower drug release and lower initial
burst (by 10%) compared to the more hydrophilic composition with a higher glycolide content
(65:35) (Figure 3.2). The particle size also attributed to the greater initial burst and faster release

for the more hydrophilic PLGA (65:35) spheres due to its smaller sphere size, 2.91 £ 0.53 um

versus 3.74 £ 0.17 um. The most noticeable effect on burst release was detected in the second
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part of the study, comparing doxorubicin loaded PLGA and PLGA-PLA composite
microspheres, with a burst release decrease from 60-75% to 36-48%, respectively. It was
suggested that the protective PLA layer prevented the rapid release of the drug from the

polymeric carrier, resulting in a more promising release profile.
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Figure 3.2: Release profiles of doxorubicin from two different PLGA copolymer compositions

[52]. Reprinted from Biomaterials, 26/21, Lin et al., In vitro study of anticancer drug

doxorubicin in PLGA-based microparticles, 4476-4485, 2005, with permission from Elsevier.

A clearer example on the role of particle size in drug release was demonstrated by Berkland et al.

using precisely sized, mono-disperse, piroxicam (anti-inflammatory) encapsulated PLGA
microspheres [100]. As shown in Figure 3.3a, the smaller diameter microspheres (10 um)
released fastest when compared to the larger microsphere sets (50 and 100 um). This is due to

smaller microspheres having a higher surface area to volume ratio when compared to larger

microspheres. Berkland et al. then mixed the mono-disperse microspheres together to achieve a

linear release profile, shown in Figure 3.3b. This linear release profile was an intermediate
between the two individual microsphere release profiles and could be tuned to release faster by

adding more of the smaller microspheres or to release slower by adding more of the larger

microspheres.
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Figure 3.3: The effect of particle size on drug release: a) mono-disperse piroxicam encapsulated
PLGA microspheres at a 15% theoretical loading and b) mixing the 10 and 50 um piroxicam-
PLGA spheres ata 3:1, 1:1, and 1:3 ratio (w/w)[100]. Reprinted from Journal of Controlled
Release, 82/1, Berkland et al., Precise control of PLG microsphere size provides enhanced
control of drug release rate, 137-147, 2002, with permission from Elsevier.

The typical release profile from PLGA microspheres is biphasic, as demonstrated by Chen et al.
using carboplatin encapsulated PLGA microspheres [31]. During the first ten days, there was a
slow release due to diffusion and then from days 12-22, a faster release attributed to diffusion
and bulk degradation of the microspheres. Yemisci et al. encapsulated mitoxantrone in PLGA
microspheres and detected the same biphasic release behavior, with a release of 55% at day 21,
followed by a near linear release through day 70, attributed to diffusion of the drug and then
degradation and solubilization of the PLGA matrix [78]. If a significant burst is present, the

release profile can become tri-phasic: burst, diffusion, and degradation. This was demonstrated

by Zhang et al. for temozolomide loaded PLGA microspheres [23].

Ozeki et al. studied a system similar to what is proposed in this work, using camptothecin
encapsulated PLGA microspheres that were contained in a non-degradable, injectable, thermo-
reversible gelation polymer (TGP) hydrogel composed of PNIPAM, poly(n-butyl methacrylate),

and poly(ethylene glycol) [47, 57]. The in vitro release profile lasted 30 days with an
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approximate 80% release. Dispersing the microspheres in the TGP resulted in a slightly slower
but similar release, indicating the release from PLGA was the rate limiting step instead of an

effect of the TGP.

3.1.3 Aerosolized PNIPAM

Thermoresponsive PNIPAM has been used in many different applications ranging from
scaffolding for tissue engineering [99], cell release from surfaces using low temperature lift-off
[114], as a thermo-sensitive glue for retinal implants [115], microgels for biosensing [116],and
vehicles for drug delivery including hydrogels, liposomes, and nanoparticles [117-119]. To the
best of our knowledge, PNIPAM has not been applied in an aerosolized form as a vehicle for
drug delivery. The closest example to our application is a non-degradable, thermo-reversible
gelation hydrogel containing PNIPAM in addition to poly(n-butyl methacrylate) and
poly(ethylene glycol) applied as an injectable formulation for a localized camptothecin,
doxorubicin, or vincristine encapsulated PLGA microsphere delivery[47, 48, 57, 61]. Therefore,
this will be the first time that PNIPAM applied as an aerosol to tissue at 37°C will be tested and

reported.

3.2 Hypothesis

It is hypothesized that:

(1) Rhodamine B will be released from PLGA microspheres in vitro following a diffusion,

degradation regime of approximately one month
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(2) Gefitinib will be released from PLGA microspheres in vitro following the same diffusion,
degradation regime with a delay in release due to its hydrophobicity. Release is
hypothesized to take approximately two months

(3) Immunoglobulin G will release in vitro for approximately six months, following a diffusion
and degradation regime

(4) Lomustine will have an accelerated release from PCL microspheres over 5 days by using 5M
NaOH

(5) When combined and released together, gefitinib will release first from PLGA microspheres
then 1gG from PLA microspheres

(6) PNIPAM will not significantly hinder the in vitro release of any of the model drugs or
chemotherapeutics

(7) Aqueous PNIPAM can be applied as an aerosol to tissue at physiological temperature and

will entrap drug encapsulated microspheres in a conformal layer on the tissue

3.3 Materials and Methods

3.3.1 Materials

3.3.1.1 Materials for In Vitro Drug Release

Microspheres and PNIPAM used in this section were formulated or synthesized in Chapter 2.
Phosphate buffered saline (PBS; Sigma), sodium carbonate (Fisher Scientific, anhydrous),
sodium bicarbonate (Fisher Scientific), citric acid monohydrate (Sigma), sodium phosphate
dibasic (Sigma, anhydrous), MES sodium salt (Sigma,) hydrochloric acid (HCI; EMD, 12.1 M),

sodium hydroxide (NaOH; Mallinckrodt Chemicals), dimethyl sulfoxide (DMSO; EMD),
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rhodamine B (Sigma), gefitinib (Fisher, free base >99%), immunoglobulin G from sheep serum
(1gG; Sigma, >95%, lyophilized powder), and lomustine (LMT; Enzo Life Sciences) were used

as received.

3.3.2 Buffer Preparation
Buffers at pH 4, 6, 7.4, and 10 were prepared as described in Table 3.1 [120]. Small amounts of
hydrochloric acid and sodium hydroxide were added to the buffer solutions to adjust pH level

within 0.1 of the target pH.

Table 3.1 Preparation of buffer solutions

mL mL

pH Component 1 component 1 Component 2 component 2

sodium phosphate

4 | citric acid monohydrate, 0.1 M 61.45 dibasic, 0.2 M 38.55
6 MES sodium salt, 0.01 M 100 N/A -
7.4 PBS packet, 0.01 M 100 N/A -
10 sodium carbonate, 0.1 M 60 sodium bicarbonate, 40

0.1M

3.3.3 In Vitro Drug Release

3.3.3.1 Release from Microspheres

The in vitro drug release of rhodamine B encapsulated PLGA microspheres in PBS was
determined using a concentration of 30 mg dry microspheres per 5 mL PBS. The different
microspheres and formulation conditions are listed in Table 3.2. The dry microspheres were
added to PBS, sonicated for 5 minutes, and placed on a shaker at 300 rpm, 37 °C. At specified

time points (Appendix 14), the sample was removed and centrifuged at 3000 g and 4°C for 5
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minutes. The supernatant was removed for measurement while the pellet was re-suspended to the
original concentration and placed back on the shaker. The supernatant was measured using a
Shimadzu UV-1601 ultraviolet-visible spectrophotometer with the wavelength dependent on the
drug being studied (Table 3.2). A “blank” drug release was also conducted as described above,
with the blank absorbance values subtracted out of the drug values. The amount of drug was then

calculated using a standard curve (Appendix 1).

The release of gefitinib from PLGA microspheres followed the same protocol with a few
modifications. Before centrifugation of the sample, 1 M HCI was added to obtain a PBS-1 M
HCL 90-10 (v/v) solution. This was to prevent the ring opening of gefitinib and to increase
gefitinib solubility [121]. After centrifugation, the supernatant was allowed to equilibrate for two
days before measurement and passed through a 0.2 um cellulose acetate syringe filter before
measurement. Note that the release of gefitinib from PLGA microspheres was subjected to a 2.4
correction factor. We hypothesize that this is due to non-soluble polymer fragments adsorbing
gefitinib that is then caught in the syringe filter. A correction factor was not necessary for the
PNIPAM release discussed next. We hypothesize this is due to the PNIPAM retaining the
polymer fragments, preventing the adsorption and subsequent drug loss. We will test this

hypothesis at a later time.

The release of 1gG from PLA microspheres followed the same protocol listed for RB-PLGA
microspheres with the addition of using a 0.2 um cellulose acetate syringe filter before
measurement. For the accelerated release, PBS was replaced with a buffered solution at pH 4, 6,

or 10.
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For the combined release of gefitinib from PLGA and IgG from PLA, the same protocol was
followed with a few modifications. Both GB-PLGA and 1gG-PLA were present at a
concentration of 30 mg/5 mL solution. PBS was replaced with pH 10 buffered solution and
before centrifugation, 1 M HCI was added to obtain a pH 10-1 M HCL 80-20 (v/v) solution. This
was to enhance the solubility of gefitinib. A 0.2 um cellulose acetate syringe filter was used
before each measurement. Additional controls included the individual release of GB-PLGA and
IgG-PLA under the same conditions. The total contribution of the gefitinib release at the 1gG
UV-vis peak (283 nm) was subtracted from the 283 nm peak measurement of the combined
release. The contribution of the 1gG release at the gefitinib UV-vis peak (333 nm) was also
subtracted from the 333 nm peak of the combined release. This was an attempt to remove any
peak contribution that was from the drug not being studied, i.e., gefitinib contributing to a higher

estimate of 1gG and vice versa.

The release of lomustine from PCL followed the same basic protocol of RB-PLGA. For release
in PBS, DMSO was added to the supernatant after centrifugation for lomustine solubility, ending
with a final ratio of PBS-DMSO 55-45 (v/v). For accelerated release, PBS was replaced with 5
M NaOH-DMSO 65-35 (v/v). A 0.2 um polytetrafluoroethylene syringe filter was used before

each measurement.

Table 3.2 details the conditions of release along with the microsphere formulation parameters.

All measurements were performed in triplicate with error propagated through the cumulative

release and statistical significance analyzed with an unpaired t test.
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Table 3.2 Microsphere release conditions

Drug Polymer Final Solvent Wa\g:i)n gth Microsphere Conditions
. 2000 rpm, 1.5 mg RB
Rhod Bl P
odamine LGA PBS 536 2800 rpm, 1.5 mg RB
. PBS-1 M HCL 2000 rpm, 1.5 mg GB, 3% PVA
Gefitinib PLGA
enn! 90-10 (Vv) 333 2800 rpm, 1.5 mg GB, 3% PVA
PBS 1260 rpm, 7.5 mg IgG, 30 mL W2, 10 mg 1gG in W2, 5% PVA
2800 rpm, 7.5 mg 1gG, 30 mL W2, 10 mg IgG in W2, 5% PVA
19G PLA pH 4 283 2800 rpm, 7.5 mg 1gG, 30 mL W2, 10 mg IgG in W2, 5% PVA
pH 6 2800 rpm, 7.5 mg 1gG, 30 mL W2, 10 mg IgG in W2, 5% PVA
pH 10 2800 rpm, 7.5 mg 1gG, 30 mL W2, 10 mg IgG in W2, 5% PVA
Gefitinib and |[PLGA and| pH 10-1 M HCL 283 and 333 1gG: 2800 rpm, 7.5 mg 1gG, 30 mL W2, 10 mg 1gG in W2, 5% PVA
19G PLA 80-20 (V/v) GB: 2800 rpm, 1.5 mg GB, 3% PVA
PSB;EM/SO 396 2800 rpm, 15 mg LMT, 30 mL W2, 5 mg LMT in W2, 5% PVA
Lomustine PCL 5 M NaO H(VDvlz/I o)
65-35 (vIV) 344 2800 rpm, 15 mg LMT, 30 mL W2, 5 mg LMT in W2, 5% PVA

3.3.3.2 Release from Microspheres Entrapped in PNIPAM

The in vitro drug release of rhodamine B encapsulated PLGA microspheres from PNIPAM in
PBS was determined using a concentration of 15 mg dry microspheres /1 mL PNIPAM/2.5 mL
PBS. Initially, the dry microspheres were added to a 2.5% Wenipam/Vess Solution, formulated in
Chapter 2. This solution was placed in a water bath at 40°C, allowing the PNIPAM to form a gel.
Then, PBS at 40°C was added and the sample placed on a shaker at 250 rpm, 37 °C. At specified
time points (Appendix 14), the liquid surrounding the PNIPAM pellet was removed. The sample
was centrifuged at 3000 and 4°C for 5 minutes, the supernatant removed for measurement, and
the pellet re-suspended with PBS at 40°C and placed back on the PNIPAM. Then, the
absorbance of the supernatant was measured at 536 nm. A “blank” drug release was also
conducted. The blank absorbance values were subtracted from the drug absorbance values. The

amount of drug was then calculated using a standard curve (Appendix 1).
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For the release of gefitinib from PLGA microspheres entrapped in PNIPAM, the same steps were
followed with a few modifications. Before centrifugation, 1 M HCI was added to the sample to
obtain a 90:10 v/v PBS:1 M HCI solution. This was to prevent the ring opening of gefitinib and
to increase gefitinib solubility. After the supernatant was removed, it was allowed to equilibrate

for two days, passed through a 0.2 um cellulose acetate syringe filter, and measured at 333 nm.

