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ABSTRACT

Cancer is the second leading cause of death in the United States of Amerilca a
National Cancer Institute has released a paper stating that the idssal ttemapy should have
an imaging, targeting, reporting, and therapeutic part. The overall projéds ¢mae able to
create a delivery system that can be triggered externally to the bodyraredezse an anticancer
agent in a controlled manner. The current project deals specifically wildp tagilroxypropyl
cellulose (HPC) filled poly(2-hydroxyethyl methacrylate) (R (HFPG) hydrogel to cause a
release of theophylline when the hydrogel is placed at a temperature ablowectheritical
solution temperature (LCST) of HPC (57 °C) and to have no release at normal bodwpteraper
37 °C.

In a series of polymerization reactions, various compositions of hydroxymelpulose
(HPC) filled crosslinked PHEMA gels were synthesized by free ahgimymerization. The
LCST for different average molecular weightd,,, of HPC were found to be 44.8 °C + 0.8, 48.7
°C + 0.3, and 46.2 °C + 0.7 for 80,000, 100,000, and 370£0APC respectively. A change in
concentration of HPC with &, 80,000 from 0.01 to 0.05 g/mL showed an increase in the LCST
from 44.8 °C £ 0.8 t0 46.6 °C + 1.0. Changing the media from water to 0.65M sodium chloride
change LCST from 46.6 °C + 1.0 to 35.4 °C £ 2.3. The swelling study showed the mesh size was
unaffected by synthesis temperature, analytical temperature, and HENIRAQ ratio, indicating

that HPC was pore-filling. Mechanical testing confirmed the resultseadwelling study, in that
i



there was no net change in the calculated mesh size with a change in analgiinghesis
temperature by either method. This study showed that HPC did change the megthsaz
change in the HEMA:HPC ratio. Dissolution testing for the release of thiopHrom the
HFPG hydrogel showed an increased release rate with an increase ficartalyperature was
possible. The increase in synthesis temperature increased the rakedsésrahown that an
increase in the HEMA:HPC ratio with a decrease in the diffusion coeffidieetHPC collapsed
and evolved out of the HFPG and this effect could produce a higher diffusion. Further
investigations should be conducted to test the effects of different initiatorscastirddang

ratio’s on the release of HFPG hydrogels.
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CHAPTER 1

INTRODUCTION

The first major breakthroughs during the 1960s, in the field of pharmace iavas
marked a new era in research and development of drug delivery systems (Atralonti970).
There are ongoing efforts to improve the targeting, long lastingteffeed enjoyable
experiences of medicinal treatments beyond the basic application to pushnday consumer
and physician demands. One way this is done is to research new drug dedtengls. Most
common drug delivery platforms produced today, are made of machine lubricant, green
polymers, and active ingredients. Green polymers are non-harmful biocblepatiymers, such
as microcrystalline cellulose, gum arabic, xanthan gum, hydroxyprefylase, and
Hydroxypropylmethyl cellulose. The United States Food and Drug Adnatictr(FDA)
approved these polymers as safe for human consumption. These biocompatible pogmers ar
chosen for their physical responses to an external stimulus due to environmergatckaoh as
magnetic field, light, pH, or temperature. These stimuli introduceredtezsponse mechanisms
that are now being investigated to combat some of the world’s leading causathof de
Currently, the second leading cause of death in America is cancer (CenteisefgelControl
and Preventiosmt al., 2004). In spite of the emergence of many new cancer treatments, there has
been no significant decrease in cancer related deaths since 19589 @eridésease Control and

Preventioret al., 2004).



One of the ways by which scientists have been trying to force a downwaddrirdhe
death toll is through a drug delivery platform that targets cancergedismbedding magnetic
nanoparticles into a scaffold and attaching it to cancer targetirgpdi@s. These antibodies will
target specific cancer cells by attaching themselves to theeeibranes and, consequently,
assimilate into the cell. Imaging technology such as an MRI can provideugepof the
nanoparticles imbedded into the cancer cells. Finally, a hyperthermradreas carried out by
heating the magnetic nanopatrticles, thus, causing the drug to be delivered. i3yerthermia
treatment, cancer cells undergo thermal ablation at temperaturesethaiver then what would
be required for healthy cells to be similarly affected.

Our research group aims to incorporate this idea of hyperthermia into funatitinal
platform that utilizes antibodies, magnetic nanopatrticles, and thermadlyigempolymers. The
goal is to condense the targeting, imaging and treatment of tumor cells intoatmeire This
paper focuses on the synthesis and drug release characterization of alhgdngdroxyethyl
methacrylate (HEMA), which contains a thermally sensitive polymemaxygpropyl cellulose
(HPC). HEMA/HPC hydrogels were synthesized to be positively thermosenfsitifaster
release of the drug at temperatures above the lower critical solution &unpgt CST) and to
cease releasing below the LCST. Drug delivery can be activated tirygheausing a
morphological change in the structure of HPC, which opens up diffusion pathwalysdor
release. If successful, magnetic nanoparticles can be added to PHE®A&HPso that an
external electromagnetic field can trigger a combination of lochthemotherapy and

hyperthermia for treatment of tumor cells.



CHAPTER 2

BACKGROUND

Over the past several decades, humans have sought to improve their health because the
body is constantly bombarded with bacterial and viral agents (Etcahj 1981). Early medicine
apothecaries used crude roots and herbs to cure common ailments, like headaches and
stomachaches. As time progressed and the field of biology and chemistiy stamteerge,
drugs started to be more refined, and improved through insight and observations. The 1930s
thought the 1950s saw the emergence of “miracle drugs” such as penicillin asoneoaind
people started using drugs to cure common ailments, which lead to an increasasi dise
resistant bacteria (Committe to Study the Human Health Effects of Sajp¢tic Antibiotic
Use in Animal Feeds a Division of Medical Scieneeal., 1980; Finland, 1955a.; Finland,
1955c.; Finland, 1955b.; Finland, 1979; Gerald L. Mangtell., 1979; H. S. Goldberg al.,

1961; Robicselet al., 2006; United States Food and Drug Administration and Medicine, 2000).
Currently, the pharmaceutical industry has turned to engineers and cherdstglop targeted
and controlled release systems for drugs that last longer, treat onljetttecfreas, and
minimize any adverse effects (Peppas, 1984). Cancer researchers Ipaed taese challenges
and incorporated them in the generation of technologies that address cancer Terapy
National Cancer Institute (NCI) has set a goal for the optimal cancapththat utilizes a

multifunctional platform (Cancer Nanotechnology Plan: A Strategic tivéido Transform
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Clinical Oncology and Basic Research Though the Directed Application of Nanotegy,
2004). This optimal drug delivery platform will target, treat, report, and image tunharNe€ll
wants a platform to specifically target, and deliver a significant amoutttgfor other therapy
(radiation, ultrasound, hyperthermia, etc.) to treat the cancer cells. Tocdmdit the cancer
cells have been treated, and know where the cancer cells are located, imdgiolp¢gas used.
Today, many research groups are working on novel nanomaterials that migyssatis or all of
the goals set out in this NCI paper (Eberal.; Kim et al., 2008b; Miller and Peppas, 1988;
Nakayameet al., 2006; Songt al., 1998). As part of the NCI initiative, the development of
smart materials that can trigger drug release has led researcimestayate environmentally-
sensitive hydrogels, interpenetrating networks and other advanced polsuatirss to allow

drug release that can be triggered external to the body.

2.1Controlled Release

Controlled release is the modification of the rate and time at which a drug is
administered. One way to modify the release rate is by changing thedififficient of the
active ingredient different from the bulk diffusion coefficient. Controlledasdecould also
include a triggering mechanism (Lonsdale, 1982). Controlled release prdfieesrdim
immediate release in two ways: one difference is the plasma conaerdrate higher and tend
to be close to toxic; the other difference is the liver filters out the actyredient out faster,
making the amount of active ingredient to rapidly decreases over time when edrgar

controlled release. Fan-vivo applications, controlled release means once a drug, which includes
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the active ingredient and polymers for delivery, enters the body it aitldglivering the active
ingredient at a precise time, and maintain therapeutic range for aséFtgure 2.1.1.1). The
therapeutic range is the concentration needed in the plasma for effiesxdivecnt.

The controlled release can be as simple as encapsulating a drug into a poliyméoma
allow the polymer to naturally dissolve and release the drug or as compléyd®gel that can
be triggered to release by interacting with an external stimulus (Lons@8®), Some
modifications to the orally-delivered naturally-dissolving drugs useierteatings
(poly(styrene-alt-maleic anhydride)—ethanol (E&al., 2008), poly(methacrylate) (Mercier
al., 2007), Eudradft (Fujimori et al., 2005), etc.) to coat the outside of the pills to prevent
release at a low pH so that the drug is not released in the stomach. ReteageabpH is
desirable because of the high absorbance into the blood stream, and non-degradingeamtvironm
of the intestines. Several years of research has shown that these abréfeliee systems can
also be triggered by environmental conditions. There are two ways to triggeerelne is an
environmental response inside the body and the other is a response externalfdtogtsde
the body. The environmentally responsive release is the most commengzaliyple method for

drug delivery.
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2.1.1 Invivo Drug Release

Invivo drug release is the response of a polymer-based drug delivery systerm to star
releasing the active ingredient in response to environmental changeshesbely. The
mechanism for triggering a release from an environmental stimulus can be ashetply
changing pH or hydration. The most common usage of this form of delivery is a palystem

going from a dry state to being wet.

2.1.1.1Solvent-activated Release

Solvent-activated release occurs in response to the polymer diffusing into soltniicim, w
allows the drug to be released during the process. When a drug is hydratedatieeveillr
create a gelatinous covering preventing water from entering leavingtbary. As the outside
polymers start to dissolve, water will penetrate a little further atidentinue until the drug is
fully dissolved (Tyle, 1988). Aspirin was one of the first sustained-refgaskicts using an
insoluble matrix (Vorat al., 1964). To accomplish the long-lasting effect, different ratios of
hydrophobic and hydrophilic components are used in the formulation &/aka1964), with
the most common being hydroxypropyl methylcellulose (HPMC) and micradigstcellulose
(MCC). One problem with solvent-activated release is that it release®ass the drug

hydrates and releases regardless of pH.



