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ABSTRACT

Cancer is the second leading cause of death in the United States of America and the
National Cancer Institute has released a paper stating that the ideal cancer therapy should have
an imaging, targeting, reporting, and therapeutic part. The overall project goal is to be able to
create a delivery system that can be triggered externally to the body and can release an anticancer
agent in a controlled manner. The current project deals specifically with using hydroxypropyl
cellulose (HPC) filled poly(2-hydroxyethyl methacrylate) (PHEMA) (HFPG) hydrogel to cause a
release of theophylline when the hydrogel is placed at a temperature above the lower critical
solution temperature (LCST) of HPC (57 ºC) and to have no release at normal body temperature,
37 ºC.
In a series of polymerization reactions, various compositions of hydroxypropyl cellulose
(HPC) filled crosslinked PHEMA gels were synthesized by free radical polymerization. The
 , of HPC were found to be 44.8 ºC ± 0.8, 48.7
LCST for different average molecular weights, 

 HPC respectively. A change in
ºC ± 0.3, and 46.2 ºC ± 0.7 for 80,000, 100,000, and 370,000 

 80,000 from 0.01 to 0.05 g/mL showed an increase in the LCST
concentration of HPC with a 
from 44.8 ºC ± 0.8 to 46.6 ºC ± 1.0. Changing the media from water to 0.65M sodium chloride
change LCST from 46.6 ºC ± 1.0 to 35.4 ºC ± 2.3. The swelling study showed the mesh size was
unaffected by synthesis temperature, analytical temperature, and HEMA to HPC ratio, indicating
that HPC was pore-filling. Mechanical testing confirmed the results of the swelling study, in that
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there was no net change in the calculated mesh size with a change in analytical or synthesis
temperature by either method. This study showed that HPC did change the mesh size with a
change in the HEMA:HPC ratio. Dissolution testing for the release of theophylline from the
HFPG hydrogel showed an increased release rate with an increase in analytical temperature was
possible. The increase in synthesis temperature increased the release rate. It is shown that an
increase in the HEMA:HPC ratio with a decrease in the diffusion coefficient. The HPC 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 initiators and crosslinking
ratio’s on the release of HFPG hydrogels.
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a

Absorbance

b

Path length of light

c

Concentration

Cn

Characteristic ratio

Cs

Initial concentration

E

Tensile modulus

GPC

Gel permeation chromatography

HEMA

2-hydroxyethyl methacrylate

HFPG

Hydroxypropyl cellulose filled p(2-hydroxyethyl methacrylate) hydrogen

HPC

Hydroxypropyl cellulose

K

Correction Factor for Beer’s Law

k

Boltzmann constant



Distance between two carbons in the polymers’ backbone
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Lower critical solution temperature

Mair

Mass in Air




Average molecular weight between crosslinks
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Mass in Hexane




Number Average molecular weight



Mass released at time t
v




Average molecular weight



Total drug releases at time infinite

n

Integer

PHEMA poly(2-hydroxyethyl methacrylate)
Q

Volume swelling ratio

R

Gas law constant

T

Temperature
Specific volume of the polymer
Molar volume of the swelling agent

Vd

Dried volume

Vr

Relaxed volume

Vs

Swollen volume

r

End to end distance between crosslinks

,

Density of the hydrogel in the relaxed state



Half the thickness of a hydrogel disc

ε

Molar absorptivity or Beer’s Law constant



Water viscosity

υ2,r

Polymer fraction in the relaxed state

υ 2,s

Polymer fraction in the swollen state
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Flory-Huggins parameter

ξ

Mesh size
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CHAPTER 1
INTRODUCTION

The first major breakthroughs during the 1960s, in the field of pharmaceuticals have
marked a new era in research and development of drug delivery systems (Almond et al., 1970).
There are ongoing efforts to improve the targeting, long lasting effects, and enjoyable
experiences of medicinal treatments beyond the basic application to meet modern day consumer
and physician demands. One way this is done is to research new drug delivery materials. Most
common drug delivery platforms produced today, are made of machine lubricant, green
polymers, and active ingredients. Green polymers are non-harmful biocompatible polymers, such
as microcrystalline cellulose, gum arabic, xanthan gum, hydroxypropyl cellulose, and
Hydroxypropylmethyl cellulose. The United States Food and Drug Administration (FDA)
approved these polymers as safe for human consumption. These biocompatible polymers are
chosen for their physical responses to an external stimulus due to environmental changes, such as
magnetic field, light, pH, or temperature. These stimuli introduce external response mechanisms
that are now being investigated to combat some of the world’s leading causes of death.
Currently, the second leading cause of death in America is cancer (Centers for Disease Control
and Prevention et al., 2004). In spite of the emergence of many new cancer treatments, there has
been no significant decrease in cancer related deaths since 1958 (Centers for Disease Control and
Prevention et al., 2004).
1