Table 3.3 details the conditions of release along with the microsphere formulation parameters.

All measurements were performed in triplicate with error propagated through the cumulative

release and statistical significance analyzed with an unpaired t test.

Table 3.3 Release conditions of microspheres entrapped in PNIPAM

Wavelength Microsphere
Drug Polymer Solvent (nm) Conditions
Rhodamine 2000 rpm, 1.5 mg RB
B PLGA PBS 536 2800 rpm, 1.5 mg RB
e PBS-1 M HCL 90-10 2800 rpm, 1.5 mg GB,
Gefitinib PLGA (VIV) 333 30 PVA

3.3.4 Ex Vivo Spray Application of Rhodamine B-PLGA Microspheres in PNIPAM

The spray application of PNIPAM and rhodamine B encapsulated PLGA microspheres was
performed ex vivo on rats provided by the Animal Use Training Program at the University of
Washington. First, dry rhodamine B encapsulated PLGA microspheres (1.5 mg initial loading, 44
+ 11 um) were added to aqueous PNIPAM (2.5% Wenipam/Vess) in a travel perfume bottle
(Bartell Drugs) at a concentration of 30 mg microspheres/5 mL PNIPAM. Then, four “pumps” of
the RB-PLGA-PNIPAM formulation was applied as an aerosol to the exposed rat brain

(maintained at 37°C) and imaged. Images were taken with a SMZ15000 stereoscope with epi-
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fluorescence capability (P-FL GFP-L; GFP long pass emission, Ex: 480 / 40, Em: 510 LP,
Dichroic: 505) An additional 6 pumps were added for comparison. Finally, the PNIPAM was
removed, first with tweezers to test adhesion and then with cold water. As controls, untreated

exposed brain and a rat brain with four pumps of blank PNIPAM solution were imaged.

3.4 Results

3.4.1 In Vitro Release of Rhodamine B from PLGA Microspheres and PLGA Microspheres
Entrapped in PNIPAM

The release profile of rhodamine B from PLGA microspheres was the only rhodamine B release
studied due to PLGA’s higher encapsulation efficiency when compared to PLA and PCL. Figure
3.4 shows the release of rhodamine B from two different sizes of PLGA microspheres suspended
in PBS at 37°C. The release of rhodamine B from PLGA microspheres entrapped in PNIPAM
was also determined (Figure 3.5). Figure 3.6 compares the release from free microspheres and
microsphere entrapped in PNIPAM for the smaller microsphere set, 22.9 + 8.0 um in diameter.

The comparison of the second, larger microsphere set is in Appendix 15.
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Figure 3.4: In vitro release of rhodamine B from PLGA microspheres suspended in PBS at 37°C

and gently shaken, n=3.
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Figure 3.5: In vitro release of rhodamine B from PLGA microspheres entrapped in PNIPAM
and suspended in PBS at 37°C and gently shaken, n=3.
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Figure 3.6: In vitro release of rhodamine B from PLGA microspheres and microspheres
entrapped in PNIPAM, suspended in PBS at 37°C and gently shaken, n=3, diameter: 23 + 8 um.

3.4.2 In Vitro Release of Gefitinib from PLGA Microspheres and PLGA Microspheres
Entrapped in PNIPAM

Gefitinib was the first chemotherapeutic to be encapsulated and the first drug to have its release
elucidated. Figure 3.7 shows the release of gefitinib from PLGA microspheres suspended in

PBS. Two different particle size distributions were studied.
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Figure 3.7: In vitro release of gefitinib from PLGA microspheres suspended in PBS at 37°C and
gently shaken, n=3.
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Figure 3.8 compares the release of microspheres and microsphere entrapped in PNIPAM for the
smaller set of GB-PLGA microspheres (19 £ 8 um). Only the smaller set was studied since a

statistically significant difference was not seen between the two release profiles in Figure 3.7 (p

< 0.05).

.
=)

<
= 120 7 I
g *
g 100 + % * y [
: 3]
2, i ﬁ
g ‘0 _i:#T I’_T ® Microspheres
-9 i + PNIPAM
- 1
E 40 %;+’
& 1
g 20 §+%. ¢
= T + st
S !f”"}

0 10 20 30 40 50 60 70 80 90

Time (Days)

Figure 3.8 In vitro release of gefitinib from PLGA microspheres and microspheres entrapped in
PNIPAM, suspended in PBS at 37°C and gently shaken, diameter: 19 + 8 um, n=3.

3.4.3 In Vitro Release of 1gG from PLA Microspheres

The second drug to be encapsulated and studied for release was 1gG, a model antibody for the
chemotherapeutic, bevacizumab. Figure 3.9 shows the release of 1gG from PLA microspheres
suspended in PBS at 37 °C. Note that two distinct size sets of IgG-PLA were studied. Also, the
error shown in Figure 3.9 is the error per day instead of the cumulative error as shown in

previous release graphs. To see the release of IgG from PLA with cumulative error, refer to

Appendix 16.

72



120

&
=
=~ 100 %«»000
= i
2 }o gun 8
S ?f’ ﬁl".
—~ 80
)
"4
=
*

8 60 },
b
D
-
S 40
lc
=
= +43 £25 pm
§ 20 B11+7pm
o

0

0 100 200 300 400 500 600

Time (Days)

Figure 3.9 In vitro release of 1IgG from PLA microspheres suspended in PBS at 37°C and gently
shaken, n=3. Error is per day.

Due to the release of 1gG occurring over one year in PBS, release of IgG from PLA microspheres
in various pH solutions was studied to determine which pH level caused the quickest release of
IgG. Figure 3.10 shows the release of 1gG from PLA microspheres at pH 4, 6, and 10 compared

to 1gG release at pH 7.4.
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Figure 3.10 In vitro release of IgG from PLA microspheres suspended in pH 4, 6, 7.4, and 10 at
37°C and gently shaken: a) pH 4 and pH 7.4, b) pH 6 and 7.4, and c) pH 7.4 and 10, n=3.

3.4.4 Combined In Vitro Release of Gefitinib from PLGA microspheres and 1gG from PLA
Microspheres

To achieve a better understanding of the drug release that the overall DREAM BIG Therapy
system would achieve, gefitinib encapsulated PLGA microspheres and 1gG encapsulated PLA
microspheres were combined together in pH 10 and their release studied (Figure 3.11). For
comparison, separate releases of GB-PLGA and 1gG-PLA in pH 10 were also elucidated to

determine if the first drug release would significantly increase or inhibit the second drug release.
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Figure 3.11 The combined in vitro release of gefitinib from PLGA and 1gG from PLA at pH 10
maintained at 37°C and gently shaken: a) combined release of GB-PLGA and IgG-PLA, b)
comparison of gefitinib release from the combination release and the single release of GB-PLGA

at pH 10, and ¢) comparison of IgG release from the combination release and the single release
of IgG-PLA at pH 10, n=3.

3.4.5 In Vitro Release of Lomustine from PCL microspheres
Lomustine was the last chemotherapeutic to be encapsulated and studied for release. To
determine if the LMT-PCL microspheres had an initial burst release, a short term, four day

release study in PBS was conducted. After four day, a negligible release of ~1% was achieved
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for lomustine from PCL microspheres. Due to PCL’s potential for long-term degradation, up to
two to four years, an accelerated study was conducted using 5 M NaOH-DMSO 65-35 (v/v), as
shown in Figure 3.13 [122-124]. Since lomustine degrades in aqueous solutions, the degradation
rate of free lomustine in both PBS and 5 M NaOH-DMSO was determined (Figure 3.12) and

applied as a correction to the release of lomustine from PCL microspheres.
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Figure 3.12 The degradation of lomustine in aqueous solutions a)PBS at 37°C and b) 5 M
NaOH-DMSO 65-35 (v/v), n=3.
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Figure 3.13 The in vitro release of lomustine from PCL microspheres in 5 M NaOH-DMSO 65-
35 (viv), n=3.
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3.4.6 Aerosolized Application of Rhodamine B-PLGA Microspheres in Degradable PNIPAM
The aerosolized delivery of RB encapsulated PLGA microspheres formulated in degradable
PNIPAM (2.5% Wpenipam/Vess) Was tested ex vivo on rats maintained at physiological
temperature. As a control, initial tests imaged non-treated brain tissue, both bright field and
fluorescence, and blank PNIPAM applied to the tissue (no microspheres), shown in Figure 3.14a,
b, and c, respectively. Then rhodamine B encapsulated PLGA microspheres were added to the
PNIPAM solution and four pump sprays applied (Figure 3.15) before an additional 6 pumps
were added (Figure 3.16). The PNIPAM layer was then physically removed with tweezers and in

a second, separate sample, the top layer of an untreated, exposed brain was removed for

comparison (Figure 3.17).

Figure 3.14: Images of an untreated rat brain: a) bright field and b) fluorescence microscopy and
c) a rat brain with PNIPAM applied in spray form (4 pumps) imaged with fluorescence
microscopy. Scale bar is 5000 pm.
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Figure 3.15: ra bainspraed with four umps of rhodamine ecapslated PLGA
microspheres suspended in PNIPAM solution imaged with a) bright field (scale bar 5000 pm), b)
fluorescence (scale bar 5000 pm) and c) fluorescence microscopy (scale bar 1000 pm).

Figure 3.16: A rat brain sprayed with ten total pumps of rhodamine B encapsulated PLGA
microspheres suspended in PNIPAM solution imaged with a) bright field (scale bar 5000 um), b)
fluorescence (scale bar 5000 um) and c) bright field microscopy with visible microspheres
circled (scale bar 500 pum).
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Figure 3.17: Removal of the exposed layer of a rat brain: a) ten total pumps of rhodamine B
encapsulated PLGA microspheres suspended in PNIPAM being removed and showing the
disruption in the PNIPAM layer with b) bright field and c) fluorescence microscopy, d) a rat
brain without PNIPAM and the exposed layer being removed and e) demonstrating the thinness
of the removed layer. Scale bar for a-c is 1000 pum and for d-e is 5000 pum.

3.5 Discussion

The studies detailed in Chapter 3 are focused on the in vitro release of a model drug, rhodamine
B, and three chemotherapeutics from the polymeric microspheres developed in Chapter 2. For all
studies, microspheres were suspended in solution at 37°C and gently shaken to simulate
physiological conditions. The solution was completely removed and replaced at certain time
points in an attempt to model the conditions of the cerebral spinal fluid, which has a net turnover
of 3.7 times a day [125]. While this is a simplistic model, it is the standard for determining the in

vitro release of chemotherapeutics from polymeric microspheres [27, 49, 51, 52].
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Rhodamine B was the first molecule studied for release from PLGA microspheres. Only PLGA
microspheres were studied due to its high rhodamine B encapsulation efficiency when compared
to PLA and PCL (Figure 2.11). In addition, the polymer in use, PLGA 50/50, should have the
shortest release time of approximately one to two months [126]. As can be seen in Figure 3.4, a
20 day release was achieved. This release can be broken down into two distinct regimes, passive
diffusion and polymer degradation. From day 0 through day 6, there is an initial, moderate
continuous release due to the microspheres becoming hydrated and the dye passively diffusing
into PBS. After day 6, there is a significant increase in the release curve slope from the polymer
bulk degrading via hydrolysis and the dye being released before the release curve plateaus off
after day 18. This type of diffusion-degradation release profile has also been described by Zhang

et al. and Yemisci et al. [23, 78].

During the six day diffusion phase, the smaller microspheres released significantly faster due to
their larger surface area to volume ratio (p < 0.05). This demonstrates a method for tuning the
release profile based on particle size. An initial burst release was not present, characteristic of
several other types of polymeric microsphere systems [41, 42, 46, 52-54]. This initial burst is a
concern; if too much drug is released at once, a toxic overdose could result. We hypothesize that
the three wash steps conducted during microsphere formulation removes any of the surface

localized dye (as shown with SEM in Figure 2.10) that would contribute to a burst release.