2.1.1.2pH-sensitive Release
pH-sensitive release of a drug occurs when the pH of the surrounding solutionsctoange
become more acidic or basic. Such a release occurs when a drug isamatistered and
follows the normal gastrointestinal (Gl) tract. The pH inside the body vaoies@rs - 7.5 in the
mouth to 1.5-4.0 in the stomach and back to 4.0 - 7.0 in the large intestines. It takes 0.5-1 hour
for the ingested drug to get to the stomach, 1-3 hours in the stomach, and approximatetg 16 hou
in the intestines ("Elite-Zyme Ultra — Digestive Enzymes "). Wittoemal release time of 4-8
hours the drug will begin releasing in the stomach and could lead to a low absorptteet
al., 1959; Shoret al., 1957) or be degraded by the stomach acid (Gibaldi, January 1991).
Pharmaceutical agents that will degrade if exposed to low pH for any lehtitne have been
appearing on the market, such as Cytochrome P450s (Bruno and Njar, 2007). Eniags coat
have been developed to slow down release in the stomach and start releasing irtitresintes
Micelles have also been developed with pH-sensitive capability. Theskesae not
have to rely on the enteric coatings to stop the hydration process. Miceliesedr®
encapsulate a drug using self-assembly. Micelles use differentuteddhat have a
hydrophobic and a hydrophilic part such as (poly(allyl glycidyl ether)-blpok{ethylene
oxide) (Hrubyet al., 2005) or polyoxometalates-co-Poly(styrene-b-4-vinyl-N-methylpyiahn
iodide)). Forin-vivo applications, the hydrophobic part is a long polymer chain (tail) and the
hydrophilic part (head) which is at one end will form a hydrophilic shell when in oil aoluti
Micelles will self-assemble at the critical micelle concerarato from spheres in water and in

the presence of a hydrophobic drug, will encapsulate the drug as welllelslicah also self
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assemble in oil and encapsulate a hydrophilic drug. For instance, if a pH-sengitiophilic
micelle is exposed to a solution of pH 7.0, the micelle will break apart anderéheadrug that it

is encapsulating (Hrubst al., 2005; Kimet al., 1996). PH triggered responses are good for oral-
drug delivery (flu, headache, muscle ache, etc.). Using an external sotriggdr drug release
will be more beneficial when designing drug delivery systems for care@phwill allow the

treatment to be triggered anywhere in the body as opposed to following thekGl trac

2.1.2 Externally Affected Drug Release

Externally affected drug release requires a delivery systemreasge the drug
concentrations for treatment in an area when an external stimulus is applerdalxtriggered
devices that can be used fowivo drug delivery are based on systems that respond to external
triggers such as ultrasound, light, electronic signals or magnetic weatesah penetrate deep
tissues of the human body to trigger release. Of these, each triggeringexae}s electronic
signals, can be achieved in a non-invasive manner to activate release fritraradtenicro or
nano-devices that can be targeted within the body. The methodologies toepeadeicible
triggerable devices are relatively new, with advances in ultrasound (Fr2ak8), photo
(Bikramet al., 2007; Sershesd al., 2000), and magnetic field activated systems (Ludblak,

2001, Langeet al., 1980), which are discussed below.



2.1.2.1Ultrasonic Release

Ultrasonic (ultrasound) release is the use of high frequency sound waves to disrupt
micelles that encapsulate a drug to cause release. Ultrasound has been foungdtehasagin
the areas of gene therapy and cancer treatment (Frenkel, 2008; Frenkel and Lial0Q®98).
By using a frequency range of 20 to 90 kHz, researchers have applied ultrasonic sausé to ¢
the release of an encapsulated drug in micelles (Husseinj 2000). The ultrasonic sound
waves creates bubbles causing the collapse of the micelles via shearsirelseck (Husseini
and Pitt, 2008). Husseint al. in vitro study has found that a pulse duration longer than 0.1
second showed a release and reencapsulation (Huts#in2000). Thign vitro study shows
that a drugn vivo could be released useing ultrasound waves. There are some negative side
effects of ultrasonic release like oxygen bubbles entering the blood stream aeaserin
temperature when the ultrasound is applied (Daleicli., 1997a; Dalecket al., 1997b; Frenkel

et al., 2006).

2.1.2.2Magnetic Localization

Magnetic localization allows the concentration of drugs to a specifiettarga in the
body and away from healthy tissue, through the use of an externally-appliedtindigld
(Lubbeet al., 2001). This method can be used to lower the amount of drug that cycles through
the body and to localize the drug to an area, in an effort to minimize the damesged¢ and to
increase the drug absorption to a desired tissue. There are some potentialplataéring the

drugs to specific tissue, given intravenously, to target areas because ghthébd flow rates
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inside tissue (>10cm/s in arteries, 50 cm/s in aorta, and >0.05 cm/s in ep&schmidt, 2006;
Schuenket al., 2006). The high blood flow rates require a high magnetic field to keep the drug
localized to a specific area long enough to have cellular uptake to occur @w@bh@001). The
field intensity applied to a particular area by a static magnetcttiges a narrow maximum
magnetic field intensity to be effectively holding a nanoparticle; thexetareful consideration

to the size and composition of the magnet nanopatrticle is needed. The use of fertiomagne
nanoparticles is being researched because they have a very strong nsageeptibility (Lubbe

et al., 2001).

The magnetic localization can be used as a drug delivery system. Tlagilisations of
magnetic localization where conducted in the 1970s by Widdieals (1981) who used
microspheres to encase adriamycin, a chemotherapeutic agent, withitedgretalize the
drug to capillary beds of tumors. Widdetral. (1981) showed that the use of an external magnet
could localize the cancer treatment and reduce tumor size by 83%. Climisaintio magnetic
localization were not conducted in the United States until the 1990s and showed that
microspheres could target and localize to tumor cells and shown to be effectaugsinga
significant decrease in tumor size (Devinetral., 1995; Goodwiret al., 1999; Lubbeet al.,
1996a; Lubbest al., 1996b). Intense efforts are going on to develop biocompatible magnetic
nanoparticles not only for magnetic localization of microspheres but are aigarbesstigated
for local temperature increase (hyperthermia) for the treatment agghignof tumor cells

(Jordaret al., 1996).
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2.1.2.3Externally-Triggered Thermal Release

External-triggered thermal release is the release of a drug a&vateel temperature.
Thermal release uses a nanoparticle to internally heat a drug byeamadiytapplied device.
Most thermally-sensitive polymers have lower critical solution tentpers (LCST) in aqueous
solutions. LCST is the temperature at which the polymer will phase sepadded|aut of
solution. There are two types of LCST: polymer-polymer and polymer solvenm@opolymer
LCST, is due to polymer-polymer interactions when two polymers melt phasetegpéway et
al., 1964a; Floryet al., 1964b; Mcmaster, 1973). Polymer-solvent LCST, is due to polymer-
solvent interactions when the polymer phase separates from the solvent (Reatlabo2€08).
This is mechanically done by the disoperation of bound water from a polymerptbeeref
creating hydrophobic domains (Rathbahal., 2008). In most cases the water molecule will
form a hydrogen bond with the exposed lone pair of electrons on oxygen, fluorine, or nitrogen
(Rathboneet al., 2008). At elevated temperature the hydrogen bond breaks and causes the
polymer to become hydrophobic (Rathbahal., 2008). Once the polymer becomes
hydrophobic, the polymer will coil to a lower energy state. The most common thermal
sensitive polymers is poly(N-isopropyl acrylamide) (Rathbeirat., 2008) and FDA accepted
biocompatible hydroxypropyl cellulose (Heitfedtlal., 2008). Polyl-isopropylacrylamide)
(PNIPAAmM)and hydropxypropyl cellulose (HPC) have LCSTs of 32 °C and 41 {@ctasly
(Heskins and Guillet, 1968; Lee and Lawandy, 2002).

Polymers like PNIPAAmM and HPC can be used in the synthesis of complex syigtems

hydrogels or micelles. These hydrogels or micelles, usad fovo applications, can be utilized

12



to encapsulate nanoparticles and active ingredients, like theophylline. The mialespean be
heated by an external source and the thermally sensitive polymer undeguese change
inducing a conformation change in the system. The conformation change wilsaet¢he drug
release rate. The most common researched sources for external Iseaging near infrared

(IR) light or AC magnetic field to induce heating of nanopatrticles.

2.1.2.3.1 Photothermal Release

Photothermal release uses near-infrared light waves for heating nanepantielease
drug from a polymer system. The near infrared light (800-1200nm) penetrates intssieep t
with little attenuation and has successfully heated silica nanopartithegold shells to 50 °C
(Bikramet al., 2007; Sershesd al., 2000). Chan research group found that the optimal size for
gold nanopatrticles to be uptaken into mammalian cells was 50 nm (Chehahn006). By
placing the nanoparticles into thermally sensitive polymer systems,dtessgan be triggered
to release in response to heat generated by the excited nanoparticledypée®f polymers
can incorporate nanopatrticles into hydrogels and micelles because thdltheensitive
polymer undergoes a phase change inducing a conformation change in the systeicelles,
the hydrophilic head will change to hydrophobic and cause the drug encapsulatetharside
be released (Doughergyal., 1998). Besides gold nanoparticles, magnetic nanoparticles are

being used in other drug delivery applications.
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2.1.2.3.2 Magnetothermally-Triggered Release

Magentothermally-triggered release is the heating of magnetic néctgsaby an
external field that causes the drug to be released from a polymer s$ster® of the early work
developed by Langest al.(1980)showed that 1.2 mm stainless steel beads embedded into
polymer systems could have sustained release of bovine serum albumin usimgagjagtic
fields. A study by Hsielst al. showed that the magnetic field showed no adverse effect by the
external static magnetic field on rabbit cornea (Hstedh., 1981). Magnetic nanoparticles
(MNP) can be used to induce heating inside cell when an external-magnetis &pjalied
(Jordaret al., 1993; Mornett al., 2006). MNP need to be synthesized with a Curie temperature
around 50 °C (Jordaat al., 2001). The Curie temperature is the temperature in which a magnet
becomes paramagnetic and no longer heats by an external magnetic @igidt@al., 2006;
Morozet al., 2002). Tuning the Curie temperature of nanoparticles below thermal ablation is
ideal for biomedical applications (Moretal., 2002). Thermal ablation (hyperthermia) is the
cellular deaths caused by high temperature and it has been shown to treatJoadaget al .,
2001; Mornett al., 2006; Morozet al., 2002). Liver cells become impaired at 45 °C, but several
hours of exposure will kill them. At 50 -55 °C temperature range cellular death actturns4-6
minutes, at 60 °C cell death is immediate, and at 100 °C liver tissue vaporizes and charri
occurs (Joseph K. T. Lee, 2006). Therefore, the heating of MNPs will need to stop hdatieg be
60 °C and this is done by using the Curie temperature, which is the temperaturdnat whic

material stops being magnetic (Kehal., 2008a). By incorporating MNP with thermally
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sensitive polymers and applying external AC magnetic field, polymemsystan be heated via
the MNP.