One of the ways by which scientists have been trying to force a downward trend in the
death toll is through a drug delivery platform that targets cancer cells by embedding magnetic
nanoparticles into a scaffold and attaching it to cancer targeting antibodies. These antibodies will
target specific cancer cells by attaching themselves to the cell membranes and, consequently,
assimilate into the cell. Imaging technology such as an MRI can provide a picture of the
nanoparticles imbedded into the cancer cells. Finally, a hyperthermia treatment is carried out by
heating the magnetic nanoparticles, thus, causing the drug to be delivered. During hyperthermia
treatment, cancer cells undergo thermal ablation at temperatures that are lower then what would
be required for healthy cells to be similarly affected.
Our research group aims to incorporate this idea of hyperthermia into a multifunctional
platform that utilizes antibodies, magnetic nanoparticles, and thermally sensitive polymers. The
goal is to condense the targeting, imaging and treatment of tumor cells into one treatment. This
paper focuses on the synthesis and drug release characterization of a hydrogel, 2-hydroxyethyl
methacrylate (HEMA), which contains a thermally sensitive polymer, hydroxypropyl cellulose
(HPC). HEMA/HPC hydrogels were synthesized to be positively thermosensitive for faster
release of the drug at temperatures above the lower critical solution temperature (LCST) and to
cease releasing below the LCST. Drug delivery can be activated by heating, causing a
morphological change in the structure of HPC, which opens up diffusion pathways for drug
release. If successful, magnetic nanoparticles can be added to PHEMA/HPC gels so that an
external electromagnetic field can trigger a combination of localized chemotherapy and
hyperthermia for treatment of tumor cells.
2

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 (Forni et al., 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 chemistry started to emerge,
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 and cortisone and
people started using drugs to cure common ailments, which lead to an increase in diseaseresistant bacteria (Committe to Study the Human Health Effects of Subtherapeutic Antibiotic
Use in Animal Feeds a Division of Medical Sciences et al., 1980; Finland, 1955a.; Finland,
1955c.; Finland, 1955b.; Finland, 1979; Gerald L. Mandell et al., 1979; H. S. Goldberg et al.,
1961; Robicsek et al., 2006; United States Food and Drug Administration and Medicine, 2000).
Currently, the pharmaceutical industry has turned to engineers and chemists to develop targeted
and controlled release systems for drugs that last longer, treat only the affected areas, and
minimize any adverse effects (Peppas, 1984). Cancer researchers have adapted these challenges
and incorporated them in the generation of technologies that address cancer therapy. The
National Cancer Institute (NCI) has set a goal for the optimal cancer therapy that utilizes a
multifunctional platform (Cancer Nanotechnology Plan: A Strategic Initiative to Transform
3

Clinical Oncology and Basic Research Though the Directed Application of Nanotechnology,
2004). This optimal drug delivery platform will target, treat, report, and image tumor cells. NCI
wants a platform to specifically target, and deliver a significant amount of drug or other therapy
(radiation, ultrasound, hyperthermia, etc.) to treat the cancer cells. To confirm that the cancer
cells have been treated, and know where the cancer cells are located, imaging technology is used.
Today, many research groups are working on novel nanomaterials that may satisfy some or all of
the goals set out in this NCI paper (Ebara et al.; Kim et al., 2008b; Miller and Peppas, 1988;
Nakayama et al., 2006; Song et al., 1998). As part of the NCI initiative, the development of
smart materials that can trigger drug release has led researchers to investigate environmentallysensitive hydrogels, interpenetrating networks and other advanced polymer structures to allow
drug release that can be triggered external to the body.