When the microspheres were entrapped in PNIPAM and then suspended in PBS, a similar
biphasic profile was demonstrated (Figure 3.5). From day zero to day 8, a moderate release

attributed to diffusion occurred before the release increased as the polymer bulk degraded from
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day 8 to day 22. Again, the smaller microspheres released faster from day zero to day 6 of the
diffusion phase due to their smaller diameters (p < 0.05). When the release through PNIPAM is
compared to the release from free microspheres (Figure 3.6, Appendix 15), the PNIPAM is
shown to delay rhodamine B release by approximately two days. This delay is statistically
significant from day 4 to day 18 (p < 0.05). While this means that PNIPAM does present a
barrier to the release of the dye from the microspheres, the main control for release tunability

will be from the microsphere design.

Gefitinib was the first chemotherapeutic whose release rate was studied. As can be seen in Figure
3.7, the overall release time was roughly doubled for gefitinib when compared to rhodamine B.
Yet, the biphasic release profile is still apparent. For the first 18 days, there was a slow, moderate
release attributed to passive diffusion without an initial burst release. After day 18 through day
40, there was a sharp increase in the release of gefitinib as the PLGA bulk degraded before the
release plateaued off through day 70. Since the particle size distributions of the two GB-PLGA

sets were similar, a significant difference between the releases was not seen (p < 0.05).

There are several possible reasons why the gefitinib release was doubled when compared to the
rhodamine B release. First, the PLGA microspheres that encapsulated gefitinib were made by the
single emulsion methodology while the rhodamine B encapsulated PLGA microspheres were
formulated using the double emulsion. The single emulsion microspheres could be denser and
less porous internally due to the absence of an inner water phase that would create pockets in the
oil of a double emulsion. This denser polymer microsphere would then slow the water

penetration that would release the drug. To gain insight into the internal structure of the
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microspheres, confocal microscopy or sectioning the microspheres and light microscopy could
be used. Secondly and perhaps more importantly, gefitinib is more hydrophobic than rhodamine
B, from < 1 mg/mL solubility for gefitinib in water to 50 mg/mL for rhodamine B [109, 127].
Therefore, based on solubility alone, rhodamine B should release sooner in PBS than gefitinib,

all other factors remaining the same.

When gefitinib encapsulated PLGA microspheres were entrapped in PNIPAM (GB-PLGA-
PNIPAM), a delayed release of approximately 6-8 days was demonstrated through day 24
(Figure 3.8). This longer delay in release of gefitinib when compared to rhodamine B’s
approximate two days is most likely from the hydrophobicity of gefitinib. The delay was
statistically significant from day 10-24, the second half of the diffusion phase and the first few
days of the degradation phase (p < 0.05). We hypothesize this comes from the gefitinib
remaining in the microsphere and PNIPAM as long as possible before the microsphere
significantly degraded and gefitinib was released into the aqueous solution. After day 24 of the
degradation phase, there is no longer a statistical difference in the release from the free
microspheres and microspheres entrapped in PNIPAM, supporting the idea that PNIPAM does

not provide a significant barrier to drug release by itself.

PNIPAM was also tested as a carrier for free gefitinib. At time zero, right after PNIPAM
gelation, a full release of gefitinib was detected. This indicates that gefitinib was not entrapped in
PNIPAM but rather exuded out with the PBS as PNIPAM phase transitioned. This means that

microspheres will be necessary to achieve a sustained release of gefitinib.
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The second molecule that was studied for release was the model antibody, 1gG. Two distinct
particle sizes were studied: 11 £ 7 um (Set A) and 43 £ 25 um (Set B) in diameter. Both
microsphere sizes were formulated at 7.5 mg initial 1gG loading with an external aqueous phase
concentration of 33% 1gG (w/v). However, for Set A, the encapsulation efficiency and drug
loading was high at 88 + 12% and 0.32 + 0.05%, respectively. Set B, on the other hand, had a
low encapsulation efficiency of 34 £ 11% and drug loading of 0.13 + 0.03%. As discussed in
Chapter 2, this was attributed to the different particle sizes and the competing factors of the drug
diffusion out of the sphere versus the rate of drug entrapment from sphere hardening. As shown
in Figure 3.9, the release of IgG from PLA microspheres was dependent on the microsphere
formulation. Set A had an initial burst release of 13 + 11% followed by a near linear release over
495 days or over 16 months. Set A is still releasing to this date. Set B also had an initial burst
release of 19 + 13%. Then, a near linear release was achieved over the full release of 284 days or

over nine months.

It is hypothesized that the burst releases are due to 1gG located on or near the surface of the PLA
microspheres. For Set A, the SEM micrograph in Figure 2.18b shows bumps on the surface while
Figure 2.18c for Set B has material present at the surface. Following the hypothesis of the
precipitation kinetics described in Chapter 2, the bumps in Set A could be attributed to pockets
of 1gG that were diffusing towards the external aqueous phase and entrapped as the sphere
hardened. These bumps are not present on the larger microspheres in Set B because of the longer
time for sphere hardening, allowing the 1gG to fully diffuse. Instead, the material that is seen via
SEM could be residual 1gG from the external aqueous phase that was not fully washed off during

microsphere formulation. Taking this under consideration, Set B, with more IgG readily
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available on the surface, would have a higher initial burst while Set A, with IgG under the
polymer surface, would have a smaller initial burst. Note that Figure 3.9 reports the error per day
rather than the cumulative error and that there is no statistical difference between the release of
Set A and Set B (p < 0.05). This is from the high cumulative error that largely derives from the
variation in burst releases. To see Figure 3.9 with cumulative error, reference Appendix 16.
While the release of 1gG from PLA microspheres entrapped in PNIPAM was not evaluated, it is
hypothesized that PNIPAM will not severely hinder the release of IgG beyond a few days, as it
did for rhodamine B. When tested, PNIPAM fully released free IgG after two days (Appendix

17). Therefore, the control in release will come from tuning the microsphere formulation.

One of the novel characteristics of DREAM BIG Therapy is the idea of different polymer
microspheres releasing several chemotherapeutics sequentially. As shown in Figure 3.18, when
the release of gefitinib from PLGA and IgG from PLA (Set A, 11 + 7 um) in PBS are plotted
together, a sequential, step release is achieved. After an initial burst release from IgG-PLA, the
release of 19G remains relatively low through day 50. During this window of minimal 1gG
release, gefitinib completely releases. After day 50, an increase in 1gG release is seen and
maintained through the end of the study. When Set B (43 + 25 um) of IgG-PLA is plotted against
the gefitinib release, an overlapping release is achieved (Figure 3.19). Instead of plateauing for
50 days after the initial burst release, 1gG steadily releases, coinciding with the release of
gefitinib from PLGA microspheres. These two different release types allow flexibility in the
choice of therapeutic care. The microsphere sets can be chosen based on whether an overlapping

or sequential release is more beneficial, allowing for a personalized health care approach.
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Figure 3.18 The step release of gefitinib from PLGA microspheres and IgG from PLA
microspheres in PBS at 37°C and gently shaken, n=3. The line represent where GB release ends
and 1gG release begins. GB-PLGA was formulated with 1.5 mg GB initial loading and 2800 rpm.
IgG-PLA was formulated with 7.5 mg IgG initial loading, 33% IgG (w/v) in the external,
aqueous phase, and 2800 rpm.
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Figure 3.19 The overlapping release of gefitinib from PLGA microspheres and 1gG from PLA
microspheres in PBS at 37°C and gently shaken, n=3. GB-PLGA was formulated with 1.5 mg

GB initial loading and 2800 rpm. 1gG-PLA was formulated with 7.5 mg IgG initial loading, 33%
IgG in the external, aqueous phase, and 1260 rpm.

As a proof of concept, gefitinib-PLGA and IgG-PLA were placed in the same media to

demonstrate a combination release versus the separate releases that were plotted together and
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previously described. However, since the release of IgG-PLA was over one year in PBS, an
accelerated media was used to shorten the time span of the study. Figure 3.10 shows several
different buffers at both acidic and basic pHs that were tested, with the most basic buffer at pH
10 increasing the release rate of 1IgG from PLA the most. This supports what has been reported in
the literature, that pH extremes such as pH 10 and 2 increase the degradation rate of PLA [128-
130]. Using these results, GB-PLGA and 1gG-PLA were combined in pH 10 buffer solution and

their release determined.

As can be seen in Figure 3.11a, gefitinib is fully released in forty days with the bulk of the
release occurring between day 26 and day 40. While GB’s release in pH 10 is similar to its
release in PBS, there are two things to note during this time period. First, GB released to
approximately 120%. Secondly, 1gG is shown to also be releasing in this time, which is not
similar to the release of 1gG in PBS. It is hypothesized that the method of detection, UV-vis
spectroscopy, is the cause of these two trends. When the combined release is measured, it is
possible that the spectrum of gefitinib could interfere and contribute to the IgG spectrum and
vice versa. In an attempt to properly baseline the measurements, the release of GB and 1gG were
measured separately at pH 10 and the contribution of GB to the measurement peak of IgG was
removed and vice versa. However, as Figure 3.11a shows, this did not fully correct the baseline.
Figure 3.11c shows the release of IgG in pH 10 from the combined release compared to the
singular release of 1gG in pH 10. It is noted that the combined release has a higher value when
compared to the single release, possibly an effect of GB’s spectrum. This is further supported
when IgG’s release slows down after day 40, coinciding with GB no longer releasing. While GB

appears to significantly affect the quantification of IgG release, the reverse is not true. As Figure
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3.11b shows, the combined and single release of GB from PLGA are approximately the same,
with no significant difference between the releases (p < 0.05). A better study design would be to
repeat this experiment and use a method of detection that could separate the molecules, such as
high performance liquid chromatography (HPLC), and then quantify with a UV-vis or mass

spectrometer [131].

Interestingly, in this experiment at pH 10, a burst release was not noted for IgG either in
combination with GB or singularly. This is contradictory to the preliminary study of IgG release
from PLA at pH 10 shown in Figure 3.10. It is hypothesized that this reduction in release is due
to the addition of 1 M HCI before the pH 10 solution is removed for measurement. The 1 M HCI
was added to increase the solubility of GB, but it appears to have an adverse effect on 1gG
release. After addition of the 1 M HCI, the pH was approximately 1.1. This is lower than the 3.86
pKa of lactic acid and the isoelectric point for sheep IgG (5-7.2) [132, 133]. In addition, it was
reported that fragments of IgG are unstable at a pH less than 5.1 [134]. All of these factors could
play a role in why 1gG was not measured. Future experiments should use HPLC to avoid this

issue.

The last chemotherapeutic-microsphere combination to be studied in vitro was lomustine
encapsulated in PCL microspheres. Unlike GB-PLGA and 1gG-PLA, the release of lomustine
from PCL in PBS was not studied long term. This is due to PCL’s slow degradation rate,
estimated at two to four years depending on the starting molecular weight [122-124]. Therefore,
a method capable of accelerating the release of lomustine from PCL was investigated. These

options included enzymatic, thermal, and base-promoted hydrolytic degradation [123, 124].
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Hydrolytic degradation using 5 M NaOH was chosen due to the simplicity of implementation. In
addition, the high temperatures of thermal degradation could deform the polymeric microspheres
and enzymes would degrade antibodies such as 1gG if a comparison study was conducted,

removing these methods from consideration.

Figure 3.13 shows that after two days, a full release of lomustine from PCL microspheres was
achieved in 5 M NaOH-DMSO 65-35 (v/v). This is a rough model of release because lomustine
degrades in aqueous solutions and has a half-life of 71 minutes in 50 mM PBS [135]. To correct
for this degradation, the rate of free lomustine degradation in 5 M NaOH-DMSO was also
determined and applied to the release (Figure 3.12b). It is expected that this will produce an
overestimate of lomustine degradation when applied to release from microspheres because the
entirety of the lomustine is subject to degradation when it is “free” in solution. However, the
PCL microspheres could provide a limited protection before becoming completely degraded.
This is demonstrated in Figure 3.13, where the release of lomustine from PCL microspheres

finished at 130%.

As a control, the release of lomustine from PCL microspheres in PBS was determined over four
days. This release followed a similar protocol, with the degradation of free lomustine in PBS
determined and used as a correction for lomustine release from the PCL microspheres (Figure

3.12). A negligible release was achieved, approximately 1% over four days.