MNPs have been incorporated into macroporous gels and other hydrogels, or
encapsulated in micelles to be used in magnetothermally-triggereceréfeds and Gehrke,
2004; Liuet al.; Trapaniet al., 2009; Weiet al., 2009). The nanopatrticles can be coated with
polymers such as chitosan for drug delivery applications (Trapahj 2009) or pNIPAAmM to
have thermal release. The Gehrke group has used HPC in a microporous gehwoivgh s
transition temperature of 42 °C that could be used for magentothermally¢dggérase (Kato
and Gehrke, 2004). Other research groups, use thermally sensitive micellescépailate

magnetic nanoparticles and the drug to achieve controlled releaset @ve2009).

2.2 Thermally-Triggered Hydrogels Used in Drug Delivery

Polymeric hydrogels were first introduced for drug delivery in the 1960s and are
important because of their ability to swell in water and their non-dissolyatgitiardless of the
solvent (Kim and Bae, 1992; Wichterle and Lim, 1960). Hydrogels are composed of higdrophi
polymers that are either physically or chemically crosslinked to fatworks that slow down
the diffusion of water (Parét al., 1993; Peppas, 1987). Hydrogels contain large volumes of
water, the amount of which can be controlled by the amount of crosslinking (Chzdiii).
This large reservoir of water will allow different water-solublegdrto be retained within the
hydrogel and to release the drugs. Hydrogels are characterized based dmthesdlease

profiles which are affected by the mesh size, and swelling ratio. The amoungaoetiase from
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a hydrogel is related to its mesh size (Figure 2.1.2.1). The larger thesinesthe higher the
diffusion coefficient. The mesh size can be tuned from very small, causing no léaggr¢o
large, where the drug does not interact with the hydrogel. Hydrogels can lfeed@sshomo-
hydrogels, copolymer hydrogels, grafted hydrogels, interpenetrating nefaocksemi-

interpenetrating networks, based on their structural organization of monomers.
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Figure 2.1.2.1: Diagram showing the mesh §izef a hydrogel
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2.2.1 Homopolymer Hydrogels

Homopolymer hydrogels are composed of one monomer. Crosslinked polymer based on
2-hydroxyethyl methacrylate (HEMA) is one of the most investigatedoxin-and
biocompatible hydrogels. Poly(2-hydroxyethyl methacrylate) (PHERMrogels are
commonly found in soft contact lenses and are being used in tissue engineering and drug
delivery applications (Davis P.& al., 1991; Saltzman, 1997). For instance, PHEMA was
crosslinked with ethylene glycol dimethacrylate (EGDMA), by frekaa polymerization, to
deliver metronidazole, an antibiotic. Metronidazole, or small molecular weighs dan be
loaded into the PHEMA hydrogels either by absorption or by direct polymerizattbe of
monomer/metronidazole mixture (Chiellini, 2001).

Dissolution systems are used to conduct drug release studies and measufiestbe dif
rate of drug out of the hydrogel into the medium. A study on the release behavior of
metronidazole found that an increase in crosslinking agent lowered the diffusioniengffic
(Chiellini, 2001). Another example shows poly(N-isopropylacrylamide) hydrogsis w
synthesized to release a drug at elevated temperatures, since theslaE3Z ¢C, but found that
as the temperature increased the drug diffusion decreased (StrachalovZ007). The
decrease in drug diffusion rate indicates an increase in volume of the hydrogel.

Homopolymer hydrogels can be synthesized using a wide range of monomers. Their
properties can be tailored by varying synthesis procedures and crosstationg optimize

drug release. These hydrogels have limited applications compared to coplaygiragels

18



because copolymers use mixtures of different monomer/polymers to allowring-of the

hydrogel properties.

2.2.2 Copolymer Hydrogels

Copolymer hydrogels are comprised of multiple monomers (Figure 2.2.5.2-B). Creating
copolymer hydrogels increases the degree of drug release applicatioesafple, a pH
sensitive hydrogel can be created by polymerizing NIPAAmM with acagid (Dong and
Hoffman, 1991; Zhangt al., 2007) to release drugs inside the intestines. Some other hydrogels
can exhibit multiple mechanism for release by incorporating both pH and teanpesansitive
polymers within the hydrogel (Brazel and Peppas, 1996; Dong and Hoffman, 1991; Liang-Cha
et al., 1992; Schmaljohann, 2006). Thermally sensitive hydrogels can be created Imgreacti
acrylamide (AAm) with NIPAAm (Ankareddi and Brazel, 2007). Poly(NIPAA®AAM) was
used to increase the LCST of PNIPAAmM from 32 °C to 42 °C, making the hydrogelseaaipabl
releasing at temperature above body temperature(Cagtkara2006; Feilet al., 2002; Park and
Hoffman, 1992). Studies on poly(NIPAAmM-co-AAm) have shown that the LCST of PNIPAAmM
hydrogels can be changed with the addition of AAm but it still exhibited a squeeiBage
(Fundueanwt al., 2009). Other methods of synthesis like grafting poly(NIPAAmM-co-AAm) onto

PHEMA hydrogels, exhibit both thermal and positive responses (Ankareddi and, BOSYA.
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2.2.3 Grafted Hydrogels

Grafted hydrogels are similar to copolymers but have smaller polynieiiecscgrafted
onto the backbone of another polymer (Figure 2.2.5.2-A). Grafted hydrogels casehawvey
and controlled release aspects and the maximum rate of release is abbyrdbe crosslinking
ratio of the hydrogel. The mesh size controls the pore size, which affectaximaum rate of
release. A change in temperature changes the grafted polymers @aakargge in the effective
mesh size for diffusion (Huarg al., 2002). The effective mesh size includes the interaction
parameters between atoms, where the physical mesh size only accourdsctvalently
bonded backbone, for example on PHEMA hydrogels, the C-C bond of the polymer that make
up the hydrogel. The grafted hydrogels are created by making a polythemeiactive bonding
site. The thermally-sensitive oligomers are reacted in the preseacaonomer and
crosslinking agent to form grafted hydrogels (Ankareddi and Brazel, 2007; leuang2002).

These grafted systems have a faster response time than copolymer nbegatlse the
swelling and collapse of the grafted polymer causes a change in theldasg i@\nkareddi and
Brazel, 2007; Huangt al., 2002; Kaneket al., 1998; Liuet al., 2009a; Matsuuret al., 2003,
Zhanget al., 2007; Zhangt al., 2009). Huangt al. imaged PNIPAAmM grafted on microporous
polyethylene membrane, indicating the grafted PNIPAAmM protrudes outveemdiie hydrogel
at temperatures above the LCST and over up the pore at temperature bel@8ThgHuanget
al., 2002). Further studies into the release behavior confirmed these results but further

development is needed (Ankareddi and Brazel, 2007).
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2.2.4 Interpenetrating Polymer Networks

Interpenetrating polymer networks (IPN) are the combination of two polgeteirks
that are synthesized in the immediate presence of another and are eigniédted gels because
they have two different polymers (Figure 2.2.5.2-B). These may be synthesizepibytsd or
simultaneous reactions (Solc, 1982). The simultaneous reaction method mixes alhtimeens
and/or polymers into one solution, polymerizes one of the monomer or polymer without causing
either to react with each other (Solc, 1982). By performing the reaction thishedree energy
change for domain formation is altered (Mishra and Sperling, 1995; Solc, 1982). Tdrecpref
method is the sequential method that is achieved by first synthesizing one hylueag#acing
that hydrogel into a solution of monomer and crossing linking agent and then polymerizing the
second hydrogel (Bajpat al., 2008).

These networks have been created with thermally sensitive polymers liRARINIfor
controlled release applications (De Moetal., 2006; EI-Sherbingt al., 2005; Zhangt al .,
2004). Zhangt al. synthesized PNIPAAmM IPN by taking a PNIPAAmM hydrogel and then
synthesizing another PNIPAAmM hydrogel inside that hydrogel udiNg
methylenebisacrylamide as the crosslinker (Zharad., 2004). This IPN synthesized by Zhang
et al. still had a LCST below body temperature but could release a drug (2hang2004). De
Mouraet al. shows that the IPN networks containing PNIPAAm supported on algindte- Ca

exhibited squeezing effects and had an LCST near body temperature (DecVabir2006).
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2.2.5 Semi-Interpenetrating Polymer Network

Semi-interpenetrating polymer (SIPN) networks are hydrogelathdbrmed in the
presence of another monomer/polymer which is not crosslinked (Figure 2.2.5.RR3. 8k
created in the same way as IPNs except that they do not undergo the crosstaykiiog one of
the polymers. Jet al.synthesized SIPNS with PNIPAAmM-NHs the polymer and alginate as
the hydrogel. This study showed little variability in the swelling ratioatwhger time to swell
than PNIPAAmM-NH grafted on to alginate (Jt al., 2001). Equilibrium swelling studies,
comparing the PNIPAAM-NEigrafted to the SIPN on alginate, showed that SIPNs took 2.5
hours to reach equilibrium whereas grafted gels took 1.5 houesgl1u2001). Thermally
sensitive SIPN have been synthesized using poly(NIPAAmM-co-AAm) and puobt(dyl
siloxane) (PNIPAAmM/PDMS) to form thermally sensitive hydrodetls{| et al., 2004).
NIPNAAmM/PDMS showed that different synthesis methods, either sequentialdtasieous,
cause the high shift in the LCST. The method used for synthesis affected th®trans
temperature (Erbigt al., 2004). Different polymer mixtures have been looked at to avoid
crosslinking reaction with the thermally sensitive polymer.

HPC is ideal for the use in SIPN because of the low reaction rate during synthes
reaction at or below pH 7.0 (Ott, 1954-55). A study looking at 10Q0)PMHPC in SIPN using
poly(N,N-dimethyl acrylamide) crosslinked with 1,1,1-trimethylolprap&macrylate (TMPT) or
diethylene glycol diacrylate (DEGDA) at 4 wt% (Wastcal., 1991) investigated the heat flow
from the system. The glass transition temperatuygexds shown to be around 100 °C in dry

solutions. By changing the crosslinking agent to EDGMA the HPC in a hydrogeimkéiad
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less effect on the LCST. This is because EDGMA increases the swatimgmd mesh size of
the hydrogel as compared to other crosslinking agents such as malonic dialdébyde

(Perera and Shanks, 1996). Further study on the mesh size of the polymer, the effedlaf PH
on LCST and release data for SIPNs formed with HPC will be determined neskesrch

project.
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Figure 2.2.5.1: Diagram of different hydrogels
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CHAPTER 3

OBJECTIVES

The motivation behind this project is to create a drug delivery platform that caasac
the survival rate of cancer patients while minimizing the side sfféctrther development of
current treatment option of surgery, chemotherapy, and radiation is heededaweitieir
effectiveness in targeting and treating cancer. Chemotherapy drugs argcofgyraconcern
because these drugs deliver a highly potent chemical that kills manyhezlls in addition to
tumor cells, which they were designed to treat. The creation of a new magmeédijre
responsive material that will allow a drug to be released using a nafieletapplied externally
to the body can minimize the damage to healthy cells.