2.1 Controlled 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 the diffusion coefficient of the
active ingredient different from the bulk diffusion coefficient. Controlled release could also
include a triggering mechanism (Lonsdale, 1982). Controlled release profiles differ from
immediate release in two ways: one difference is the plasma concentrations are higher and tend
to be close to toxic; the other difference is the liver filters out the active ingredient out faster,
making the amount of active ingredient to rapidly decreases over time when compared to
controlled release. For in-vivo applications, controlled release means once a drug, which includes
4

the active ingredient and polymers for delivery, enters the body it will start delivering the active
ingredient at a precise time, and maintain therapeutic range for a set time (Figure 2.1.1.1). The
therapeutic range is the concentration needed in the plasma for effective treatment.
The controlled release can be as simple as encapsulating a drug into a polymer matrix to
allow the polymer to naturally dissolve and release the drug or as complex as a hydrogel that can
be triggered to release by interacting with an external stimulus (Lonsdale, 1982). Some
modifications to the orally-delivered naturally-dissolving drugs use enteric coatings
(poly(styrene-alt-maleic anhydride)–ethanol (Lai et al., 2008), poly(methacrylate) (Mercier et
al., 2007), Eudragit® (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. Release at neutral pH is
desirable because of the high absorbance into the blood stream, and non-degrading environment
of the intestines. Several years of research has shown that these controlled release systems can
also be triggered by environmental conditions. There are two ways to trigger release. One is an
environmental response inside the body and the other is a response externally triggered outside
the body. The environmentally responsive release is the most commercially available method for
drug delivery.
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Figure 2.1.1.1: Blood concentration level showing immediate release and controlled release.
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2.1.1

In vivo Drug Release
In vivo drug release is the response of a polymer-based drug delivery system to start

releasing the active ingredient in response to environmental changes inside the body. The
mechanism for triggering a release from an environmental stimulus can be accomplished by
changing pH or hydration. The most common usage of this form of delivery is a polymer system
going from a dry state to being wet.

2.1.1.1 Solvent-activated Release
Solvent-activated release occurs in response to the polymer diffusing into solution, which
allows the drug to be released during the process. When a drug is hydrated, the surface will
create a gelatinous covering preventing water from entering leaving the core dry. As the outside
polymers start to dissolve, water will penetrate a little further and will continue until the drug is
fully dissolved (Tyle, 1988). Aspirin was one of the first sustained-release products using an
insoluble matrix (Vora et al., 1964). To accomplish the long-lasting effect, different ratios of
hydrophobic and hydrophilic components are used in the formulation (Vora et al., 1964), with
the most common being hydroxypropyl methylcellulose (HPMC) and microcrystalline cellulose
(MCC). One problem with solvent-activated release is that it releases as soon as the drug
hydrates and releases regardless of pH.

7

2.1.1.2 pH-sensitive Release
pH-sensitive release of a drug occurs when the pH of the surrounding solution changes to
become more acidic or basic. Such a release occurs when a drug is orally-administered and
follows the normal gastrointestinal (GI) tract. The pH inside the body varies from 6.5 - 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 approximately 16 hours
in the intestines ("Elite-Zyme Ultra – Digestive Enzymes "). With a normal release time of 4-8
hours the drug will begin releasing in the stomach and could lead to a low absorption (Hogben et
al., 1959; Shore et al., 1957) or be degraded by the stomach acid (Gibaldi, January 1991).
Pharmaceutical agents that will degrade if exposed to low pH for any length of time have been
appearing on the market, such as Cytochrome P450s (Bruno and Njar, 2007). Enteric coatings
have been developed to slow down release in the stomach and start releasing in the intestines.
Micelles have also been developed with pH-sensitive capability. These micelles do not
have to rely on the enteric coatings to stop the hydration process. Micelles are used to
encapsulate a drug using self-assembly. Micelles use different molecules that have a
hydrophobic and a hydrophilic part such as (poly(allyl glycidyl ether)-block- poly(ethylene
oxide) (Hrubý et al., 2005) or polyoxometalates-co-Poly(styrene-b-4-vinyl-N-methylpyridinium
iodide)). For in-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 solution.
Micelles will self-assemble at the critical micelle concentration to from spheres in water and in
the presence of a hydrophobic drug, will encapsulate the drug as well. Micelles can also self
8

assemble in oil and encapsulate a hydrophilic drug. For instance, if a pH-sensitive hydrophilic
micelle is exposed to a solution of pH 7.0, the micelle will break apart and release the drug that it
is encapsulating (Hrubý et al., 2005; Kim et al., 1996). PH triggered responses are good for oraldrug delivery (flu, headache, muscle ache, etc.). Using an external source to trigger drug release
will be more beneficial when designing drug delivery systems for cancer therapy will allow the
treatment to be triggered anywhere in the body as opposed to following the GI track.