The aerosolized delivery of PNIPAM to tissue at physiological temperature ex vivo was also

tested in this chapter. Initial images were taken of an untreated brain and blank PNIPAM sprayed
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on the brain to show their limited background contribution (Figure 3.14). The aqueous solution
of degradable PNIPAM suspending rhodamine B encapsulated PLGA microspheres was then
successfully aerosolized and applied to tissue at physiological temperature. As can be seen in
Figure 3.15 and Figure 3.16, the PNIPAM entrapped the microspheres on the surface of the brain
and provided a relatively homogenous distribution of the microspheres on the surface. This
system conformed to the convoluted surface morphology of the brain, demonstrated by the
microspheres that line the junction or fissure between the two cerebral hemispheres. The
entrapped rhodamine B encapsulated microspheres were detected without fluorescence when
magnified (Figure 3.16c). Additionally, the application of PNIPAM changed the appearance of
the exposed brain, from a shiny, mucosal dura in Figure 3.14a to a matte surface appearance
shown in Figure 3.16a. Interestingly, the PNIPAM formed a stiff, adherent layer on the surface
of the brain, that when removed with tweezers, also removed the top layer of the exposed brain
including blood vessels (Figure 3.17). Comparatively, the removal of the top layer of the
untreated, exposed brain was difficult and shredded easily. The PNIPAM layer was easily
removed when bathed in water slightly below room temperature. This easy removal was
expected based on the results of PNIPAM used as an adhesive glue for retinal implants; the

PNIPAM adhesion was reversible by lowering the temperature [115].

3.6 Conclusions

The first part of this work focused on determining the release profile of rhodamine B, gefitinib,
IgG, and lomustine from microspheres in vitro. We determined that the overall release from
PLGA microspheres can be tuned from 20 days to 40 days by using either a hydrophilic

(rhodamine B) or hydrophobic (gefitinib) compound, respectively. In addition, the release from
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PLGA is characterized by a biphasic profile: passive diffusion and then polymer degradation.
Particle size was found to effect release rate with smaller microspheres releasing faster due to
their larger surface area to volume ratio. WWhen microspheres were entrapped in PNIPAM, it was
discovered that the release was only delayed by two to eight days depending on drug properties.
Thus, while PNIPAM will delay release to some extent, the microspheres are the main controls

for tuning the release profile.

The release of 1gG from PLA microspheres exhibited an initial burst release followed by a near
linear release until full release was achieved. The burst release and length of release was
dependent on microsphere formulation, with the distribution and amount of 1gG playing a pivotal
role. For larger, lower loaded IgG-PLA microspheres, release can extend as long as 284 days.
However, for smaller, higher loaded 1gG-PLA microspheres, release can be extended longer than

495 days.

When the release of gefitinib from PLGA and IgG from PLA were plotted together, either a
sequential step release or overlapping release could be achieved. This demonstrates the potential
of flexibility in the choice of therapeutic care. Therapeutic microsphere sets can be chosen based
on whether an overlapping or sequential release is more beneficial, allowing for a personalized

health care approach.

A proof of concept was attempted, where gefitinib-PLGA and 1gG-PLA were released together

in pH 10 buffered solution. While initial results are promising, a limitation in the detection
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method was determined and further experimentation will need to use a more precise method,

such as HPLC.

The third chemotherapeutic, lomustine, was shown capable of release from PCL in accelerated
media, with a full release in two days. In contrast, lomustine release in PBS was negligible over

the same time period.

Finally, we found that aqueous, degradable PNIPAM was capable of suspending polymeric
microspheres that can be applied in aerosol form to the surface of a brain at physiological
temperature. This delivery system displayed the liquid-gel transition due to temperature, forming
an adherent layer with entrapped microspheres and conforming to the complex surface

morphology of the brain.
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4 In Vivo Evaluation of Gefitinib Encapsulated PLGA
Microspheres Entrapped in PNIPAM

4.1 Background

4.1.1 Motivation

Chapters 2 and 3 focused on formulating and characterizing drug encapsulated polymeric
microspheres for glioma therapy. While the microspheres were characterized in vitro, their
efficacy in vivo has not been tested. This chapter will focus on a subcutaneous tumor model that
was used to test the gefitinib encapsulated PLGA microspheres in vivo. In addition, a selected
review of the literature covering in vivo results for drug encapsulated microspheres for glioma

therapy will be given.

4.1.2 Drug Encapsulated Polymeric Microspheres for Intracranial Tumor Therapy: In Vivo
Results

Paclitaxel, 5-FU, carboplatin, BCNU, camptothecin, and vincristine are some examples of
chemotherapeutics that have been encapsulated in polymer microspheres for intracranial tumor
therapy and tested in vivo [25, 26, 32-35, 38, 55, 57, 61, 72, 136]. Studies include both the
simplistic subcutaneous tumor model to intracranial tumor models in mice and rats that have

progressed to Phase |1 clinical trials.

An example of a subcutaneous glioma study was reported by Naraharisetti et al. using paclitaxel
encapsulated PLGA microspheres [55]. These drug loaded microspheres, formulated either by
spray drying or electrohydrodynamic atomization (EHDA), were implanted along the tumor sites

of BALB/c nude mice bearing C6 glioma cells subcutaneously. The two different formulation
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techniques produced microspheres with unique release kinetics. Microspheres produced by spray
drying had a sustained, first-order release over 60 days while the EHDA technique had a pseudo-
zero order release for 28 days after an initial burst for the first two days. The spray dried
microspheres arrested tumor growth for more than 45 days when applied 6 days after tumor cell
inoculation. However, when applied at day 9, the tumor did not respond to treatment due to the
large tumor size; the tumor was too large for the drug dosage. The EHDA generated
microparticles were applied 14 days after tumor cell inoculation (larger tumor volume) and
arrested tumor growth for 10 days after the first injection. However, tumor growth rate increased
even after a repeated injection two weeks later of the paclitaxel loaded PLGA microparticles.
Overall, during 21 days of treatment, tumor growth was inhibited by 59% and 65% for the spray
dried and EHDA microparticles, respectively, in comparison to the blank placebo. However,
over longer time points, the spray-dried, slower releasing microspheres were the most effective.
In a similar subcutaneous tumor study, Ranganath et al. demonstrated the efficacy of paclitaxel
encapsulated PLGA microspheres in alginate beads. After 21 days of treatment, tumor volumes
were reduced by 85% and 78% for paclitaxel-PLGA when compared to a blank control and the
free drug form of paclitaxel, respectively [24]. As opposed to Naraharisetti et al., Ranganath et

al. implanted the drug loaded beads into the tumor itself instead of peripherally at the tumor site.

The small molecule imatinib mesylate was encapsulated by Benny et al. in PLGA microspheres
and tested in vivo, both subcutaneously and intracranially [45]. Swiss nude and C57/BL mice
were subcutaneously inoculated with human U87-MG and GL261 glioblastoma cells,
respectively. Tumor volume was suppressed by 79% after 30 days and 88% after 22 days for the

GL261 and U87-MG cell line, respectively. The U87-MG cell line was then tested intracranially
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in Swiss nude mice. The imatinib mesylate encapsulated PLGA microspheres significantly
reduced tumor growth by 79% when compared to blank microspheres 14 days after intratumoral

injection.

Camptothecin was also tested intracranially using PLGA microspheres [47, 57, 61]. Ozeki et al.
injected camptothecin encapsulated PLGA microspheres suspended in a TGP directly on the
brain of Sprague-Dawley rats against C6 glioma cells [47]. At physiological temperature, the
TGP underwent a phase transition from a liquid to a gel, holding the microspheres at the tumor
site. Localized treatment with camptothecin-PLGA in the TGP increased survival significantly,
with one third of the rats surviving more than 60 days compared to a 16 day mean survival for
animals with no treatment. The same dosage of free camptothecin dispersed in TGP had a
median survival of only 21 days. A follow up study was conducted with the drug delivery system
injected after tumor resection [61]. Tumor resection without additional treatments had a median
survival of 18.5 days while resection plus camptothecin-PLGA in the TGP had a 24 and 26 day
median survival for a 10 and 30 pug camptothecin dose, respectively. The camptothecin-PLGA in
the TGP was also applied without tumor resection, resulting in the same median survival.
However, only groups with both tumor resection and the drug delivery system demonstrated

long-term survivors.

The radiosensitizer 5-fluorouracil has been extensively used for in vivo studies, progressing to
the point of a Phase Il clinical trial [26, 32-36, 72, 136]. In one study, 5-FU encapsulated PMM
2.1.2 microspheres were tested by Fournier et al. against the F98 tumor cell line inoculated

intracranially in Fisher rats [35]. The 5-FU microspheres increased the median survival to 34.1 +
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5.6 days compared to the no treatment control at 22.7 + 3.3 days and a 5-FU solution applied

stereotactically at 26.5 = 2.4 days.

The most common system for 5-FU encapsulated microspheres applied to gliomas consists of
stereotactically injected, 5-FU loaded PLGA microspheres as shown in Figure 4.1 [26, 32-34, 36,
72, 136]. Lemaire et al. demonstrated that the stereotactic administration of the 5-FU loaded
PLGA microspheres slowed tumor development by a factor of three when compared to a bolus
5-FU solution injected intratumorally for Sprague-Dawley rats bearing C6 glioma cells
intracranially [26]. Overall, both protocols increased survival time by ~50% over the controls.
However, overall survival was not significantly different between the two therapies, with a 30 +
1 day and 32 * 2 days survival for the bolus and microsphere injection, respectively. An
interesting result of this experiment is that tumor proliferation was significantly reduced in the
vicinity of the stereotactic injection site before regrowth. This led to a multi-site injection
protocol, further elucidated in a study using the same system with [°H]5-FU to monitor diffusion
in Sprague-Dawley rats [36]. In the tumor bearing rats, the drug encapsulated microspheres were
found to diffuse ~ 1.5 mm distance from the injection site and to release 5-FU at a maximum of 3
mm. Multiple injections covering the whole area of the tumor would be needed for the best

chance of tumor eradication.
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Figure 4.1: The treatment of gliomas with stereotactically injected 5-FU encapsulated PLGA
microspheres a) stereotaxic procedure with the frame [34], b) implantation of the microsphere
suspension without a frame, and c) multiple sites of injection [33]. Reprinted from Cancer,
100/2, Menei et al., Stereotaxic implantation of 5-fluorouracil-releasing microspheres in
malignant glioma, 405-410, 2004, with permission from Wiley. Reprinted from Neurosurgery,
56/2, Menei et al., Local and Sustained Delivery of 5-Fluorouracil from Biodegradable
Microspheres for the Radiosensitization of Malignant Glioma: A Randomized Phase Il Trial,
242-247, 2005, with permission from Wolters Kluwer.

Additional studies on 5-FU encapsulated PLGA microspheres by Roullin et al. utilized its
radiosensitizing potential and applied 36 grays to test therapeutic potential in C6 glioma bearing
Sprague-Dawley rats [136]. Two drug loaded microsphere formulations characterized by a fast
(7 days for 100% release) and slow release (20 days for 100% release) were explored. The 5-FU
loaded microspheres in combination with radiotherapy caused a 47% complete remission rate,
while radiotherapy alone and no therapy had an 8% and 0% remission, respectively. The survival
for the slow and fast releasing drug loaded microspheres in combination with radiotherapy was
57% and 41%, respectively, while survival without the radiotherapy was 0 and 27%,

respectively.

A pilot study conducted by Menei et al. included eight patients with newly diagnosed
glioblastoma that were treated with 5-FU encapsulated PLGA microspheres [72]. The drug
loaded microspheres were applied along the walls of the tumor resection cavity for a total dosage

of either 70 mg or 132 mg. External beam radiotherapy was applied between the second and
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seventh day after surgery for a total of 59.4 grays. The dose of 132 mg caused recurrent brain
swelling 3 weeks after radiotherapy and required steroid treatment before completing the
radiation. One month after implantation, significant levels of 5-FU were present in the cerebral
spinal fluid enabling optimal radiosensitization. All patients treated with the 5-FU-PLGA system
had a median survival time of 98 weeks at the last evaluation, greater that the 50.6 weeks for
resection and radiotherapy alone. The higher dosage had two long term survivors that were in

disease remission at 139 and 153 weeks.