The objective of this project is to develop a thermally sensitive polymer thaiivi
release the drug at body temperatures but will change configurationatedli¢emperatures
(below temperatures that cause thermal ablation of healthy cells¢dseed drug. To meet this
objective, a composite hydrogel consisting of thermally responsive hydroxycelulose
(HPC) and 2-hydroxyethyl methacrylate (HEMA) was synthesized. Vhterms is capable of
thermally triggering the controlled release of drugs at temperatures abowal body
temperatures, but below thermal ablation temperatures, through the collapse. GigHPE
3.2.2.5.1 shows the design of the proposed composite hydrogel. The main driving force behind

the controlled release of drug from the composite hydrogel is the heatdinchltagpse of HPC
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polymer with a consequent change in the effective mesh size allowing the diiifgse down
the concentration gradient. The HPC collapse happens at temperatures abover thetilcale
solution temperature (LCST). At body temperature, the HPC within the compoditegblywill
remain expanded thus slowing the diffusion of the drug though the polymer.

In this study, certain design parameters are investigated to determiraghuwlity of
thermally-triggered release using HPC/PHEMA composite gels. The nrameirs that affect
hydrogel performance include the molecular weight)(of HPC, the HPC: HEMA ratio and the
reaction temperature (above or below the LCST of HPC).

The specific objectives include:
e Synthesize HPC-filled PHEMA hydrogels (HFPG).
e Test drug release at normal human body temperatures (37 °C) and at tempaioattges
the LCST of HPC (57 °C)

e Calculate the mesh size of the hydrogel by mechanical experiments efidgstudies.
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Figure 3.2.2.5.1: Schematic view of the proposed design of thermally-triggeEedARHPC
composite hydrogels crosslinked with EGDMA. Drug (red circle labeled|Bases at elevated

temperatures above the LCST of HPC.
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CHAPTER 4

MATERIALS AND METHODS

4.1 Materials
The chemicals used for the synthesis and characterization of hydrogelsnrhadse, are

herein described. This includes the structure, and lot or batch numbers of the lsheseida

4.1.1 Polymers
Three types of hydroxypropyl cellulose (HPC): 80,000(batch # 06424HD), 100,000
M, (batch# 05519CC), and 370,080 (batch# 10206ED), were obtained from Sigma-

Aldrich(St. Louis, MO). The structure of HPC is shown in Figure 4.1.2.1-D.

4.1.2 Monomers and Solvents

Monomer 2-hydroxyethyl methacrylate (HEMA) and n-hexane were obtaioedAcros
Organics,( Fair Lawn, NJ) refer to Figure 4.1.2.1-A for the structureediAl N-hexane was
used as a non-solvent for determining the swollen volume of the hydrogel santfNés.viras
purified using p-methoxyphenol-surface-activated beads packed into a columaoh{/Atr
Louis, MO) to remove the inhibitor methoxyether hydroquinone. Sodium chloride, used for the

determination of the lower critical solution temperature (LCST) of HPC plvsned from EM
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Science, Gibbstown, NJ. Tetrahydrofuran (THF) was used as the mobilephatpermeation

chromatography (GPC) and was obtained from Fisher Scientific, &ain,LNJ.

30



.OH

0 CH,
B) EGDMA
o 17
2Na’ fs—'s'ff"’ °
o” %,
0O O

C) Sodium Metabisulfite

RO"

R=Hor

CHa
of
O1—H

o ..-'CT NH,'

E) Ammonium Persulfa

Figure 4.1.2.1: Structure$ Monomer, Reagents, and Polymer Used
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4.1.3 Initiators and Crosslinking Agent

Sodium metabisulfite (NaMBS) and ammonium persulfate (AmPS) (Acrganiss, Fair
Lawn, NJ) were used as redox initiators (Figure 4.1.2.1 C and E, respectiviejy@netglycol
dimethacrylate (EGDMA) (Figure 4.1.2.1-B) (Acros Organics, Fair Lawhwé$ used as a
cross-linking agent to form PHEMA hydrogels and was purified using p-methemgpburface-

activated beads packed into a column to remove the inhibitor 2,6-di-t-butyl-p-cresol.

4.1.4 Model Drug

Theophylline (Lot# 68H0O610), used in the drug release studies, was obtained from

Sigma Chemical Company, St. Louis, MO. Figure 4.1.4.1 shows the structure of the model drug
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4.2  Sample and Experiment Preparation
HPC-filled PHEMA hydrogels (HFPG) were synthesized and preparedugmrdlease

studies, mechanical, and swelling experiments, as described in this section.

4.2.1 Hydrogel Synthesis

HFPGs were synthesized with three different HEMA:HPC ratios and thifeeedif HPC
molecular weights under two different reaction temperatures (Table 4. EGDMA was used
as the crosslinking agent at 3 mol% of HEMA and the redox initiators, AmMPS anB3Jalre
added at 1 wt% of HEMA each. For each synthesis, 4 mL of DI water, 4 mL of HEMAIPC
were placed in a beaker, covered with paraffin and left for 12 hours in a 2 ¢enagivr. Each
solution was placed on a stir plate for 30 minutes under a constant nitrogen purge tothemove
dissolved oxygen, a free radical scavenger that can inhibit free radicalg@sgtions. EGDMA
and AmPS were then added and stirred for five minutes to ensure compleig begause
EGDMA formed a white precipitate if oxygen was present, and AmPS had a lowlisplabi
this solution. After mixing for 2 minutes, the solution was pipetted between &8ss glates
separated by a 1.44 mm Teffospacer and clamped on all sides. Paraffin was used over the
opening to reduce diffusion of oxygen from the air into the polymerizing mixture. The higher
viscosity solutions mixture was poured in the middle of one of the glass platesatidwiched.
Also, the NaMBS, EGDMA, and AmPS were added the same way but were hand-niixed us
glass-stirring rod to prevent nitrogen gas bubbles from remaining in solutioig the

polymerization process. The glass plates filled with the polymerizingureixtere placed in an
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oven and were reacted at either 37 °C or 57 °C for 12 hours. These temperaturbsseere c
because they are lower and higher than the LCST of the HPC polymer, thusc¢hbypreti
resulting in structures where either the HPC would be entwined with the PHEWM&g=y (low
temperatures), or remain phase-separated in the void space of the PHEJsllfoge the LCST).
The hydrogels were recovered by prying apart the glass plates, sivdetleewashed, by
changing the water out every 12 hours, for 10 days to remove any unreacted monomers and
surface HPC that was not successfully incorporated in the PHEMA network. Sasd&pfdor

the mass and mole composition of each gel made.
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Table 4.2.1.1: Experimental Parameters for Synthesis of HPC-filled PHEdMs

Sample Name Number Average HEMA to HPC ratio  Reaction
Molecular Weight of HPC (wt/wt) Temp.
(g/mol) (°C)
HFPG-80-5-37 80,000 5:1 37
HFPG-80-5-57 80,000 5:1 57
HFPG-100-5-37 100,000 5:1 37
HFPG-100-5-57 100,000 5:1 57
HFPG-80-20-37 80,000 20:1 37
HFPG-80-20-57 80,000 20:1 57
HFPG-100-20-37 100,000 20:1 37
HFPG-100-20-57 100,000 20:1 57
HFPG-370-20-37 370,000 20:1 37
HFPG-370-20-57 370,000 20:1 57
HFPG-80-80-37 80,000 80:1 37
HFPG-80-80-57 80,000 80:1 57
HFPG-100-80-37 100,000 80:1 37
HFPG-100-80-57 100,000 80:1 57
HFPG-370-80-37 370,000 80:1 37
HFPG-370-80-57 370,000 80:1 57
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4.2.2 Drug Loading Procedure

The hydrogel films were cut into 16mm disks using a stainless steel numtmdr $beer
The diameter was chosen so that the diameter was at least ten timesktiesghof the disk, so
edge effects could be ignored when conducting transport and diffusion experiméets (Ba
1987). A 500 mL stock solution with a concentration of 2.0 g/mL theophylline was prepared for
all drug release studies. From the stock solution, 18 mL aliquots were addedtordgaring
10 disks and allowed to equilibrate for two days at the release temperatwee 3&i°C or 57
°C). Pre-equilibrating the samples for 2 days allows the theophylline to be |otaléakl
hydrogel and the hydrogel to swell. The samples were stirred every 12 hourgrethasthe

theophylline solution was uniformly dispersed in the hydrogel.

4.2.3 Gel Permeation Chromatography Preparation

Gel Permeation Chromatography is used to determine the weight averagelarahass
(M,,), number average molecular maks,), and to determine the polydispersity index of the
polymer samples. THF was filtered with 0.45-micron filter paper by padsengoiution though
a Buchner funnel under vacuum. THF was placed in a 500 mL bottle and sonicated for 30
minutes or until no air bubbles were present. This is done to remove the drift aratiossilbf
the baseline to achieve better peak intensity and integration. All solutionpmepeged from the
same THF stock bottle at the same time to ensure similar optical prepBdlgstyrene
molecular weight standarda/{, of 891,000, 560,900, 382.100, 212,400, 114,200, 44,000,

29,300, 18,700, 13,200, purchased from Aldrich Milwaukee, Wi) were dissolved in THF at less
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than 0.05 wt% to calibrate the HR4 Wafecslumn. All standards and samples were filtered
prior to injection into the column using a stainless steel syringe filter withrfigi®n filter

paper so that no large particulates could foul the column and affect the results.

4.3  Characterization
The experimental setup and the tools used to collect ultraviolet light spectroscop
turbidity, swelling, drug release, and gel permeation chromatogr&®@) data are described

in this section.