2.1.2

Externally Affected Drug Release
Externally affected drug release requires a delivery system to increase the drug

concentrations for treatment in an area when an external stimulus is applied. Externally-triggered
devices that can be used for in vivo drug delivery are based on systems that respond to external
triggers such as ultrasound, light, electronic signals or magnetic waves that can penetrate deep
tissues of the human body to trigger release. Of these, each triggering mode, except electronic
signals, can be achieved in a non-invasive manner to activate release from untethered micro or
nano-devices that can be targeted within the body. The methodologies to create reproducible
triggerable devices are relatively new, with advances in ultrasound (Frenkel, 2008), photo
(Bikram et al., 2007; Sershen et al., 2000), and magnetic field activated systems (Lubbe et al.,
2001, Langer et al., 1980), which are discussed below.

9

2.1.2.1 Ultrasonic 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 found to have potential in
the areas of gene therapy and cancer treatment (Frenkel, 2008; Frenkel and Li, 2006; Jain, 1998).
By using a frequency range of 20 to 90 kHz, researchers have applied ultrasonic sound to cause
the release of an encapsulated drug in micelles (Husseini et al., 2000). The ultrasonic sound
waves creates bubbles causing the collapse of the micelles via shear stress and shock (Husseini
and Pitt, 2008). Husseini et al. in vitro study has found that a pulse duration longer than 0.1
second showed a release and reencapsulation (Husseini et al., 2000). This in vitro study shows
that a drug in vivo could be released useing ultrasound waves. There are some negative side
effects of ultrasonic release like oxygen bubbles entering the blood stream or an increase in
temperature when the ultrasound is applied (Dalecki et al., 1997a; Dalecki et al., 1997b; Frenkel
et al., 2006).

2.1.2.2 Magnetic Localization
Magnetic localization allows the concentration of drugs to a specific target area in the
body and away from healthy tissue, through the use of an externally-applied magnetic field
(Lubbe et 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 damage to tissue and to
increase the drug absorption to a desired tissue. There are some potential problems localizing the
drugs to specific tissue, given intravenously, to target areas because of the high blood flow rates
10

inside tissue (>10cm/s in arteries, 50 cm/s in aorta, and >0.05 cm/s in capillaries (Schmidt, 2006;
Schuenke et 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 (Lubbe et al., 2001). The
field intensity applied to a particular area by a static magnetic field has a narrow maximum
magnetic field intensity to be effectively holding a nanoparticle; therefore, careful consideration
to the size and composition of the magnet nanoparticle is needed. The use of ferromagnetic
nanoparticles is being researched because they have a very strong magnetic susceptibility (Lubbe
et al., 2001).
The magnetic localization can be used as a drug delivery system. The first applications of
magnetic localization where conducted in the 1970s by Widder’s et al. (1981), who used
microspheres to encase adriamycin, a chemotherapeutic agent, with magnetite to localize the
drug to capillary beds of tumors. Widder et al. (1981) showed that the use of an external magnet
could localize the cancer treatment and reduce tumor size by 83%. Clinical trials into 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 effective by causing a
significant decrease in tumor size (Devineni et al., 1995; Goodwin et al., 1999; Lubbe et al.,
1996a; Lubbe et al., 1996b). Intense efforts are going on to develop biocompatible magnetic
nanoparticles not only for magnetic localization of microspheres but are also being investigated
for local temperature increase (hyperthermia) for the treatment and imaging of tumor cells
(Jordan et al., 1996).
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2.1.2.3 Externally-Triggered Thermal Release
External-triggered thermal release is the release of a drug at an elevated temperature.
Thermal release uses a nanoparticle to internally heat a drug by an externally applied device.
Most thermally-sensitive polymers have lower critical solution temperatures (LCST) in aqueous
solutions. LCST is the temperature at which the polymer will phase separate and fall out of
solution. There are two types of LCST: polymer-polymer and polymer solvent. Polymer-polymer
LCST, is due to polymer-polymer interactions when two polymers melt phase separate (Flory et
al., 1964a; Flory et al., 1964b; Mcmaster, 1973). Polymer-solvent LCST, is due to polymersolvent interactions when the polymer phase separates from the solvent (Rathbone et al., 2008).
This is mechanically done by the disoperation of bound water from a polymer; therefore,
creating hydrophobic domains (Rathbone et al., 2008). In most cases the water molecule will
form a hydrogen bond with the exposed lone pair of electrons on oxygen, fluorine, or nitrogen
(Rathbone et al., 2008). At elevated temperature the hydrogen bond breaks and causes the
polymer to become hydrophobic (Rathbone et al., 2008). Once the polymer becomes
hydrophobic, the polymer will coil to a lower energy state. The most common thermally
sensitive polymers is poly(N-isopropyl acrylamide) (Rathbone et al., 2008) and FDA accepted
biocompatible hydroxypropyl cellulose (Heitfeld et al., 2008). Poly(N-isopropylacrylamide)
(PNIPAAm)and hydropxypropyl cellulose (HPC) have LCSTs of 32 ºC and 41 ºC, respectively
(Heskins and Guillet, 1968; Lee and Lawandy, 2002).
Polymers like PNIPAAm and HPC can be used in the synthesis of complex systems, like
hydrogels or micelles. These hydrogels or micelles, used for in vivo applications, can be utilized
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to encapsulate nanoparticles and active ingredients, like theophylline. The nanoparticles can be
heated by an external source and the thermally sensitive polymer undergoes a phase change
inducing a conformation change in the system. The conformation change will increase the drug
release rate. The most common researched sources for external heating is using near infrared
(IR) light or AC magnetic field to induce heating of nanoparticles.