To further confirm the potential of the 5-FU encapsulated PLGA microspheres against glioma
cells, a Phase I study was conducted by Menei et al. [34]. This study included 10 patients with
newly diagnosed, inoperable, malignant gliomas that were dosed one time with 132 mg of
encapsulated 5-FU. Different stereotactical injection trajectories (one to seven deposits) were
applied dependent on the 3-D conformation of the tumor. The overall median survival was 40
weeks with 2 long-term survivors (71 and 89 weeks). Based on the these promising results, a
Phase 11 trial was conducted [33]. This trial was composed of two treatments groups: in Arm A,
49 patients received 5-FU releasing microspheres (130 mg) with early radiotherapy (59.4 gray)
and in Arm B, 46 patients received only early radiotherapy (59.4 gray). All therapies were
applied after gross tumor resection. A median overall survival of 15.2 months was achieved in
Arm A, approximately 2.9 months longer than radiotherapy (Arm B). However, it did not reach
statistical significance. Time to tumor progression was also not significantly different, 6.5
months in Arm A and 6.3 months in Arm B. While this Phase Il study shows some potential, it

was not designed and powered sufficiently to show a statistically significant result [33].
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The multi-injection strategy to treat gliomas was also studied by Emerich et al. using carboplatin
encapsulated PLGA microspheres [39]. In a study against RG2 cells in male Fisher rats, the
location of microsphere injection played an important role in survival. The rats that received
drug loaded microspheres through direct injection into the tumor cavity did not show a
significant improvement when compared to the control animals that underwent a tumor resection
alone. Direct injection of the highest dose (100 pg carboplatin) increased median survival from
20 days (no treatment) to 36 days while tumor resection alone increased median survival to 30
days. However, animals that were injected along the perimeter of the tumor cavity with
carboplatin loaded PLGA microspheres had a higher survival compared to the controls. The 100
Hg of encapsulated carboplatin applied along the perimeter increased median survival by 110%
with two animals surviving the 180 day duration of the experiment. Additionally, a significant
decrease in tumor volume was detected for the perimeter injection when compared to resection
alone: 14.8 mm?® compared to 99.5 mm? at day 28 and 50.7 mm? versus 99.5 mm?® at day 38,
respectively. Similar studies were conducted by the same group testing BCNU loaded PLGA
microspheres injected along or inside the tumor cavity [39]. The results supported the trend
demonstrated with the carboplatin loaded PLGA microspheres. PLGA microspheres with 100 ug
of encapsulated BCNU injected directly into the tumor cavity had a lower median survival than
microspheres injected along the tumor perimeter; a 36% and 61% increase in survival,

respectively, compared to tumor resection alone.

In a follow-up study, Emerich et al. studied the effects of repeated peritumoral injection of
carboplatin encapsulated PLGA microspheres [38]. Carboplatin loaded particle were injected

into 8 sites around the RG2 tumor resection cavity. This initial therapy increased median survival
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by 141% over tumor debulking. However, when the same therapy was repeated 20 days later,
median survival increased to 219%. One third of the rats studied were long term survivors,
greater than 150 days. Histology results demonstrated the complete eradication of the tumor for
the double injection. Emerich et al. continued this study by mixing both BCNU and carboplatin
encapsulated microspheres together and injecting peritumorally. As shown in Figure 4.2, when
mixed together and injected into 8 sites, an increase in median survival compared to tumor
debulking was 193-245%. However, when the drugs were injected separately but spatially
alternating around the tumor site, the increase in median survival was only 55-77%. This
supports the idea that a polypharmacy therapy such as our drug delivery system will supply
could further improve survival beyond the traditional application of a single chemotherapeutic.
In addition, when our system is applied, it will cover the entirety of the exposed tumor or
resection cavity with one application and have a sustained release, removing the need for

multiple injections.

—#&— No Resection/No Treatment
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& - - Alternating Carbo + BCNU (1600 ug)I

—v— Mixed Carbo + BCNU (800 ug)

100 & ; 7--% | --7- - Mixed Carbo + BCNU (1600 ug)
[ ; L

PERCENT SURVIVAL

0 20 40 60 80 100 120 140 160
DAYS POST TUMOR IMPLANTATION

Figure 4.2: The effect of combining carboplatin and BCNU encapsulated PLGA microspheres
on survival. Microspheres were either injected separately but spatially alternating around the
tumor site or mixed together and delivered as a single suspension after tumor resection [38].
Reprinted from Cell Transplantation, 11/1, Emerich et al., Injection of Chemotherapeutic
Microspheres and Glioma 1V: Eradicating Tumors in Rats, 47-54, 2002, DOI
10.0000/096020198389771, with permission from Cognizant Communication Corporation.
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4.2 Hypothesis

It is hypothesized that:

(1) Free gefitinib applied to C6 glioma cells in vitro will have a dosage dependent effect on cell
viability

(2) In a subcutaneous tumor model, gefitinib encapsulated PLGA microspheres entrapped in
PNIPAM will reduce tumor volume when compared to blank PLGA microspheres entrapped

in PNIPAM

4.3 Materials and Methods

4.3.1 Materials

4.3.1.1 Materials for Cell Culture and Gefitinib Testing

Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen), fetal bovine Serum (FBS; Optima),
L-glutamine (Sigma), antibiotic/antimycotic (A/A; Gibco), dimethyl sulfoxide (DMSO; Sigma),
Vybrant MTT cell proliferation assay kit (Invitrogen), and gefitinib (GB; Fisher, free base

>99%) were used as received.

4.3.1.2 Materials for C6 Subcutaneous Injection and Treatment

Microspheres and PNIPAM used in this section were formulated or synthesized in Chapter 2
under sterile conditions. The formulations parameters are listed below in Table 4.1. Limulus
amebocyte lysate pyrogent plus kit (Lonza), sterile saline (Hospira), and optimal cutting

temperature (OCT, Tissue-Tek) were used as received.
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Table 4.1 Microsphere formulation parameters for in vivo studies

. . Impeller | Initial Drug Final
SF:[IJE; P$§$er Er;\_l;lséon Setting Loading Co(r?giltei(r)ns Drug Loading
(rpm) (mg) (%)
] 0 3% PVA 0
1 PLGA Single 2800
1.5 3% PVA 0.09 + 0.004
) 2.5 9 PLGA,
2 PLGA Single 2000 15 396 PVA 0.54 +£0.030

4.3.2 Cell Culture
NIH/3T3 fibroblast cells and C6 glioma cells (gift from R. Rostomily, University Of
Washington) were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine, and 1%

A/A.

4.3.3 Growth Inhibition of Free Gefitinib on C6 Cells In Vitro

The effect of gefitinib on cells was tested using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenytltetrazolium bromide (MTT) cell proliferation assay kit. C6 cells were seeded at 5,000
cells/well on a 48 well plate and allowed to culture for 24 hours. Then, the media was removed
and replaced with gefitinib enriched media. The gefitinib enriched media was prepared by first
dissolving gefitinib in DMSO and adding to DMEM at 0.1% v/v [137, 138]. The total gefitinib
concentrations in DMEM were 0.1, 1, 5, 10, and 20 pM. After 24 hours, the media was removed
and replaced with the MTT assay solution for 3-4 hours. This media was then removed and 0.5
mL of DMSO added to the wells. The absorbance values of the wells were measured with a
VERSAmax tunable microplate reader at 550 nm. Controls included fresh media (no

conditioning) and latex conditioned media containing 0.1% DMSO (v/v). The absorbance values
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were normalized to the fresh media as 100% cell viability. All measurements were performed in

triplicate with error bars to one standard deviation and analyzed with an unpaired t test.

4.3.4 Gefitinib-PLGA-PNIPAM against a Subcutaneous Glioma Tumor

Animal experiments were approved by the University of Washington Animal Care and Use
Committee (IACUC) and followed federal guidelines for laboratory animal use. Blank
microspheres were evaluated for cytotoxicity using the elution method and following United
States Pharmacopeia and International Organization of Standardization (1SO) guidelines. At least
three samples per batch of microspheres were placed in DMEM for 24 hours at either 0.2 g per
mL media or 6 cm? surface area per mL media. NIH/3T3 cells were exposed to this conditioned
media for 48 hours and examined via light microscopy at 12, 24, and 48 hours for any cytotoxic
response. GB-PLGA microspheres were not tested as GB would be toxic to cells. Both
microspheres and PNIPAM were evaluated for endotoxicity using a standard limulus amebocyte
lysate gel clot protocol. Three samples per microsphere set and PNIPAM batch were extracted at
a concentration of 0.2 g per mL endotoxin free water or 6 cm? surface area per mL endotoxin
free water. To pass testing, all samples had to have less than 0.06 EU/mL (EU is endotoxin unit)

from the sample extracts.

4.3.4.1 Pilot 1

Six athymic, male, nude mice (6-7 weeks old, Charles River) were subcutaneously injected in the
right dorsal flank with 5 X 10° C6 cells in a 100 pL volume of DMEM and 1% L-glutamine. The
injected cells were allowed to grow and form tumors over 8 days. The animals were randomly

divided into two groups of three mice each. The first group received a single, 0.5 mL
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subcutaneous injection below the growing tumor of blank PLGA microspheres suspended in
PNIPAM at 218 mg dry microspheres per mL PNIPAM (2.5% Wpnipam/Vsaiine). The second
group also received a single, 0.5 mL subcutaneous injection below the growing tumor of GB-
PLGA microspheres suspended in PNIPAM at the same concentration, with the total gefitinib
dosage equaling 200 pg GB/mouse. The polymer system was delivered under inhaled isoflurane
anesthesia. Note that the first control injection was done by making an incision midline to the
tumor, dripping the PNIPAM solution in place, and closing with wound clips. However, due to
sample loss, the remaining five samples were done by injection. Tumor volume was calculated
by measuring the length (head to tail) and width (side to side) of the tumor and using Equation
4.1. Mice body weight, movement, feeding habits, and overall condition was also monitored.
Mice were humanely euthanized by carbon dioxide asphyxia after the tumor reached an average
of 20 mm in diameter or earlier due to health issues. Tumors were excised with half of the tumor
embedded in OCT and snap frozen before being stored at -80°C and the second half fixed
overnight in a zinc fixative at 4°C. For volume measurements, the error bars are given to one

standard deviation.

Equation 4.1 Tumor volume

Length(mm) X Width(mm)?
2

Volume(mm?3) =
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4.3.4.2 Pilot 2

Three athymic, male, nude mice (6-7 weeks old, Charles River) were subcutaneously injected in
the right dorsal flank with 5 X 10° C6 cells in a 100 uL volume of DMEM and 1% L-glutamine.
The injected cells were allowed to grow and form tumors over 7 days. All mice received a single,
0.5 mL, subcutaneous injection at day 7 below the growing tumor of GB-PLGA microspheres
suspended in PNIPAM at 83 mg dry microspheres per mL PNIPAM (2.5% Wenipam/Vsaiine). The
total gefitinib dosage equaled 450 pg GB/mouse. Note that all material was kept at 4°C prior to
injection and the drug delivery system was applied under inhaled isoflurane anesthesia. After
injection, the site was rinsed with cold saline to remove any PNIPAM or microspheres from the
wound. Tumor volume was calculated by measuring the length (head to tail) and width (side to
side) of the tumor and using Equation 4.1. Mice body weight, movement, feeding habits, and
overall condition was also monitored. Mice were humanely euthanized by carbon dioxide
asphyxia after the tumor reached an average of 20 mm in diameter or earlier due to health issues.
Tumors were excised with half of tumor embedded in OCT and snap frozen before being stored
at -80°C and the second half fixed overnight in zinc fixative at 4°C. Error bars are given to on

one standard deviation for volume measurements

Note that on day 19 post-treatment, the two remaining mice were given one dose of

buprenorphine SR (1 mg/mL) at 1.2 mg/kg subcutaneously. This was due to the skin

progressively breaking down with ulceration, secondary to the tumor.
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4.3.5 Histology Analysis: Hematoxylin and Eosin Stain and Trichrome Stain

Fixed explants were dehydrated with a graded ethanol series and cleared with xylene prior to
paraffin embedding. The embedded explants were sectioned with a Leica microtome in 5 um
sections and placed on a glass slide. Prior to staining, slides were baked at 50 °C for 30 minutes
before deparaffinization in xylene, rehydration through a graded ethanol series, and washing in
distilled water. For Hematoxylin and eosin staining (H&E), slides were soaked in Harris
hematoxylin solution for 8-10 minutes, rinsed in tap water, dipped three times in acid alcohol,
rinsed again in tap water, placed in Scotts Blue to reduce intensity staining, rinsed in tap water,
dipped three times in Eosin, and then dehydrated through a graded series of ethanol and xylene
before being cover slipped using Permount (Electron Microscopy Sciences). All media used was

obtained through Sigma.

For trichrome staining, slides were placed in Bouin’s fixative at 55 °C for 45 minutes, rinsed in
water, placed in Weigert’s iron hematoxylin for 10 minutes, washed in water, placed in Biebrich
scarlet-acid fuchsin for 5 minutes, rinsed in water, placed in phosphomolybdic-phosphotungstic
acid solution for 10 minutes, placed in Aniline blue for 3 minutes, rinsed in water, and placed in
fresh 1% acetic acid for 1 minute. Finally, slides were dehydrated through a graded series of
ethanol and xylene before being cover slipped using Permount (Electron Microscopy Sciences).

All media used was obtained through Sigma.