4.3.1 Ultraviolet Light Spectroscopy Calibration

Ultraviolet light spectroscopyV-vis) is used to determine the concentration of the
species in free solution. Each chemical compound has a unique spectra and is useahimede
its concentration. The spectra of HEMA, HPC and theophylline were aakicrording to
Beer’'s Law and checked for overlapping spectra. A Shimadzu™ UV-1650PZidJV-
spectrophotometer (Norcross, GA) was used to determine the molar absqrdiivity
theophylline according to Beer’s Law (Skoeical., 2004):

A=€exbx*C (D

where A is the absorbance, C is the concentration in solution, and b is the path length of

light through the cuvette. The HPC and HEMA concentration graphs are shown in Figure
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4.3.1.5and Figure 4.3.1.@espectively. The apparent peak shift in the spectras is due to light
scattering effects that are present in the UV-vis.

Since the system contains both HPC and HEMA wavelength selection is key.akhe pe
wavelength for HPC is 255 nm but at this wavelength, HEMA has a significarpéiba
contribution. Therefore, another wavelength that is longer than 320 nm was found. Angvel
for HPC that is longer than 320 nm and has a linear fit for Beer's Law found to be 382.5 nm
(Figure 4.3.1.5). Then the wavelength for HEMA was chosen to maximize theierfof
determination, B for the Beer’s Law constant for both HEMA and HPC. This wavelength for
HEMA was found to be 286.5 nm (Figure 4.3.1.6). By performing this rigorous analysis, the
concentration of HPC and HEAM can be calculated during the characterizatioasprboe
molar absorptivity, and sample path length b, was found to be 9.421, 9.8561 and 1.578 mL/g
for HPC at 382.5 nm, HPC at 286.5 nm and HEMA at 286.5 nm respectively (Figure 4.3.1.1,
Figure 4.3.1.2, Figure 4.3.1.3). Looking at the complete spectra for HPC and HbB&Zomes
apparent that the wavelength of 271.5 nm for theophylline would have contribution from HPC
and HEMA. Therefore, washing the hydrogels before characterizatioagsrts needed. The
product of theophylline’s molar absorptivity, and sample path leagth, was found to be

52.552 L/g (Figure 4.3.1.4).
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Figure 4.3.1.1: Beer’s Law calibration curve for HEMA at 286.5 nm.
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Figure 4.3.1.2: Beer’s Law calibration curve for 80,000HPC at a wavelength of 382.5 nm.
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Figure 4.3.1.4: Beer’s Law calibration curve for theophylline at a waggh of 271.5 nm
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Figure 4.3.1.5: Ultraviolet spectra of 80,08Q HPC from 250 nm to 400 nm at 0.12, 0.08,
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Figure 4.3.1.7: Ultraviolet spectra of theophylline from 200 nm to 400 nm of 4383188
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x10°, and 0.988 x18 g/mL concentrations
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4.3.2 Turbidity Test

Turbidity testing is measuring the cloud point of a polymeric solution that is caysled b
phase separation of the polymer due to a change in concentration, temperatotecaiam
weight. These tests were conducted to measure the LCST of aqueous HR@sdHgure
4.3.2.1 shows a diagram of the experimental setup. An Omega™ thermocouple box (Gtamfor
CT) with a K-type thermocouple using Omega batch software was used in conjunttian w
Shimadzu™ UV-1650PC UV-Vis spectrophotometer (Norcross, GA), which was equipped wit
a thermally-jacketed 12-cell sample holder attachment. The absorbaheenoélly-jacketed
HPC solutions was measured at a wavelength of 700 nm. The thermally-jacketehs
connected to a TEEL 1P681A 1/35 hp centrifugal magnetic drive submersible pumpn(Dayt
electric, OH) that has 14.76 L/min constant flow. The tubing ends were fittedraiss so that
they could sinkA chiller and hot water bath were set at’C7and 59°C, respectively. The
systematic procedure is shown in Appendix B. The temperature of the HP Grsaludi the
thermally-jacketed cells were equilibrated at’C7before the start of the experiment. The inlet to
the tubing connected to the thermally jacketed cells was moved to the 57 °C bathevhile t
temperature and absorbance of the HPC solution were recorded simultaneousiiet Vs
then switched back to the 2C bath after the temperature leveled out, aroun¥C53his cycle

was repeated four times.
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4.3.3 Swelling Experiments

Swelling experiments were preformed to predict how the hydrogelsteeact
environmental changes. If they exhibit squeezing behavior the hydrogel swatiogrops with
an increase in temperature. Small pieces of each HFPG were collectediginednafter
formation using an analytical balance with density determination kit. The eample weighed
in air and in n-hexane, a non-solvent for PHEMA, to determine the volume of the sddghes

Archimedes' principle, the volume of each freshly-made sample was detgitmgine

— Mgir—Mpeyx (2)
Phex

where Mris the mass of the sample in airydyls the mass of the sample in hexahgyis the

density of hexane (0.659 g/mL)s&hd V; are calculated the same aswt at different in

different states. The subscript s indicates that it is the swollen s nteans it is the dry state
and r is the relaxed state. After thorough washing, the samples were theadatosquilibrate

at both 37 °C (room temperature) and 57 °C for two days. The samples were then removed and
patted dry using a chemical wipe and weighed both in air and in n-hexane with the wélum

each hydrogel sample determined by equation 3. After, data was collecteddquilitium-

swollen gels, the gel samples were dried to constant weight in a vacuum oven ingheguoés
desiccant. The dry weight was taken both in air and in n-hexane to determinebidrg of

each gel. The swelling ratio, Q, was used to determine the volume fractioh,wdsased to

normalize the samples. The volume fraction can be calculated by:

1 Vs

Q=E=Vd (3)

49



where Q is the volume fraction,Vis the polymer fraction in the swollen statg,i&/the volume

in the swollen state andy\Vs the volume of the dry hydrogel.

4.3.4 Mechanical Testing

Each washed hydrogel film was cut into standard dog bone shapes by using adie cutte
These samples were equilibrated in DI water at either 37 °C or 57 °C. Methestiog was
performed using an Instr85581 automated materials testing system equipped with a BioPuls™
(Northwood, MA) bath attachment. The BioPuls bath was used to keep the samplésdhgtdaa
constant temperature of 37 °C or 57 °C during mechanical testing. The BioPulsfbdisd
for the tests to reach 57 °C because the BioPuls™ heater goes to 50 °C. To be ablk to hea
higher than 50 °C, another heater with a six turn copper coil was placed in the water bat
stabilize the temperature at 87 during the tests. The samples were pre-equilibrated in a hot
water bath at either 37 °C or 57 °C for 2 days, and then clamped in place on the Instron. The
samples were stretched so that there was no visible bend, after which theyeesured and
the BioPuls bath was raised into place. The samples were pulled at a cotstaind & mm/sec,
with the force and distance recorded continually. The rate was chosen the tfodal time of a

single run was 10 minutes.

4.3.5 Dissolution Cells
Drug release studies were performed at either 37 °C or 57 °C to determin&utherdif

constant by measuring the absorbance as a function of time. The concentrateaicwiated by
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using Beer's Law to determine the amount of drug release at a giverDistel 2100c
dissolution cell with a DistékTCS-0200c (New Brunswick, NJ) hot water bath was used to run
the dissolution experiment at 37 °C. The Distek cells were modified to reach 5pe@ping
water from a water bath, equilibrated to 66 °C, though a six-turn copper coil piabeddistek
2100c water bath. The samples were placed in 1.0 L vessels with standard ptaldied.athe
paddles were 63.5 mm from the bottom of the cell and set at 150 rpm to maintain a constant
agitation, and to prevent the samples from settling during a releasenexpeD| water was

used as the release media and pre-equilibrated for 2 hours at either 37 °C or H7cé@staint
agitation. This is done to remove any dynamic effects that the hydrogiel experience with a
temperature change. Continuous sampling of the release media for 12 hours aeagitaoé!
271.5 nm was pumped, using a peristaltic pump, though Tygon™ tubing to a Shimadzu™
2401PC UV-Vis (Norcross, GA) with a 6-cell attachment utilizing three 1@0§uartz flow-
through cuvettes. All three peristaltic pumps were set to a flow rate of 18/b@mFor each
release experiment, an HFPG (1.45 mm thick, 16mm diameter) was rinsed don8ssender
water, patted dry with a Kimwipe®, and placed on a glass plate. The sampteth@replaced in
the dissolution cells, 20 sec. after the start of data acquisition, and werdogfgsséc. After the
data collection, the modified Beer’'s Law (equation 4) was used to corretgfemts in quartz
cuvette or dust particles that might be in the light path length (Sétabg 2004).

A=exb*x(C+K (4)
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where K is the cuvette correction factor, A is the absorption, C is the conicentoais the path
length of light andt is Beer's Law constant. This is a necessary step in the data calculation

because this particular model of UV-vis only zeroes one cuvette.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1  Dissolution and Viscosity of Aqueous HPC Solutions

The starting point of this study was the testing of HPC due to its slow gglubivater
and high viscosity. Different amounts of HPC were added to 1 mL of water (Table 4)8.5.1).
was shown that initial dissolution of the HPC to the water was slow, so theesangske allowed
to sit overnight. Each solution was inspected for unhydrated polymer surroundedlaireogs
covering of a hydrated polymer that prevents water from entering and ¢ogples hydration
process; these were visible as fish eye formations when viewed undepsamie, meaning
that the polymer has poor dispersion during the mixing process and could lead to a non-
homogeneous hydrogel ("Fish Eyes," 2009). None of the samples exhibited signs of poor
solubility over 12 hour. Therefore, the solution viscosity was considered when pickihg HP
concentrations to use in the synthesis of PHEMA-HPC semi-interpenematingrk. It was
found that a concentration of 0.1004 g/mL provided a workable concentration of an 87,000

HPC. This concentration also worked for the 100,8QCHPC and 370,008/, HPC.
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Table 4.3.5.1: Concentration of 80,080 HPC Used for Initial Screening

80,000M,, HPC concentration Can pipette solution?
(9/mL)
0.4001 No
0.3024 No
0.2511 No
0.2001 Yes, but VERY slow
0.1004 Yes