2.1.2.3.1

Photothermal Release

Photothermal release uses near-infrared light waves for heating nanoparticles to release
drug from a polymer system. The near infrared light (800-1200nm) penetrates into deep tissue
with little attenuation and has successfully heated silica nanoparticles with gold shells to 50 ºC
(Bikram et al., 2007; Sershen et al., 2000). Chan research group found that the optimal size for
gold nanoparticles to be uptaken into mammalian cells was 50 nm (Chithrani et al., 2006). By
placing the nanoparticles into thermally sensitive polymer systems, the system can be triggered
to release in response to heat generated by the excited nanoparticles. These types of polymers
can incorporate nanoparticles into hydrogels and micelles because the thermally sensitive
polymer undergoes a phase change inducing a conformation change in the system. For micelles,
the hydrophilic head will change to hydrophobic and cause the drug encapsulated inside them to
be released (Dougherty et al., 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 nanoparticles by an
external field that causes the drug to be released from a polymer system. Some of the early work
developed by Langer et al.(1980) showed that 1.2 mm stainless steel beads embedded into
polymer systems could have sustained release of bovine serum albumin using static magnetic
fields. A study by Hsieh et al. showed that the magnetic field showed no adverse effect by the
external static magnetic field on rabbit cornea (Hsieh et al., 1981). Magnetic nanoparticles
(MNP) can be used to induce heating inside cell when an external-magnetic field is applied
(Jordan et al., 1993; Mornet et al., 2006). MNP need to be synthesized with a Curie temperature
around 50 ºC (Jordan et al., 2001). The Curie temperature is the temperature in which a magnet
becomes paramagnetic and no longer heats by an external magnetic field (Mornet et al., 2006;
Moroz et al., 2002). Tuning the Curie temperature of nanoparticles below thermal ablation is
ideal for biomedical applications (Moroz et al., 2002). Thermal ablation (hyperthermia) is the
cellular deaths caused by high temperature and it has been shown to treat cancer (Jordan et al.,
2001; Mornet et al., 2006; Moroz et al., 2002). Liver cells become impaired at 45 ºC, but several
hours of exposure will kill them. At 50 -55 ºC temperature range cellular death occurs within 4-6
minutes, at 60 ºC cell death is immediate, and at 100 ºC liver tissue vaporizes and charring
occurs (Joseph K. T. Lee, 2006). Therefore, the heating of MNPs will need to stop heating before
60 ºC and this is done by using the Curie temperature, which is the temperature at which a
material stops being magnetic (Kim et al., 2008a). By incorporating MNP with thermally
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sensitive polymers and applying external AC magnetic field, polymer systems can be heated via
the MNP.
MNPs have been incorporated into macroporous gels and other hydrogels, or
encapsulated in micelles to be used in magnetothermally-triggered release (Kato and Gehrke,
2004; Liu et al.; Trapani et al., 2009; Wei et al., 2009). The nanoparticles can be coated with
polymers such as chitosan for drug delivery applications (Trapani et al., 2009) or pNIPAAm to
have thermal release. The Gehrke group has used HPC in a microporous gel which shows a
transition temperature of 42 ºC that could be used for magentothermally-triggered release (Kato
and Gehrke, 2004). Other research groups, use thermally sensitive micelles, that encapsulate
magnetic nanoparticles and the drug to achieve controlled release (Wei et al., 2009).