Slides were imaged using a Nikon E800 Upright Microscope equipped with Metamorph software

(version 6.0, Molecular Devices).
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4.4 Results

4.4.1 Growth Inhibition of Free Gefitinib on C6 Cells In Vitro

To confirm that gefitinib was active against C6 glioma cells, the cells were exposed to varying
concentrations of gefitinib and their cell viability measured. Figure 4.3 shows the dose dependent
response of the cells to the free drug along with the calculated ICs, the amount of drug needed to
inhibit cell viability by 50% in vitro. Note that the ICsy was calculated based on the cell viability

0f 0.1, 1, 5, and 10 pM gefitinib.
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Figure 4.3 Dose dependent response of C6 glioma cells to gefitinib, n=3. The line represents the
ICs at approximately 7.9 uM, *p<0.05.

4.4.2 Effect of GB-PLGA-PNIPAM on Subcutaneous Glioma Tumors: Pilot 1
The first in vivo pilot studied the effect of a 200 pug dosage of gefitinib encapsulated in PLGA
microspheres entrapped in PNIPAM on a subcutaneous glioma tumor versus the control of blank

PLGA microspheres in PNIPAM. Figure 4.4 shows the effect of the gefitinib treatment versus
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the control on tumor volume growth. Note that the control group only comprises two mice. The
third mouse was removed because the tumor grew into the body instead of outwards, resulting
with inaccurate tumor volume measurements. During the injection of the gefitinib treatment
group, there was a significant issue of PNIPAM gelling in the syringe, preventing a full dose
from being delivered. Appendix 18 shows the individual tumor growths and corresponding
volume dosing. Table 4.2 lists extent of survival for each mouse with a note that one mouse was

euthanized early due to a progressive skin break down with ulceration, secondary to the cancer.
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Figure 4.4 The effect of 200 ug gefitinib encapsulated in PLGA microspheres entrapped in
PNIPAM on subcutaneous tumor volume growth. For the control group of blank PLGA
entrapped in PNIPAM, the group size is 2 mice (diamond) and then one mouse (triangle). For the
gefitinib treatment group, the size is three mice (square) and then two mice (circle).
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Table 4.2 Extent of survival for Pilot 1

Mouse Survival (days)
Control 1 12
Control 2 14

Gefitinib 1 12
Gefitinib 2 14
Gefitinib 3 19

“ Mouse was euthanized before maximum tumor diameter was reached

All explanted tumors were examined histologically, using a hematoxylin and eosin (H&E) and
trichrome stain. H&E stains cell nuclei blue/black and cytoplasm pink while trichrome stains cell
nuclei blue/black, cytoplasm and muscle red, and collagen blue. Representative H&E and
trichrome stains of the final tumor explants are shown below in Figure 4.6 and Figure 4.7 for the
control and treatment group, respectively. Figure 4.5 shows that the PNIPAM still maintained its
thermoresponsiveness after injection, converting back to a liquid and seeping out of the tumor

explant after being exposed to a temperature below 32 °C.

Figure 4.5 Tumor explants from Pilot 1 showing the presence of PNIPAM as a) a gel after 12
days in a mouse and b) a liquid after 14 days in a mouse.
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Figure 4.6 Histological staining of a tumor explant from the control group in Pilot 1. a)
Trichrome of the tumor (skin side) scale bar 100 um, b), H&E of the middle of the tumor
exhibiting pseudopalisading, and ¢) H&E showing the tumor invading muscle cells. Tumor was
12 days, post treatment.

Figure 4.7 Histological staining of tumors explanted from the treatment group in Pilot 1. a)
Trichrome of the skin side showing tumor cells growing into the dermis layer, b) H&E showing
poorly formed blood vessels, and c¢) trichrome showing the tumor encroaching on muscle cells.
Tumors were 12 days post treatment for a) and 19 days post treatment for b) and c).

4.4.3 Effect of GB-PLGA-PNIPAM on Subcutaneous Glioma Tumors: Pilot 2

As a follow up to Pilot 1, a second pilot study was conducted increasing the gefitinib amount to
450 pg. In this case, a second formulation of GB-PLGA microspheres (Table 4.1) was used to
treat three athymic nude mice with a subcutaneous C6 glioma. Due to funding limitations, a
control group was not included. Figure 4.8 shows a comparison of the results obtained in Pilot 2
to Pilot 1. While it is not a perfect comparison due to differences in the microsphere formulation
and cell media (FBS, cell aliquot), we believe this presents a fair comparison of a control and the
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effect of increasing drug dosages. Note that only two mice are included in Pilot 2 even though 3

mice were treated. The third mouse was removed because the tumor grew into the body cavity,

preventing accurate tumor volume measurement. Table 4.3 lists the extent of survival for each

mouse with a note that both mice were euthanized early due to a progressive skin break down

with ulceration, secondary to the cancer.
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Figure 4.8 The effect of 200 ug gefitinib and 450 ug gefitinib encapsulated PLGA microspheres
entrapped in PNIPAM on subcutaneous tumor volume growth. For the Pilot 1 control group of
blank PLGA entrapped in PNIPAM, the group size is 2 mice (triangle) and then one mouse
(star). For the Pilot 1 gefitinib treatment group, the size is three mice (square) and then two mice
(circle). For the pilot 2 gefitinib treatment group, the size is two mice (diamond).
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Table 4.3 Extent of survival for Pilot 2

Mouse Survival (days)
Gefitinib 1 22
Gefitinib 2 22
“ Mouse was euthanized before maximum tumor diameter was reached

b)
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Figure 4.9 Histological staining of tumors explanted from Pilot 2. a) Trichrome of the tumor
skin side showing cell invasion b) H&E showing pseudopalisading, and ¢) H&E showing poorly
formed blood vessels. Tumors were 22 days post treatment.

4.5 Discussion

The studies presented in Chapter 4 are focused on the in vivo evaluation of gefitinib encapsulated
PLGA microspheres against a subcutaneous tumor model in mice. As a preliminary test, the
growth inhibition effect of free gefitinib (not encapsulated) on C6 glioma cells was determined in
vitro. The C6 glioma cell line was chosen because it is a well-known and recognized cell line
used for subcutaneous tumor studies [24, 55, 139]. In addition, the C6 cell line has a Biosafety
Level 1 rating, low culturing costs, and is reported to express epidermal growth factor receptor
(EGFR), the target receptor for gefitinib [139]. As can be seen in Figure 4.3, gefitinib has a dose
dependent effect on C6 cell viability, with increasing concentrations of gefitinib causing a
decrease in cell viability. The ICs was calculated to be approximately 7.9 uM. While this is high

in comparison to a 33 nM ICsq for cell lines that express high EGFR activity, we hypothesize
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that gefitinib will still have an effect in vivo [140]. In the literature, orally applied gefitinib
decreased tumor volume in a study against subcutaneous, human non-small lung cancer tumor
with an 1Csp of 7.1 pM [141]. In addition, our gefitinib would be applied locally to the tumor
instead of orally, which would increase the local drug concentration and prevent gefitinib from
affecting the entire body. Therefore, a pilot animal study using the GB-PLGA-PNIPAM was

conducted.

The purpose of the first pilot study was to determine if gefitinib released from PLGA
microspheres entrapped in PNIPAM could reduce or prevent tumor growth. The subcutaneous
tumor model was chosen because it provides a simplistic and easy to measure model of tumor
growth and is a first step for testing of many polymeric microsphere systems [24, 44, 48, 55, 63].
Only gefitinib encapsulated PLGA microspheres, the fastest releasing microspheres, were used
to shorten the duration of the experiment and because their release in vitro was fully elucidated.
A total of 200 pg gefitinib was chosen as a safe, preliminary dosing based on reports of other
microsphere systems applied against subcutaneous tumors that ranged from 50 to 500 ug [24, 43,

44, 55].

As seen in Figure 4.4, from day zero through day 7, there is not a noticeable difference between
the control group of blank PLGA-PNIPAM and the treatment group of GB-PLGA-PNIPAM,
with a tumor volume growth rate of 55 and 57 mm?®/day, respectively. However, after day 9, both
groups exhibited a strong increase in tumor volume growth rate. The control group increased to
596 mm°/day while the treatment group increased to 397 mm?®/day, approximately 33% less than

the control. While statistical significance could not be reached because of the low number of

112



mice per group, this is a positive result demonstrating the potential of our microsphere-PNIPAM

system.

A point of interest is that during tumor excision, samples of the microsphere-PNIPAM system
were located. Figure 4.5a shows a white gel at 37 °C that we hypothesize to be the microsphere-
PNIPAM system. Figure 4.5b shows a tumor explant that was allowed to come to room
temperature (26 °C) and then sectioned with PNIPAM seeping out in liquid form. This
demonstrates that even after being in the body for 14 days, PNIPAM still maintained its
thermoresponsiveness. This is an added benefit for drug delivery purposes, with the microsphere-

PNIPAM system allowing for an easy removal by bathing with water below its LCST, 32 °C.

Figure 4.6 and Figure 4.7 show selected histological images of the tumor explants from the
control and treatment group, respectively. While differences between the control and treatment
groups were not noted, several examples of glioma characteristics are given. In Figure 4.6, tumor
invasion is seen, with the cells growing up and into the dermis layer and surrounding and
infiltrating muscle cells. Figure 4.6b is an example of pseudopalisading, where dense cellular
arrays are arranged around progressive or serpiginous necrotic areas. Figure 4.7 also shows the
invasiveness of the tumor cells, with Figure 4.7a showing tumor cells that broke through the
dermis layer and caused a rupture in the skin layer. Figure 4.7b is an example of poorly formed
blood vessels exhibiting non-circular vessels with poor cell lining. When low magnifications
images of the tumors were briefly evaluated by Dr. Kelly McSweeney, pathologist at Beaufort
Memorial Hospital, she indicated that all correct markers for gliomas were present, such as

necrotic areas, poorly formed vascular growth, and invasive cell growth. It is hypothesized that
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with a higher drug dosing and explants that were taken on the same day post treatment, a

noticeable different in necrotic area and cell density could be measured.

Several modifications were made throughout this pilot study. Initially, the PLGA-PNIPAM
system was to be applied by making an incision alongside the tumor, applying the system on the
exposed tumor, and then closing the incision with wound clips. However, when first applied,
there was significant sample loss through the incision. Therefore, one control mouse had the
system applied with an incision and the remaining five mice had the system applied via
subcutaneous injection into the area around the tumor. This method proved robust, capable of
applying the full dose without significant sample loss. However, a second issue occurred; the
PNIPAM gelled in the syringe, preventing full injection of the drug delivery system. A modest
decrease in gelation was achieved by placing the PNIPAM syringe at 4 °C, however, full
injection remained difficult. Of the three mice treated with gefitinib, one mouse received 100%
of the injection volume, the second mouse 60%, and the third mouse, 50%. These percentages
are estimations based on the volume of gelled PNIPAM remaining in the syringe but are not
necessarily indicative of the GB-PLGA microsphere amount. The microspheres may have settled
and more or less may have been injected as this issue was addressed. It is hypothesized that this
gelation occurred from handling the syringe and drug delivery system too early near a heating
pad, resulting in an increase in the local temperature around the syringe from body heat,
triggering PNIPAM gelation. Future studies will maintain the syringe at 4 °C with minimal

handling.
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Based on the promising results of the first pilot that demonstrated a 33% decrease in tumor
volume growth rate for the GB-PLGA-PNIPAM versus PLGA-PNIPAM, a second pilot study
was conducted. The purpose of this second study was to determine if a higher dosage of gefitinib
would further decrease the tumor volume growth rate. The total amount of gefitinib was
increased from 200 to 450 pg per mouse by using higher drug loaded PLGA microspheres (Table
4.1). These higher drug loaded microspheres also reduced the total amount of microspheres from
218 to 83 mg. This in turn reduced the viscosity of the GB-PLGA-PNIPAM slurry, allowing for
easier injection. All mice used in this study were treated with the GB-PLGA-PNIPAM drug

delivery system. A control group was not included due to cost limitations.

Figure 4.8 shows that through day ten, the second pilot study had a slightly reduced tumor
volume growth rate at 23 mm?®/day compared to Pilot 1 at 55 mm?®/day. When the subcutaneous
tumor started to rapidly grow on day 11, two days later than Pilot 1, there is a large decrease in
the tumor volume growth rate in comparison to the Pilot 1 control at 212 and 596 mm?®/day,
respectively. This is a 64% decrease in tumor volume growth rate. Interestingly, around day 19,
there is a plateau in the tumor volume growth rate, decreasing from 212 to 78 mm®/day.
Unfortunately, the study was halted at day 22 due to a skin break down with ulceration,
secondary to the cancer on both mice along the needle track of the injection site. While this is
described as a common occurrence for subcutaneous tumor studies as described by the
University of Washington veterinary staff, we are uncertain if this was a long-term plateau or a
temporary trend. It is hypothesized that this could be a long-term plateau because the release of
gefitinib from PLGA microspheres increased around day 20 in vitro as the microsphere bulk

degraded (Figure 3.8). Therefore, more gefitinib would be available to target the tumor and
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reduce tumor growth. Future studies should attempt to prevent skin ulceration by either using a
smaller needle for injection or injecting farther away from the tumor site. It was also confirmed
in Pilot 2 that placing the syringe and GB-PLGA-PNIPAM at 4 °C with minimal handling prior
to injection prevented PNIPAM from gelling in the syringe. All mice successfully received a full

injection of the drug delivery system.