54



5.2 Turbidity Test on Aqueous HPC Solutions

Turbidity tests were conducted to determine the LCST of HPC is affectedlegular
weights and solvent. This study looked at 80,800 100,000M,, and 370,0004,, of HPC at a
concentration 0.01 g/mL. The higher molecular weights of HPC tended to shifE8iE tigher
(Figure 4.3.5.1). When the temperature crosses the LCST is the polymes@basges turn the
solution turbid, white in color. This affect can be measured for HPC by meathwingange in
absorbance to change from zero to four at 700 nm. The apparent separation in the turbidity
curves was caused by heating and cooling cycles of the solution. The polymer tookdonge
elongate than it did to coil. The LCST was established by taking the teomperalues at the
midpoint from the maximum and minimum absorbance at occurred at 1.5 A. iQSHe
heating cycle were determined to be 45.5 + 0.1, 48.8 +tahd 46.7 + 0.8 °C for 80,000,
100,000, and 370,00@,, of HPC respectively, with the error representing the standard deviation
for analysis of heating and are similar within 2 °C of what was expectedi{ldnd Gehrke,
1991; Heitfeldet al., 2008). LCSTs for the cooling cycle were determined to be 44.1 £ 0.4, 48.5
+ 0.1, and 45.7 + 0.1 °C for 80,000, 100,000, and 37QW)06f HPC respectively, with the error
representing the standard deviation for analysis of cooling. There wasrardiéfen the heating
and cooling for the 80,000 and 100,0@) HPC but none where exhibited in the 100,600
HPC solution. There is a slight hump in the 80,800turbidity curve of the polymer and could
be due to a large amount of lower molecular weight HPC transitioning first (8iahetal.,
1989). The 370,000/,, HPC has a higher LCST than 80,0@) HPC but lower LCST than the
100,000M,, HPC. Also, the temperature in range for which it took the LCST to occur was 14.4,
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10.4 and 12.9 °C for 80,000, 100,000, 370,800HPC respectively. These findings are
consistent with polymer theory and kinetic theory as to the shape and separatidmeititinge
and cooling cycles because polymers take more thermal energy to uncoilgbeman and

phase separate than it takes to fall back into a random coil conformationi{RaS&j.
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Figure 4.3.5.1: Turbidity curve of (A) 80,000, (B) 100,000, and (C) 37QW06f HPC at
0.01 g/mL showing 3 heating and cooling cycles.
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Different ions have been shown to affect the LCST of HPC solution, (Allen aker B
1965; Bauduiret al., 2004; Harsh and Gehrke, 1991; Uretkal., 2004) as confirmed by
turbidity curves of 80,0087, HPC in 0.65M sodium chloride, water, and phosphate buffer
solution (PBS) (Figure 4.3.5.3). The PBS solution dissolved HPC at 2 °C but phastedegiara
room temperature; therefore, the LCST of HPC in a PBS solution could not beidettusing
the same experimental method. In addition, once the HPC phase separated it didivet diss
back into solution. The change in concentration of 80}@Q®PC in water from 0.01 to 0.05
g/mL caused the LCST of heating to rise from 45.5 °C to 47.2 °C and this is becausarpolym
polymer interaction increases at higher concentration. Similarly, thd If©8) cooling went
from 44.1 + 0.4 °C to 45.7+ 0.9 °C. The addition of sodium chloride in water shifted the LCST
from 45.5 + 0.1 °C to 36.5 + 0.4 °C at 0.05 g/mL of 80,@)CHPC. The differences between
the heating and cooling cycles for the 0.65M sodium chloride solution were more pronounced
and lead to a higher standard deviation of the LCST. The LCST of the polymer duting hea
was 36.8 £ 0.4 °C and 32.5 + 0.9 °C during the cooling cycle. The lowering of the LCST in
0.65M NaCl solution could have the same affect on the HFPG when applied. A direct
study of the HFPG gels themselves is not possible using this UV-vis mettegsbehe gels
does not exhibited the same phase change behavior as HPC in free solutionhenHird®

gels are never transparent.
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5.3 Observations of Composite HFPG

The synthesis temperature affected the reaction time for a hydrdgek 2 hours at 57 °C
or 12 hours at 37 °C. After synthesis, the HFPG hydrogels where completely wioiier iand
changing the solvent to a 50:50 water/methanol solution had the same éféehydfogels
however did become clear in nature after they where dried but turned back tevintékafter
rehydration. In addition, changing the swelling solution to methanol, heagaathanol had no
effect on the opaqueness of the HFPG. The solutions also turn milky white at Bdiéating

that some HPC has evolved out of gel.

5.3.1 HFPG Washing

Based on the calibration study it became evident that the hydrogel needed théd was
before they could undergo any test with theolliphline. It should be noted that HEMA and HPC
absorbs at the same wavelength as theolliphline and HEMA acts as azdastiai could affect
the results of the characterization studies. By washing the HFPG for 1(hdalywater, the
residual HEMA and HPC were removed below detectable limits. This isrgé\ngiehe baseline
behavior at the 260 hours, which is comparable to a spectra of pure solvent (Figure 5.3.1.1). The
amount of unreacted and unincorporated HPC were not found due to HEMA forming a cloudy

solution.

62



4.0

3.5

72 Hr

Absorbance

200 220 240 260 280 300
Wavelength (nm)
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5.3.2 Swelling Study

Swelling studies are used to calculate the physical charactefistydrogels, volume-
swelling ratio (Q), mesh siz&)( and polymer density§ ). The PHEMA hydrogel density is an
important factor in all mesh size calculations, was found to be 1.136 + 0.002 g/mL, and is
consistent with values reported by Migliareisal. (1981). There is no statistical difference in
polymer density between PHEMA and HFPG hydrogels. Except for HFPG-80; 20FPG-80-
80-37 and HFPG-370-80-57 showed a higher polymer density than PHEMA and HFPG-100-5-
37 had a lower polymer density than PHEMA. Overall, the addition of HPC in PHEMA
hydrogels had no effect on the polymer density indicating that the addition of HPC did not

change the polymer density of the materials.
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The equilibrium-volume swelling ratio, Q, is a measure of the water caritent
hydrogel. This study will indicate if the thermally sensitive polyme€CHW®ill coil inside
PHEMA, which is a non-thermally sensitive polymer. A change in swelling cahandicate
squeezing effects caused by the collapse of HPC entangled around PHEK\ichibe
hydrogel when the temperature increases above the LCST (Figure 4.3.5.1).

The equilibrium-volume swelling ratio, Q, for HFPG samples showed no signitibange
with molecular weight, synthesis temperature, analytical temperattHEMA to HPC ratio
(Figure 5.3.2.3). The hydrogels synthesized at 57 °C containing 370,000 or &¢),600C
showed squeezing effects. HFPG-80-20-57 and HFPG-370-20-57 exhibited the lzaiggstio
the equilibrium-volume swelling ratio. The HFPG hydrogels synthesized imaldrsi
equilibrium-volume swelling ratio when compared to PHEMA samples synthesizedtbade
same condition (Peppasal., 1985). HFPG synthesized with 100,0@) HPC had a slightly
lower swelling ratio than 370,009,, and 80,0004,, HPC. These results show that the addition

of HPC into the hydrogels had a small effect on the amount of water inside tbgédigdr
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The Flory-Huggins parametey, is the polymer-solvent interaction parameter. For
PHEMA, y, can be found by (Hasa and Janacek, 1979):

x = 0.322 4 0.904 * v, (6)
wherev, is the volume fraction of the swollen hydrogel. Using this equation, the study found
that the interaction parameter for PHEMA reacted at 57 °C to be 0.768 + 0.026 and 0.779 *
0.005 in 37 °C and 57 °C environments, respectively. The values for PHEMA swollen at 37 °C
and synthesized at 3T are consistent with an experimental value of 0.838 for PHEMA
synthesized at 3C (Abdekhodaie and Cheng, 2002).

A swelling study may also be used to find the mesh size and average molecutdr weig
between crosslinks for a hydrogel. The average molecular weight betwsslinks,M, can be

found by using the Peppas-Merrill equation (Peppas and Merrill, 1976):

1 2 Vil[ln(l—vzls)+v2,s+)(v2,52]

1
Me My (22) /3 i)
Var v2,r 2\v2 r

whereM,, is the number average molecular weight between crosslinks (assumed to be 100,000

g/mol for PHEMA), 7 is the specific volume of the unhydrated polynigis the molar volume
of the swelling agent (18.12 mL/mol or 18.27 mL/mol for water at 37 °C or 57 °C, respgcti
v, siS the volume fraction of the hydrogel in the swollen statg, the volume fraction of the
hydrogel as in the synthesized state (in the relaxed state); &nthe Flory polymer-solvent
interaction parameter. The mesh size;an be found using the following equation (Oral and

Peppas, 2004):
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e= () D2 ™
where the unperturbed end-to-end distance between two consecutive crosslislgven by:
1 TR IR
(132 = () ¢,/ ®)
Here, M is the molecular weight of a single repeating unit (130.4 for PHEMAE e
characteristic ratio of PHEMA (determined to be 6.9 by Dusek and Sedlavek &893 the
distance between two carbons in the polymers’ backboneﬁ()L(Eigure 5.3.2.4).

The mesh siz&, for HFPG samples showed no significant change with the change in
molecular weight, synthesis temperature, analytical temperatureMAK&EHPC ratio (Figure
5.3.2.4-A). The lack of mesh size change is because of HPC coiling during the rerdtiba a
PHEMA network formed around the HPC. In addition, the mesh size was not stgtistica
different from PHEMA. The formation being unaffected by the addition of HPCatidgthat
the HPC was primarily dispersed in the HFPG void space or the HPC coiling did not have
significant force to affect the mesh size. Small changes in the meshdicae that the
differences in diffusion rates will be due to the expulsion or collapse of the HP@igrherror

bars were due to the introduction of human error by this testing method. To furthencbete

results and minimize the amount of human error, mechanical tests wenerysetf
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5.3.3 Mechanical Testing
Mechanical testing was used to determine the elastic modulus by sgdtghiogel
samples using an increasing stress until they broke and the resultantsiressys strains,

plots were used to find the moduli by fitting the linear portion of the data @-gGr3.1).
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Elastic moduli for HFPG samples were unaffected by synthesis tenmmgeranalytical
temperature, average molecular weight of HPC and analytical tenmgsr&Eigure 5.3.3.2).
Increasing the HEMA:HPC ratio from 5:1 to 20:1 or 80:1 showed an increase in tie elas
modulus. This shows that the HPC is affecting the strength of the rhatkenang more strain
to be applied before breaking (Figure 5.3.3.1). These results show that thektRiGlited to
the strength of the material. However, elastic moduli data and mesh sagatwms will give

some insight as to how the HPC could affect release.
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Since mesh size is calculated from the elastic moduli using matbdsicity theory, all
factors affecting the elastic moduli also affect mesh s&eulations. The average molecular
weight between crosslinks/,, for a polymer network can be calculated from mechanicalsstres

experiments through (Flory, 1953):

1
4 RN
E ”2,5/3 = RTpyr (ﬁc - M_n) (VL) 9)