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-dissolvability regardless of the
solvent (Kim and Bae, 1992; Wichterle and Lim, 1960). Hydrogels are composed of hydrophilic
polymers that are either physically or chemically crosslinked to form networks that slow down
the diffusion of water (Park et al., 1993; Peppas, 1987). Hydrogels contain large volumes of
water, the amount of which can be controlled by the amount of crosslinking (Chiellini, 2001).
This large reservoir of water will allow different water-soluble drugs to be retained within the
hydrogel and to release the drugs. Hydrogels are characterized based on their drug release
profiles which are affected by the mesh size, and swelling ratio. The amount of drug release from
15

Drug

a hydrogel is related to its mesh size (Figure 2.1.2.1). The larger the mesh size, the higher the
diffusion coefficient. The mesh size can be tuned from very small, causing no drug release, to
large, where the drug does not interact with the hydrogel. Hydrogels can be classified as homohydrogels, copolymer hydrogels, grafted hydrogels, interpenetrating networks, and semiinterpenetrating networks, based on their structural organization of monomers.
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Figure 2.1.2.1: Diagram showing the mesh size ξ, of 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 investigated non-toxic and
biocompatible hydrogels. Poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels are
commonly found in soft contact lenses and are being used in tissue engineering and drug
delivery applications (Davis P.A et al., 1991; Saltzman, 1997). For instance, PHEMA was
crosslinked with ethylene glycol dimethacrylate (EGDMA), by free radical polymerization, to
deliver metronidazole, an antibiotic. Metronidazole, or small molecular weight drugs can be
loaded into the PHEMA hydrogels either by absorption or by direct polymerization of the
monomer/metronidazole mixture (Chiellini, 2001).
Dissolution systems are used to conduct drug release studies and measure the diffusion
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 diffusion coefficient
(Chiellini, 2001). Another example shows poly(N-isopropylacrylamide) hydrogels were
synthesized to release a drug at elevated temperatures, since the LCST is at 32 ºC, but found that
as the temperature increased the drug diffusion decreased (Strachotová et al., 2007). 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 crosslinking ratio to optimize
drug release. These hydrogels have limited applications compared to copolymer hydrogels
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because copolymers use mixtures of different monomer/polymers to allow fine-tuning 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 applications. For example, a pH
sensitive hydrogel can be created by polymerizing NIPAAm with acrylic acid (Dong and
Hoffman, 1991; Zhang et al., 2007) to release drugs inside the intestines. Some other hydrogels
can exhibit multiple mechanism for release by incorporating both pH and temperature sensitive
polymers within the hydrogel (Brazel and Peppas, 1996; Dong and Hoffman, 1991; Liang-Chang
et al., 1992; Schmaljohann, 2006). Thermally sensitive hydrogels can be created by reacting
acrylamide (AAm) with NIPAAm (Ankareddi and Brazel, 2007). Poly(NIPAAm-co-AAm) was
used to increase the LCST of PNIPAAm from 32 ºC to 42 ºC, making the hydrogels capable of
releasing at temperature above body temperature(Caykara et al., 2006; Feil et al., 2002; Park and
Hoffman, 1992). Studies on poly(NIPAAm-co-AAm) have shown that the LCST of PNIPAAm
hydrogels can be changed with the addition of AAm but it still exhibited a squeezing release
(Fundueanu et al., 2009). Other methods of synthesis like grafting poly(NIPAAm-co-AAm) onto
PHEMA hydrogels, exhibit both thermal and positive responses (Ankareddi and Brazel, 2007).
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2.2.3