Sample histology images from Pilot 2 are shown in Figure 4.9. Correct markers for gliomas are
present, including invasive cell growth into the skin layer, necrotic areas with pseudopalisading,

and poorly formed blood vessels [142].

It should be taken under consideration that the comparisons drawn between Pilot 1 and 2 are
“soft” comparisons, with trends taken from the data. Hard comparisons are not possible because
the Pilot 1 control used PLGA microspheres formulated under different conditions than Pilot 2
(Table 4.1). In addition, the number of animals per group was low and there were different cell

aliquots and cell media lots used between Pilot 1 and 2.

When the results of Pilot 2 are compared to a study using paclitaxel-PLGA microspheres
entrapped in an alginate matrix against subcutaneous C6 tumors, similar results were achieved in
tumor volume suppression [24]. After 21 days of treatment and dependent on the microsphere
formulation, the tumor volumes were reduced by 52 to 85% for the paclitaxel-PLGA-alginate
system in comparison to the blank microspheres control. Similarly, our Pilot 2 study reduced
tumor volume by 64% compared to the Pilot 1 blank microsphere control on day 7 and 80% on

day 14. A comparison at day 21 is not available as the control mice did not survive to that point.
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However, it is encouraging to see that the gefitinib-PLGA-PNIPAM is achieving similar results
to those reported in the literature and an expanded study with larger animal numbers and control

groups would be necessary to achieve statistically significant results.

4.6 Conclusion

The first part of this work was focused on determining the growth inhibition effect of free
gefitinib on C6 glioma cells in vitro. It was found that gefitinib has a dose dependent effect on
C6 glioma cells, with higher concentrations of gefitinib decreasing cell viability. Next, the effect
of gefitinib encapsulated PLGA microspheres in PNIPAM was evaluated in a subcutaneous
tumor model. In the initial pilot study, the tumor volume growth rate was reduced by 33% for
GB-PLGA-PNIPAM when compared to the PLGA-PNIPAM control. When evaluated
histologically, the subcutaneous tumors demonstrated the markers characteristic of gliomas
including necrotic areas, poorly formed vasculature, and invasive cell growth. A second pilot
study was then conducted, more than doubling the amount of gefitinib that was delivered. When
compared to the first pilot control, the GB-PLGA-PNIPAM system was found to decrease tumor
volume growth rate by 64%. Additionally, the last four days of the study demonstrated a plateau
in the tumor volume growth that could be indicative of the tumor entering a long-term, slow
growth period due to more gefitinib being released from PLGA microspheres that are bulk
degrading. When evaluated histologically, the tumors from Pilot 2 exhibited the same glioma

markers as Pilot 1.
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Further studies with more animals and controls would be needed to fully elucidate the
therapeutic benefits of the GB-PLGA-PNIPAM system. However, based on these two pilot

studies, this microsphere-PNIPAM system shows great potential for decreasing tumor growth.
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5 Conclusions and Future Directions

The treatment of malignant gliomas is a field under constant study and advancements, with
researchers aiming to increase patient life expectancy beyond the current 12-15 month prognosis.
While there are several different directions being pursued such as targeted therapies, better
imaging and resection techniques, and implantable devices, this dissertation has purposed the use
of a topical, slow release, degradable, multi-drug delivery system applied post tumor resection
entitled drug encapsulated aerosolized microspheres as a biodegradable, intelligent glioma
therapy (DREAM BIG Therapy). The work presented here is focused on the production of drug
encapsulated polymeric microspheres and a degradable, thermoresponsive PNIPAM carrier, the
drug release of the drug-microspheres-carrier in vitro, and the effect of a chemotherapeutic-
microsphere-carrier on tumor volume growth in vivo. Overall, the results demonstrated the

potential of the DREAM BIG Therapy as a glioma treatment.

Initially, blank and drug encapsulated PLGA, PLA, and PCL microspheres were successfully
produced using emulsion techniques. By optimizing formulation parameters such as polymer,
stabilizer, and drug concentration, encapsulation efficiencies greater than 80% and drug loadings
greater than 0.3% were achieved for gefitinib encapsulated PLGA microspheres, 1gG
encapsulated PLA microspheres, and lomustine encapsulated PCL microspheres. A degradable,
linear PNIPAM was also successfully synthesized using ATRP. The molecular weight of 20,000
g/mol demonstrated a temperature dependent, reversible phase transition that was capable of

entrapping polymeric microspheres.
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The in vitro release of gefitinib from PLGA microspheres demonstrated a biphasic release profile
over 40 days of passive diffusion and then polymer degradation. A more hydrophilic molecule
released from similar spheres had a quicker release of 20 days. The antibody 1gG demonstrated a
burst release from PLA microspheres followed by a sustained release over 284 or 495 days
depending on microsphere size and 1gG encapsulation. This suggested the potential for tuning
drug release based on microsphere formulation parameters. Lomustine was also capable of
release from PCL microspheres when placed in extreme basic conditions. When released in PBS
short-term, negligible release was achieved. This drug is expected to release from PCL up to 2-
2.5 years. A hypothesized release of gefitinib from PLGA microspheres, 1gG from PLA

microspheres, and lomustine from PCL microspheres is shown in Figure 5.1.
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Figure 5.1 A hypothesized combined release of gefitinib, 1gG, and lomustine. The release of

gefitinib from PLGA and IgG from PLA microspheres was determined in Chapter 3 and the
release from lomustine is a hypothetical 2 year release.
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The drug-microsphere-PNIPAM system was successfully aerosolized when tested ex vivo. The
aqueous PNIPAM solution suspended the microspheres and was applied via a spray bottle to
tissue at physiological temperature. Microspheres had a uniform distribution that penetrated the

convoluted topography of the tissue.

When tested in vivo, the gefitinib-PLGA-PNIPAM system reduced the tumor volume growth rate
of a subcutaneous glioma when compared to a blank PLGA-PNIPAM control. The trend
demonstrated a 33 and 64% decrease in tumor volume growth rate for a dosage of 200 and 450
Hg gefitinib, respectively. While these numbers did not reach statistical significance, the pilot

studied confirmed the potential of the DREAM BIG Therapy.

Future work would concentrate on encapsulating the chemotherapeutic bevacizumab in PLA
microspheres to replace IgG. It is hypothesized that the optimal formulation parameters for 1IgG
will also apply to bevacizumab. The in vitro release of bevacizumab-PLA and lomustine-PCL at
physiological conditions would also be elucidated and microspheres parameters adjusted as

needed to achieve a sequential, step release of the chemotherapeutics.

Based on the promising results demonstrated by the two pilot studies, a fully powered animal
study is also suggested. A total of 64 athymic nude mice would be used, with 8 mice per group.
The groups would include 1) no treatment, 2) blank PLGA microspheres, 3) blank PLGA
microspheres and PNIPAM, 4) PNIPAM, 5) gefitinib in PNIPAM, 6) orally applied “free”
gefitinib, 7) gefitinib encapsulated PLGA microspheres and PNIPAM, and 8) gefitinib

encapsulated PLGA microspheres and PNIPAM containing gefitinib. While six mice per group
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would achieve statistically significant results and allow for mice to be dropped from the study, a
30% better precision and narrowed confidence intervals would be achieved with eight mice per
group. Tumor growth rate would be measured and the extent of necrosis in each tumor calculated

histologically to determine the effect of each treatment.

Another potential study that could be conducted is a pilot study to determine the extent of drug
diffusion released from the polymeric microspheres-PNIPAM system in a rat brain. One of the
draw backs of the Gliadel® wafers is the poor penetration of BCNU (carmustine) in the brain.
When implanted intracranially, there is a steep concentration gradient between the tissue
surrounding the implant and the rest of the brain [5, 143]. For a rat model, a high concentration
(~ 1 mM) was found as far away as 5 mm from the implant in the first day [144]. However, this
rapidly declined to 1 mm for days 3-14 due to the rapid elimination of the drug, limiting the
diffusion of BCNU in the brain. The DREAM BIG Therapy would need to match if not exceed
this penetration depth to replace these wafers clinically. A basic outline of this study is as
follows: 15 Wistar male rats will have a craniotomy performed with a resection of the occipital
or right frontal lobe. Three rats will be in the control group with only a resection performed. The
remaining 12 rats will be split evenly into two groups of six, with group 1 having rhodamine B
encapsulated PLGA microspheres in PNIPAM applied in the resection cavity at one
concentration and group 2 having a higher concentration applied. Rhodamine B will be used to
determine the extent of diffusion because it is easily detected fluorescently and was already used
as a model drug for detection of polymeric microspheres injected intracranially [44]. At day 10,
20, and 30, two rats from each treated group will be sacrificed along with a rat from the control

group. The brains will be removed and sectioned to determine the extent of rhodamine B
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diffusion. By taking a progression of samples over 30 days, the rate of diffusion into the
surrounding tissue can be determined. Rhodamine B should initially be concentrated at the site of
injection. Over time, we expect rhodamine B to be present 0.5 to 2-3 mm away from the
injection site [36, 39, 78, 144]. If both the subcutaneous tumor study and the intracranial study

yield positive results, then an intracranial tumor model would be the next logical step.

The potential of the DREAM BIG Therapy is that it provides an alternative solution to the
treatment of gliomas by using multiple microspheres types with different degradation rates and
chemotherapeutics in a thermoresponsive formulation. Multi-staged, sequential drug release
could combat tumor regrowth and tumor drug resistance long-term with a single, localized
application by the surgeon to the patient. In addition, various polymer-drug combinations could
be chosen and applied with the PNIPAM to specifically tailor a treatment based on the cancer’s
characteristics, allowing for a personalized therapeutic approach. This system is not limited to
gliomas, but could also be applied to other cancer types, such as breast and liver cancer. Other

applications could include an intramuscular, long term contraceptive or pain reliever.
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Appendix 1: Standard curves of a) rhodamine B in PBS at 536 nm, b) rhodamine B in THF-1 M
HCI 90-10 (v/v) at 536 nm, c) gefitinib in PBS-1 M HCL 90-10 (v/v) at 333 nm, d) gefitinib in
pH 10-1 M HCL 80-20 (v/v) e) gefitinib in THF-1 M HCI 90-10 (v/v) at 333 nm, f) IgG in PBS
at 283 nm, g) 19G in pH 10 at 283 nm, h) IgG in pH 6 at 283 nm, i) IgG in pH 4 at 283 nm, )
IgG in PBS-1 M HCL 90-10 (v/v) at 283 nm, k) IgG in 1 M NaOH at 283 nm, ) lomustine in
PBS-DMSO 55-45 (v/v) at 396 nm, m) lomustine in 5M NaOH-DMSO 65-35 (v/v) at 344 nm,
and n) lomustine in DCM at 396 nm, n=3
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Appendix 2: Initial microsphere attempts for making PLA microspheres with morphology
depedent on impellar type: a) clover leaf impellar, b) four blade imellar, and c) five blade

impellar. Note that smaller microspheres are present on the surface because the filtration step
was not used during initial formulations.

a)

b)

Al WD | Msg |Dat|Spet|
(e 5 105 1 mm 570 < [SE | 3
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Appendix 3: Encapsulation efficiency values of rhodamine B encapsulated PLGA, PLA, and