U2r

where E is the elastic modulus, R is the universal gas constant, T is the desopgature, and
p2.r is the density of the hydrogel in the relaxed stités obtained from equation 9 can thus be

used to estimate mesh sizepy (Oral and Peppas, 2004):

E=(v2s) 0D (10)
where the end to end distance between crosskpkss, given by:
2N/, _ (2Mc V2 1,
(r2)'/2 = (M—) c/2 (11)
Here,M; is the molecular weight of a single repeating unit (130.4 for PHEMAE e
characteristic ratio, (6.9 for PHEMA (DuSek and Seeka 1969)) and is the distance between
two carbons in the polymers backbone (ﬁ?qﬂrlarrison, 1980)).
The mesh siz&, was not affected by the average molecular weight of HPC, the
analytical temperature, or the synthesis temperature. The same drofhisineeseen in the
elastic modulus, increasing the HEMA:HPC ratio from 5:1 to 20:1 or 80:1, was observed in the

mesh size calculations. This shows that the increase in mesh size could be dHieNAe

reacting around the HPC. Most likely, the addition of the HPC strengthened EMA°H
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network by allowing more strain to be applied before breaking. This point is showa bheth
size decreased with a decrease amount of HPC inside the hydrogel atieersstuengthen by
comparing the effect of average molecular weight of HPC at the 80:1 HERAAratio. There
was a significant decrease in the mesh size with an increase in averagelanateight of HPC.
Since the synthesis was based on mass, there was more HPC in the lowelamekEght
polymers leading to a decrease in the mesh size. The mesh size calcutationstbe swelling

study findings.
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5.3.4 Dissolution

Dissolution is the way of measuring the amount of a compound being released as a
function of time, with constant agitation in a temperature-controlled envirunifieere are
several different ways of performing dissolution tests but dissolution telsanstant
temperature, constant volume, continuous sampling, and analysis with a UV spectvanete
used in this experiment. Sixteen different hydrogels where analyedifferent reaction
temperature and HEMA:HPC ratio. Previous experiments showed that HPC did nanigave
change on the mesh size. This study should further prove that HPC is pore fillintheince
effective mesh size is related to the rate of diffusion of a drunglbeleased. If the effective
mesh size is large compared to the effective molecular size of the drugyimepwill have
little effect. When the effective mesh size is decreased to approachetiod iz drug, the
polymer will significantly hinder the release (Uhumwangho and Okor, 2007)miBlig
sensitive polymers have a change in effective mesh as a function of tengddsalty, these
hydrogels should release at temperatures above the LCST of the hydichgebady
temperature there should have no release. The two temperatures were chibseexperiment
were body temperature (37 °C) and a temperature that could be reached bptinagne
heating and was above the LCST of HPC (57 °C). Since changes in the cele&s were
small, the diffusion coefficients were reported using the early timezappation for solving

Fick's second Law.
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Fick’s second law of diffusion from a plane surface (equation 12) can be used tatealcula

transport properties for the release of theophylline from a HFPG (R608).

X-pZt (12)
where D is the diffusion constant, x is the axial distance from the ceritex disc-shaped
sample and C is the concentration of theophylline. The initial condition for elemse from the
hydrogel to the solution is:

€(1,0) = C; (13)
with boundary conditions assuming perfect sink condition at both flat surfaces and therdiffus
from the edges can be ignored,

€(0,t)=0 (14)

cl,t)=0 (15)
where G is the concentration drug inside the hydrogel, lasdhe thickness of the hydrogel.

Solving Fick's second law (equation 12) using separation of variables and the boundary

conditions (equation 14 and 15) and the initial condition (equation 13) can be represented as

2n+1

M¢ _ _ 0 8 D——
(@) =1 Z"=0(2n+1)2 e[ o ] (16)
where n is an integer, D is the diffusion constahtthe mass of drug released at tim# §,the

mass of the total amount of drug released at infinite time§asdhalf the thickness of the disk

(Baker, 1987; Crank, 1975). The early time approximation of the Fickian equation is given by

(Baker, 1987; Brazel and Peppas, 2000):
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(i) =4(%) " 0= () <0 @)

Using equation 17, diffusion constants can be calculated directly from diesddiatia. By

converting the absorbance vs. time data to amount released at a givendinoeraalizing by

the total amount of dru%, a linear curve can be plotted.The diffusion coefficients can then be

calculated from the slope (Table 5.3.4.1).
The reaction temperature does affect the diffusion coefficient. The bulk diffusi

coefficient were calculated using the Stokes-Einstein equation¢Batd 2006):

D=2 (18)

- 6nnr

where k is the Boltzmann constant (1.38065 J/K), T is the absolute temperature, r is the
molecular radius of the solute ands the water kinematic viscosity. The molecular radius of
theophylline was found experimentally by Grassi and Lapasin and wasttake 3.98
(Grassiet al., 2001). The bulk diffusion coefficients of theophylline were determined to be 8.64
x 10° and 1.303 x 1® cnf/sec at 37 °C and 57 °C, respectively. The result at 37 °C matched
experimental diffusion coefficients reported by Grassi and Lapasin at &ra€siet al., 2001).
The diffusion coefficients were normalized to the bulk diffusion coefficiergnwore the
effect of temperature on the diffusion coefficients. In general, increasajpetature, from 37
°C to 57 °C, across the LCST of HPC showed an increase in the release rateti@ngesting
in conjunction with the swelling and mechanical testing indicates that the ldB@oxe filling
and could release at temperatures above the LCST. During this studyaiswablown that the
HPC evolved out of the system and entered the dissolutions cells. This was showrobirtpe f
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that occurred in the flow-through cells and the accumulation of HPC floating in th®sol
Since the HPC was above the LCST, the HPC polymers stayed phase separatédd and wi
constant agitation floated to the top of the cells. The amount of HPC that was comiagldut ¢
not be measured at the time of the study.

For HFPG samples synthesized with 80,089 HPC, the diffusion coefficient is
affected by synthesis temperature, the HPC to HEMA ratio, and the aablgtnperatures
(Figure 5.3.4.3-A). The diffusion rate decreases when the ratio of HEMA:H&@imged from
5:1 to 20:1 or 80:1. This is consistent with the mesh size results of the mechanicallang swe
test. The effect of the reaction temperature on diffusion coefficient shanvedtrease in the
synthesis and an increase in the release rate. All but HFPG-80-5-57 shoveetititatase in
analytical temperature had an increase in the diffusion coefficient. Témdes were not
predicted by the mesh size calculation as previously discussed becauss ghiswed an
increase in the diffusion even though the mesh size did no was kept constant. This is due to the
HPC not having a profound impact on the hydrogel network and just pore filling.

For HFPG samples with 100,000, HPC, the diffusion coefficient was affected by
synthesis temperature, HPC to HEMA ratio, and analytical temperatugesg5.3.4.3-B). The
results of the 100,000 HPC dissolution test showed that a decrease of HPC whictedebrea
diffusion coefficient. The increase in synthesis temperature, keeping tytichaémperature at
37 °C, had no apparent trend for HPFG synthesized at 37 °C. However, when the analytical
temperature was 57 °C, there was a significant increase in the diffusioniengffitolding the

synthesis temperature at 37 °C and increasing the analytical tempémtui37 °C to 57 °C
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showed no significant change in the diffusion coefficient. Looking at the syntbegierature at
57 °C and changing the analytical temperature from 37 °C to 57 °C showed a laageirusn
when compared to 80,000 HPC.

For HFPG samples with 370,004), HPC the diffusion coefficient was affected by
synthesis and analytical temperatures (Figure 5.3.4.3-C). As shown inghesize calculation
there was no change in diffusion coefficient with a change in HEMA:HPC ratin80:1 to
20:1. Changing the synthesis temperature from 37 °C to 57 °C, keeping the analytical
temperature at 37 °C, shows an increase in diffusion for the 20:1 HEMA:HPC ratio but no
change in the 80:1 HEMA:HPC ratio. There was no significant change in diffugien the
analytical temperature was 57 °C. There was an increase in diffusion wheniogrttpar
diffusion coefficients at a constant synthesis temperature, either 37 °C qr&s¥l9Gcreasing
the analytical temperature from 37 °C to 57 °C.

The molecular weight had an impact on the diffusion constant (Figure 5.3.4.3). The
100,000 HPC had the largest diffusion coefficients from all the synthesized sahhp(@ with

an average molecular weight of 80,000 had the slowest diffusion coefficients. To $tuthe

the release properties of HFPG at different temperature, the remiasgeS—F, of the same
37

hydrogels at different analytical temperatures were taken to uadérste effect of the hydrogel

on diffusion.
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Table 5.3.4.1: Diffusion Coefficients of Theophylline form HFPG at DifieRelease

Temperatures

Sample Name

Diffusion coefficient at 37 °C

(10" cm?/sec.)

Diffusion coefficient at 57 °C

(10" cm?/sec.)

HFPG-80-5-37

HFPG-80-5-57

HFPG-100-5-37

HFPG-100-5-57

HFPG-80-20-37

HFPG-80-20-57

HFPG-100-20-37

HFPG-100-20-57

HFPG-370-20-37

HFPG-370-20-57

HFPG-80-80-37

HFPG-80-80-57

HFPG-100-80-37

HFPG-100-80-57

HFPG-370-80-37

HFPG-370-80-57

6.93 +0.26

14.73 +0.98

13.13+0.13

17.11+£0.93

4.96 +0.80

6.99 £ 0.35

8.93+1.20

8.78 £0.11

7.98 +0.37

10.45+1.09

4.73+0.14

5.96 £ 0.39

7.16 £ 0.53

5.80 +0.32

6.99 + 0.42

7.40 £ 0.93

14.24 + 0.64

21.09 + 3.36

20.12 + 3.36

35.36 +5.12

12.69 + 1.07

13.16 + 1.57

14.97 + 0.66

17.32 £ 2.04

14.89 + 0.52

19.78 + 8.53

9.36 £0.23

11.14 £ 0.75

12.70 £ 1.44

12.60 + 0.60

15.40 +1.27

13.54 £1.49
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The ratio of diffusion coefficientég% of the HFPG in different analytical temperatures
37

with 80,000M,, of HPC, shows that ratio of HEMA to HPC and synthesis temperature affected
the hydrogels (Figure 5.3.4.4-A). Hydrogels synthesized at 57 °C showed aserortdee
release ratio by increasing the HEMA:HPC ratio from 5:1 to 20:1 or 80:1. Themowas
difference in the release ratios synthesized at 57 °C with an increas€ icoHd&entration, 20:1
to 80:1 HEMA:HPC ratio. These results are predicted by the mesh size expstim general,
had no difference at the 80:1 or 20:1 at a synthesis temperature of 57 °C. Looking lasisynt
temperature of 37 °C shows no difference in release ratio for the 5:1 and the 80:1HHEDA:
ratio. There was an increase in the release ratio for the 20:1 HEMA:H#in@rease could be
due to the evolution of HPC out of the hydrogel during the course of the experimerga$be r
that the increase was not seen in the 5:1 HEMA:HPC ratio was because theobifed the
pore and at 80:1 HEMA:HPC ratio there was too little HPC to change the retetike p