Grafted Hydrogels
Grafted hydrogels are similar to copolymers but have smaller polymeric chains grafted

onto the backbone of another polymer (Figure 2.2.5.2-A). Grafted hydrogels can have sensory
and controlled release aspects and the maximum rate of release is controlled by the crosslinking
ratio of the hydrogel. The mesh size controls the pore size, which affects the maximum rate of
release. A change in temperature changes the grafted polymers causing a change in the effective
mesh size for diffusion (Huang et al., 2002). The effective mesh size includes the interaction
parameters between atoms, where the physical mesh size only accounts for the covalently
bonded backbone, for example on PHEMA hydrogels, the C-C bond of the polymer that makes
up the hydrogel. The grafted hydrogels are created by making a polymer with one active bonding
site. The thermally-sensitive oligomers are reacted in the presence of a monomer and
crosslinking agent to form grafted hydrogels (Ankareddi and Brazel, 2007; Huang et al., 2002).
These grafted systems have a faster response time than copolymer networks because the
swelling and collapse of the grafted polymer causes a change in the drug release (Ankareddi and
Brazel, 2007; Huang et al., 2002; Kaneko et al., 1998; Liu et al., 2009a; Matsuura et al., 2003;
Zhang et al., 2007; Zhang et al., 2009). Huang et al. imaged PNIPAAm grafted on microporous
polyethylene membrane, indicating the grafted PNIPAAm protrudes outward from the hydrogel
at temperatures above the LCST and over up the pore at temperature below the LCST (Huang et
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 polymer networks

that are synthesized in the immediate presence of another and are similar to grafted gels because
they have two different polymers (Figure 2.2.5.2-B). These may be synthesized by sequential or
simultaneous reactions (Solc, 1982). The simultaneous reaction method mixes all the monomers
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 this way, the free energy
change for domain formation is altered (Mishra and Sperling, 1995; Solc, 1982). The preferred
method is the sequential method that is achieved by first synthesizing one hydrogel then placing
that hydrogel into a solution of monomer and crossing linking agent and then polymerizing the
second hydrogel (Bajpai et al., 2008).
These networks have been created with thermally sensitive polymers like PNIPAAm for
controlled release applications (De Moura et al., 2006; El-Sherbiny et al., 2005; Zhang et al.,
2004). Zhang et al. synthesized PNIPAAm IPN by taking a PNIPAAm hydrogel and then
synthesizing another PNIPAAm hydrogel inside that hydrogel using N,N′methylenebisacrylamide as the crosslinker (Zhang et al., 2004). This IPN synthesized by Zhang
et al. still had a LCST below body temperature but could release a drug (Zhang et al., 2004). De
Moura et al. shows that the IPN networks containing PNIPAAm supported on alginate- Ca2+
exhibited squeezing effects and had an LCST near body temperature (De Moura et al., 2006).
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2.2.5

Semi-Interpenetrating Polymer Network
Semi-interpenetrating polymer (SIPN) networks are hydrogels that are formed in the

presence of another monomer/polymer which is not crosslinked (Figure 2.2.5.2-C). SIPNs are
created in the same way as IPNs except that they do not undergo the crosslinking step for one of
the polymers. Ju et al.synthesized SIPNS with PNIPAAm-NH3 as the polymer and alginate as
the hydrogel. This study showed little variability in the swelling ratio and a longer time to swell
than PNIPAAm-NH3 grafted on to alginate (Ju et al., 2001). Equilibrium swelling studies,
comparing the PNIPAAM-NH3 grafted to the SIPN on alginate, showed that SIPNs took 2.5
hours to reach equilibrium whereas grafted gels took 1.5 hours (Ju et al., 2001). Thermally
sensitive SIPN have been synthesized using poly(NIPAAm-co-AAm) and poly(dimethyl
siloxane) (PNIPAAm/PDMS) to form thermally sensitive hydrogels(Erbil et al., 2004).
NIPNAAm/PDMS showed that different synthesis methods, either sequential or simultaneous,
cause the high shift in the LCST. The method used for synthesis affected the transition
temperature (Erbil et 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 synthesis
 HPC in SIPN using
reaction at or below pH 7.0 (Ott, 1954-55). A study looking at 100,000 
poly(N,N-dimethyl acrylamide) crosslinked with 1,1,1-trimethylolpropane triacrylate (TMPT) or
diethylene glycol diacrylate (DEGDA) at 4 wt% (Wang et al., 1991) investigated the heat flow
from the system. The glass transition temperature, Tg, was shown to be around 100 ºC in dry
solutions. By changing the crosslinking agent to EDGMA the HPC in a hydrogel network had
22

less effect on the LCST. This is because EDGMA increases the swelling ratio and mesh size of
the hydrogel as compared to other crosslinking agents such as malonic dialdehyde (MDA)
(Perera and Shanks, 1996). Further study on the mesh size of the polymer, the effect of PHEMA
on LCST and release data for SIPNs formed with HPC will be determined in this research
project.
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Figure 2.2.5.1: Diagram of different hydrogels
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Figure 2.2.5.2: Diagram of different complex hydrogels systems
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CHAPTER 3
OBJECTIVES