PCL microspheres

Polymer Conditions EE (%) | Std Dev (%)
42 um, 1.5 mg RB 53.1 9.0
PLGA 42 um, 1.5 mg RB, 1 mg RB in W2 275.4 13.0
23 um, 1.5 mg RB, 5 mg RB in W2 438.7 15.5
37 um, 1.5 mg RB 21.3 6.7
PLA 27 um, 1.5 mg RB 17.4 5.4
37 um, 3 mg RB 20.1 7.6
52 um, 1.5 mg RB 12.6 8.1
51 um, 1.5 mg RB 8.3 4.4
52 um, 3 mg RB 5.5 5.6
52 um, 6 mg RB 26.1 5.6
52 um, 1.5 mg RB, single emulsion 8.3 55
PCL 52 um, 6 mg RB, single emulsion 13.7 10.9
51 um, 1.5 mg RB, single emulsion 6.3 1.5
52 um, 1.5 mg RB, 2.25 g PCL, 3% PVA 12.9 8.7
52 um, 6 mg RB, 2.25 g PCL, 5% PVA 5.9 3.4
52 um, 6 mg RB, 5% PVA, 10 mg RB in W2 69.6 13.9
52 um, 12 mg RB, 5% PVA, 10 mg RB in W2 54.1 7.6
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Appendix 4: Drug loading values of rhodamine B encapsulated PLGA, PLA, and PCL

microspheres

Polymer Conditions DL (%) | Std Dev (%)
42 ym, 1.5 mg RB 0.08 0.007
PLGA 42 um, 1.5 mg RB, 1 mg RB in W2 0.23 0.010
23um, 1.5 mg RB, 5 mg RB in W2 0.78 0.141
37 um, 1.5 mg RB 0.04 0.008
PLA 27 um, 1.5 mg RB 0.03 0.004
37 um, 3 mg RB 0.06 0.005
52 um, 1.5 mg RB 0.02 0.006
51 um, 1.5 mg RB 0.02 0.003
52 um, 3 mg RB 0.07 0.039
52 um, 6 mg RB 0.14 0.020
52 um, 1.5 mg RB, single emulsion 0.01 0.005
PCL 52 um, 6 mg RB, single emulsion 0.10 0.046
51 um, 1.5 mg RB, single emulsion 0.01 0.001
52 um, 1.5 mg RB, 2.25 g PCL, 3% PVA 0.07 0.002
52 um, 6 mg RB, 2.25 g PCL, 5% PVA 0.11 0.033
52 um, 6 mg RB, 5% PVA, 10 mg RB in W2 0.36 0.027
52 um, 12 mg RB, 5% PVA, 10 mg RB in W2 0.55 0.168

Appendix 5: Encapsulation efficiency values of gefitinib in PLGA

EE Standard Deviation
Polymer Conditions (%) (%)
23 um, 1.5 mg GB, 3% PVA 89.3 2.4
23 um, 3 mg GB, 3% PVA 48.7 8.8
PLGA 23 um, 4.5 mg GB, 3% PVA 39.4 3.7
28 um, 15 mg GB, 2.5 g PLGA, 3% PVA 82.3 9.1
19 um, 1.5 mg GB, 3% PVA 47.0 5.1
10 um, 15 mg GB, 2.5 g PLGA 86.5 12.2




Appendix 6: Drug loading values of gefitinib in PLGA

DL | Standard Deviation
Polymer Conditions (%) (%)
23 um, 1.5 mg GB, 3% PVA 0.11 0.002
23 um, 3 mg GB, 3% PVA 0.12 0.004
PLGA 23 um, 4.5 mg GB, 3% PVA 0.21 0.013
28 um, 15 mg GB, 2.5 g PLGA, 3% PVA 0.63 0.023
19 um, 1.5 mg GB, 3% PVA 0.07 0.005
10 um, 15 mg GB, 2.5 g PLGA 0.55 0.026

Appendix 7: Total amount of gefitinib encapsualted in PLGA

2.5

1.5

B
: ™
0 N

19 um, 23 pum, 23 pm, 23 pum, 28 pm, 10 pm,
1.5mgGB 1.5mgGB 3 mg GB 45mgGB 15mgGB, 15mgGB,
25gPLGA 25gPLGA

Gefitinib Amount (mg)
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Appendix 8: Encapsulation efficiency values of 1gG in PLA

EE | Std Dev

Polymer Conditions (%) (%)

11 um, 3 mg IgG, 3% PVA 17.8 4.1

11um, 15 mg IgG, 3% PVA 35.8 8.5

11 pm, 3 mg IgG, 30 mL W2, 5% PVA 45.7 15.1

11 pm, 12 mg 19G, 30 mL W2, 5% PVA 29.8 6.3

PLA 11 um, 3 mg 1gG, 30 mL W2, 5% PVA, 5 mg IgG in W2 105.0 10.0

11 pum, 7.5 mg IgG, 30 mL W2, 5% PVA, 5 mg IgG in W2 45.9 6.4

11 pm, 7.5 mg IgG, 30 mL W2, 5% PVA, 10 mg IgG in W2 88.4 12.1

43 um, 7.5 mg 1gG, 30 mL W2, 5% PVA, 10 mg IgG in W2 34.4 10.5

11 pym, 3 mg IgG, 2 g PLA, 3% PVA 23.3 1.5

11 ym, 3 mg IgG, 2 g PLA, 3% PVA 24.6 1.9

Appendix 9: Drug loading values of 1gG in PLA

DL | Std Dev

Polymer Conditions (%0) (%0)

11 um, 3 mg IgG, 3% PVA 0.05 0.01

11 pm, 15 mg 19G, 3% PVA 0.23 0.03

11 pm, 3 mg IgG, 30 mL W2, 5% PVA 0.07 0.02

11 pm, 12 mg 19G, 30 mL W2, 5% PVA 0.24 0.06

PLA 11 pm, 3 mg 1gG, 30 mL W2, 5% PVA, 5 mg IgG in W2 0.13 0.01

11 pum, 7.5 mg IgG, 30 mL W2, 5% PVA, 5 mg IgG in W2 0.19 0.03

11 pm, 7.5 mg IgG, 30 mL W2, 5% PVA, 10 mg IgG in W2 0.32 0.05

43 um, 7.5 mg 1gG, 30 mL W2, 5% PVA, 10 mg IgG in W2 0.13 0.03

11 ym, 3 mg IgG, 2 g PLA, 3% PVA 0.04 0.00

11 um, 3 mg IgG, 2 g PLA, 3% PVA 0.24 0.02
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Appendix 10: Total amount of IgG encapsualted in PLA

0.9
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Appendix 11: Encapsulation efficiency values of LMT encapsulated in PCL

30 mL W2

I I i

_=>

11 pm, 11 pm, 11 pm, 11 pm, 11 pm, 11 pm, 11 pum, 43 pm,
3 mg 15 mg 3 mg 12 mg 3 mg 75mg 7.5mg 7.5 mg
IgG 1gG IgG 1gG 1gG, IgG, 1gG, IgG,

W2: W2: W2: wW2:
SmglgG 5mglgG 10 mg IgG 10 mg IgG

11 pm,
3 mg

IgG,

11 pm,
15 mg
IgG.

2gPLA 2gPLA

EE | Std Dev
Polymer Conditions (%0) (%0)
31 um, 1.5 mg LMT, 3% PVA 18.1 0.7
31 um, 3 mg LMT, 3% PVA 12.6 0.4
31 um, 6 mg LMT, 3% PVA 17.6 2.8
31 um, 9 mg LMT, 3% PVA 15.6 1.2
31 um, 15 mg LMT, 3% PVA 18.0 1.8
31 um, 15 mg LMT, 5 mg in W2, 3% PVA 24.2 2.4
PCL 31 um, 3 mg LMT, 30 mL W2, 5% PVA 34.0 3.3
31 pum, 15 mg LMT, 30 mL W2, 5% PVA 34.1 1.1
31 pm, 3 mg LMT, 30 mL W2, 5% PVA, 5 mg LMT in W2 291.2 36.3
31 um, 15 mg LMT, 30 mL W2, 5% PVA,5mg LMT in W2 | 101.6 11.5
31 um, 3mg LMT, 2.5 g PCL, 5% PVA 22.0 2.1
31 um, 15 mg LMT, 2.5 g PCL, 5% PVA 21.1 7.2
3560 rpm, 3 mg LMT, 3% PVA 13.2 2.8
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Appendix 12: Drug loading values of LMT encapsulated in PCL

DL | Std Dev
Polymer Conditions (%0) (%0)
31 um, 1.5 mg LMT, 3% PVA 0.05 0.007
31 pum, 3 mg LMT, 3% PVA 0.08 0.004
31 um, 6 mg LMT, 3% PVA 0.20 0.007
31 um, 9 mg LMT, 3% PVA 0.26 0.015
31 um, 15 mg LMT, 3% PVA 0.47 0.019
31 um, 15 mg LMT, 5 mg in W2, 3% PVA 0.63 0.052
PCL 31 um, 3 mg LMT, 30 mL W2, 5% PVA 0.09 0.011
31 pm, 15 mg LMT, 30 mL W2, 5% PVA 0.58 0.050
31 um, 3 mg LMT, 30 mL W2, 5% PVA, 5 mg LMT in W2 0.84 0.125
31 um, 15 mg LMT, 30 mL W2, 5% PVA, 5 mg LMT in W2 1.54 0.081
31 um, 3 mg LMT, 2.5 g PCL, 5% PVA 0.08 0.005
31 um, 15 mg LMT, 2.5 g PCL, 5% PVA 0.39 0.032
3560 rpm, 3 mg LMT, 3% PVA 0.08 0.005

Appendix 13: Total amount of LMT encapsulated in PCL. Unless otherwise stated, all
formulations are at 2800 rpm.

30 mL W2

—_ 8} w
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Appendix 14: Time points for measurements in the in vitro drug release.

In vitro Release Type Drug Particle Size (um) Days Measured
23+8 2,4,6,8,10,12, 14, 16, 18, 20, 22, 24, 26, 28
Rhodamine B 30, 32, 36, 40, 50, 60, 70
2,4,6,8,10,12, 14, 18, 22, 26, 30, 34, 42, 50,
44 + 17
60, 70
2,4,6,8,10,12, 14, 16, 18, 20, 22, 24, 26, 28
19+8 30, 32, 34, 36, 38, 40, 45, 50, 52, 54, 56, 58
L 60, 65, 70
Gefitinio 2,4,6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28,
23+8 30, 32, 34, 36, 38, 40, 45, 50, 52, 54, 56, 58
60, 65, 70
Microspheres in PBS 1,2,4,8,12, 16, 20, 25, 30, 35, 40, 45, 50, 58
66, 74, 82, 90, 98, 106, 114, 122, 130, 138
11+7 146, 156, 166, 177, 186, 196, 206, 216, 226
236, 248, 260, 272, 284, 296, 308, 324, 340
IgG 356, 372, 390, 408, 437, 466, 495
1,2,4,8,12, 16, 20, 25, 30, 35, 40, 45, 50, 58
43+ 95 66, 74, 82, 90, 98, 106, 114, 122, 130, 138
- 146, 156, 166, 177, 186, 196, 206, 216, 226
236, 248, 260, 272, 284, 296, 308, 324, 340
Lomustine 31+12 1,2,3,4
Microspheres in pH 10 1gG 117 1,2,4,8,12,16
Microspheres in pH 6 1gG 11+7 1,2,58
Microspheres in pH 4 1gG 11+7 1,2,5,8,12, 16
Combined microspheres in pH 10 | 1gG and Gefitinib IC?CB; i; f; 1,2,5,8,12, 16, 20, 26, 33, 40, 47, 54, 79, 104
Microspheres in 5 M NaOH-DMSO Lomustine 31+12 1,2,3,4
23+8 2,4,6,8,10,12, 14, 16, 18, 20, 22, 24, 26, 28
Rhodamine B 30, 32, 34, 36, 38, 40
44+ 17 2,4,6,8, 10,3%)2,3124,316,328,32052, 24, 26, 28,
Microspheres in PNIPAM in PBS o1 2 4.6.8,10, 12, 14, 16, 18, 20, 22, 24, 26, 28,
Gefitinib 30, 32, 34, 36, 38, 40, 45, 50, 55, 60, 70
23+8 2,4,6,8,10,12, 14, 16, 18, 20, 22, 24, 26, 28

30, 32, 34, 36, 38, 40, 45, 50, 55, 60, 70
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Appendix 15: In vitro release of rhodamine B from PLGA microspheres (44 £ 17 um) in PBS
and microspheres entrapped in PNIPAM and suspended in PBS at 37°C and gently shaken, n=3.
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Appendix 16: In vitro release of IgG from PLA microspheres with cumulative error, n=3.
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Appendix 17: In vitro release of free IgG from PNIPAM, n=3.
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Appendix 18: Individual tumor measurements of Pilot Study 1. A complete dose is a full 0.5 mL
volume injected, with total of 200 ug gefitinib encapsulated in PLGA microspheres suspended in
PNIPAM. The control was blank PLGA microspheres in PNIPAM. The percentages given are
estimates based on volume remaining in the syringe; however, microspheres may not have been
equally dispersed in solution due to gelation.
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Appendix 19: Vertebrate Animals

The subcutaneous tumor model protocol involving vertebrate animals have been approved by the
University of Washington Institutional Animal Care and Use Committee (IACUC) under
protocol 3043-01 (PI: Dr. Buddy Ratner). All animal studies will be completed in a facility
managed by the University of Washington Department of Comparative Medicine, which is
accredited by the Association for Assessment of Laboratory Animal Care (AALAC).
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