For HFPG synthesized with 100,080 of HPC, the ratio of diffusion coefficients was
affected by HEMA to HPC ratio and synthesis temperature (Figure 5.3.4.4-B) naatka
synthesis temperature of 37 °C showed no change in the release ratio witleaseimnt of
HEMA:HPC ratio from 5:1 to 20:1 or 80:1. There was a slight increase in the red¢iaseith
an increase in the HEMA:HPC ratio from 20:1 to 80:1. Looking at synthesis above thecECS
HPC there was no significant difference between the 20:1 and 5:1 or 80:1. Also there veas only
slight increase in the release ratio from 5:1 to 80:1. These results show no netinhafgpse

profiles with HFPG hydrogels synthesized at 100,000 average molecular weigh€of H
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For HFPG synthesized with 370,080 of HPC, synthesis temperature and HEMA to
HPC ratio had little effect on the ratio of diffusion coefficients (FiguBe4.4). The release ratio
had no change for hydrogels synthesized at the 20:1 HEMA:HPC ratio. Also no anémge i
release ratio is observed when comparing both the 20:1 HEMA:HPC ratio to-BIFIR&D-57.
The only increase in the release ratio was for HFPG-370-80-37. The lack oé ¢chadhe
HFPGs synthesized with 370,080, HPC shows that HPC was large and started blocking the
release. For HFPG-370-80-37, these results indicate that the HPC wasweteinto the

network and was able to move and increase the release.
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CHAPTER 6

CONCLUSIONS

In a series of polymerization reactions, various compositions of HPC diitesslinked PHEMA

gels were synthesized by free radical polymerization. The LG6different average molecular
weights, M,,, of HPC were found to be 44.8 °C + 0.8, 48.7 °C + 0.3, and 46.2 °C + 0.7 for
80,000, 100,000, and 370,000, HPC respectively. A change in concentration of HPC with a
M,, 80,000 from 0.01 to 0.05 g/mL showed an increase in the LCST from 44.8 °C + 0.8 to 46.6
°C +1.0. The LCST was found to have a range of 14.4 °C, 10.4 °C, and 12.9 °C for 80,000,
100,000, and 370,0Q4,, HPC respectively. The LCST went from 46.6 °C + 1.0 to 35.4 °C + 2.3
when the media was changed from water to 0.65M sodium chloride. The washing of the
hydrogels was necessary and it was found that 260 hours were needed to removadtedunre
monomer. The swelling study showed that the mesh size was unaffectedtBssy

temperature, analytical temperature, and HEMA to HPC ratio, indica¢ithC was pore-

filling. In addition, the swelling study showed that the hydrogels appeared lighit/s
hydrophobic. Mechanical testing confirmed the results of the swelling stuthgtithere was no
net change in the mesh size calculated with a change in analytical orssytehgperature by
either method. This study showed that the mesh size did change with a change irHPEMA
ratio. This could be because the HPC was changing the strength of the HFPG hutefstitige
needs to be conducted to confirm. Dissolution testing for the release of thieedingm the

HFPG hydrogel showed that it was possible to get an increased releasgtn an increase in
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analytical temperature. The increase in synthesis temperature @tctbagelease rate. An
increase in the HEMA:HPC ratio decrease the diffusion coefficient. H ¢dllapsed and
evolved out of the HFPG and this effect could produce a higher diffusion. Furthergatiest
should be conducted to test the effects of different initiators and crosslinkogyaa the release

of HFPG hydrogels.
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CHAPTER 7

RECOMMENDATION

Further study into the effects of solvents on the LCST of HPC needs to be conducted.
This study investigated only one different concentration of HPC to see how thg Hitec
LCST. A more intensive turbidity study should be conducted on different concentrati®Cof H
to see if the effects on HPC has when it starts to interact with its geibiBg this
comprehensive study, a better understanding on how concentration affects Thedrd&
gained. In addition, this study found that the media plays a role in the LC®Iuti@s studies.
Experiments with LCST polymers should be conducted at condition that mimic the hunyan bod
Since the LCST of the HFPG cannot be directly measured, other methods should hedevalua
Since the HFPG hydrogels were opaque, the turbidity experiment outlined in igs the
could not be performed on the HFPG. A study using x-ray diffraction (XRD) in éehsV-
surface scan that can show the d spacing inside the hydrogel could giter aibderstanding on
how temperature affects the structure of the hydrogel. This can be doneibyg pldydrated
hydrogel sample inside sealed glass plates and changing the tengpdraisiXRD method
could directly measure the HFPG, verify the swelling study, and measWwe€ &iefor the
hydrogels. In addition, neutron scattering would be best to understand of the hjahmgéon
and the effect temperature on the structure. Neutrons scattering giteradsolution and have

been shown to be effective with polymer systems. In order to do neutronisgaXé&D data
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needs to be generated before the National Labs will accept a proposal fa tieueutron
source.

In this study, the LCST of the hydrogel was well above the “safe” tenupeydtS to 47
°C for normal healthy liver cells. Since heating to 57 °C could lead to therratibaldf healthy
tissue, other polymers with lower or tunable LCST, like p(NIPAAmM-co-AAm) shoul
investigated. Since these polymers have a tunable LCST, they would ibi®safeivo
applications and would give better control over the LCST.

The amount of HPC lost during the dissolution test was not measured. A method for
calculating the amount of HPC evolving out of the HFPG as a function of time should be
developed. This could be done by taking manual samples of the dissolution cells over an 8hr
period. The sample is then allowed to cool below the LCST and a UV spectracahalythe
sample is preformed. Alternatively, taking a GPC measurement andat@guhe area under
the curve could also give the same result.

Mechanical testing experiment could be conducted by increasing the &unpevithout
moving the grips to see if the hydrogel shows and a negative force. Thdsrodichte a change
in the structure of the hydrogel further proving that the hydrogels do not exhibit sgueez
effects. Changes in the dissolution testing should also be made.

Since there was, some variation in the dissolution data, changing the method npight hel
in the analysis. Adding a known concentration of theophylline in a cuvette andiagaty# the

same time as the release, could remove variations in the raw data. This shmaldgod
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baseline to remove variations in data due to a change in UV or deuterium bulldyrdeesthe

12 hr time.
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APPENDIX A: COMPLETE HYDROGEL SYNTHESIS CALCULATION

Water 4 mL
HPC 100,000 g/mol
HEMA 130.14 g/mol [ | Measured amounts
EGDMA 198 g/mol
HEMA 1.073 g/mL
EGDMA 1.05 g/mL
EGDMA (mol% of HEMA) 3% 3% 3%
Initiators (wt% each of HEMA) 1% 1% 1%
mass ratio HEMA to HPC (x:1) 5 20 80
Multipliyer (used to get 8mL gels) 1 1 1
Water 4 4 4| mL
HPC 0.8584 0.2146 0.05365| g
8.58E-05 2.15E-05 5.365E-06| mol
HEMA 4,292 4.292 4.292| g
4 4 4| mL
0.03298 0.03298 0.0329799 mol
EGDMA 0.000989 0.000989 0.0009894f mol
0.1959 0.1959 0.1959004 g
0.186572 0.186572 0.1865718 mL
187 187 187 | ul
NaMBS 0.0429 0.0429 0.0429| g
AmPS 0.0429 0.0429 0.0429| g
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APPENDIX B: PROCEDURE FOR TURBIDITY TEST

Procedure:

Thermocouple setup:

1.

2.

5.

6.

Start the Omega Java program

Select the correct printer port and thermocouple are correct
Set the thermocouple 1 and 2 to read in degree C

Set the temperature average to 200 points

Open the log file and change the name

Set to log every 5 seconds

UV-Vis setup

1.

2.

3.

8.

9.

Turn on the UV-probe

Start the UVprobe.exe file

Click connect

While connecting place DI water in cell 1 and the reference cell. Making sueatothe
outside with a kimwipes.

Click method (ctrl +m)

Set wavelength to 700 nm

Under timing mode select manual

Set up for a 5 sec cycle time

Use max number of readings

10.Under wavelength (nm) use single wavelength and WL1 to 700.0 nm
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11.Click Auto Zero

12.Do a baseline form 650 - 750 nm

13.Replace cell 1 with sample

14.Place thermocouple in at the top center so that it is not blocking the light.
Running the experiment:

1. Start the Omega thermocouple software and a stop watch

2. After 10 sec start the UV-probe software.

3. After 30 seconds take the cold-water tubes and place them in the hot water bath.

4. Weight until the temperature reaches 57 °C

5. Place the inlet and out let tubes in the cold water bath

6. When temperature reached 20C repeat steps 4 and 5, 3 times.

7. Stop data collection on the UV probe and Omega software

8. Export the UV-Vis data into a .txt file

9. Import the data into excel

10. Take the difference between the thermocouple 1 and ambient temperature.

11. Subtract the difference with the thermocouple 2 reading (the one in the cell)

12.Delete the first data point for the thermocouple reading

13.Graph absorbance as a function of temperature

14.Find the inflection point
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APPENDIX C: XRD OF HEMA:HPC HYDROGEL

1:1 HPC HEMA XRD graph

Intensity (Counts/sec)

10 20 30 40 50 60

2 Theta (Degrees)

This figure shows that there is no distinct difference in the peaks of HFPGioEsshow that
an & XRD can be used to detect the composition and structure for HFPG but a Neutron source
is needed for better resolution. This image shows that XRD can be used tongag@nand a

low surface scan to calculate the d spacing at different temperatures
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APPENDIX D: LCST OF 80,000,, HPC IN 2 G/ML THEOPHYLLINE SOLUTION
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This figure shows the LCST of 80,000, HPC in a 2 g/mL theophylline solution. The LCST
was found to be 44.6 + 0.2 °C. The shift in the LCST indicated that there could be hydrogen
bonding between theophylline and HPC which lowers the LCST of the hydrogel. This resul
does not affect this study since the analytical temperatures were outgi@sieechange

behavior of the HPC.
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