The motivation behind this project is to create a drug delivery platform that can increase
the survival rate of cancer patients while minimizing the side effects. Further development of
current treatment option of surgery, chemotherapy, and radiation is needed to improve their
effectiveness in targeting and treating cancer. Chemotherapy drugs are of particular concern
because these drugs deliver a highly potent chemical that kills many healthy cells in addition to
tumor cells, which they were designed to treat. The creation of a new magnetothermallyresponsive material that will allow a drug to be released using a magnetic field applied externally
to the body can minimize the damage to healthy cells.
The objective of this project is to develop a thermally sensitive polymer that will not
release the drug at body temperatures but will change configuration at elevated temperatures
(below temperatures that cause thermal ablation of healthy cells) to release a drug. To meet this
objective, a composite hydrogel consisting of thermally responsive hydroxypropyl cellulose
(HPC) and 2-hydroxyethyl methacrylate (HEMA) was synthesized. This system is capable of
thermally triggering the controlled release of drugs at temperatures above normal body
temperatures, but below thermal ablation temperatures, through the collapse of HPC. Figure
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 heat-induced collapse of HPC
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polymer with a consequent change in the effective mesh size allowing the drug to diffuse down
the concentration gradient. The HPC collapse happens at temperatures above the lower critical
solution temperature (LCST). At body temperature, the HPC within the composite hydrogel will
remain expanded thus slowing the diffusion of the drug though the polymer.
In this study, certain design parameters are investigated to determine the feasibility of
thermally-triggered release using HPC/PHEMA composite gels. The main parameters that affect
 ) of HPC, the HPC: HEMA ratio and the
hydrogel performance include the molecular weight (
reaction temperature (above or below the LCST of HPC).
The specific objectives include:
•

Synthesize HPC-filled PHEMA hydrogels (HFPG).

•

Test drug release at normal human body temperatures (37 ºC) and at temperatures above
the LCST of HPC (57 ºC)

•

Calculate the mesh size of the hydrogel by mechanical experiments and swelling studies.
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Temperature
increased to 57ºC

Figure 3.2.2.5.1: Schematic view of the proposed design of thermally-triggered PHEMA-HPC
composite hydrogels crosslinked with EGDMA. Drug (red circle labeled D) releases 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 hydrogels, made in-house, are
herein described. This includes the structure, and lot or batch numbers of the chemicals used.

4.1.1

Polymers
 (batch # 06424HD), 100,000
Three types of hydroxypropyl cellulose (HPC): 80,000 

 (batch# 05519CC), and 370,000 
 (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 obtained from Acros

Organics,( Fair Lawn, NJ) refer to Figure 4.1.2.1-A for the structure of HEMA. N-hexane was
used as a non-solvent for determining the swollen volume of the hydrogel samples. HEMA was
purified using p-methoxyphenol-surface-activated beads packed into a column (Aldrich St.
Louis, MO) to remove the inhibitor methoxyether hydroquinone. Sodium chloride, used for the
determination of the lower critical solution temperature (LCST) of HPC, was obtained from EM
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Science, Gibbstown, NJ. Tetrahydrofuran (THF) was used as the mobile phase in gel permeation
chromatography (GPC) and was obtained from Fisher Scientific, Fair Lawn, NJ.
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A) HEMA

D) HPC

B) EGDMA
E) Ammonium Persulfate

C) Sodium Metabisulfite
etabisulfite
Figure 4.1.2.1: Structures of Monomers
Monomers, Reagents, and Polymer Used

31

4.1.3

Initiators and Crosslinking Agent
Sodium metabisulfite (NaMBS) and ammonium persulfate (AmPS) (Acros Organics, Fair

Lawn, NJ) were used as redox initiators (Figure 4.1.2.1 C and E, respectively). Ethylene glycol
dimethacrylate (EGDMA) (Figure 4.1.2.1-B) (Acros Organics, Fair Lawn, NJ) was used as a
cross-linking agent to form PHEMA hydrogels and was purified using p-methoxyphenol-surfaceactivated beads packed into a column to remove the inhibitor 2,6-di-t-butyl-p-cresol.

4.1.4

Model Drug
Theophylline (Lot# 68HO610), 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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Figure 4.1.4.1: Structure of Theophylline
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4.2

Sample and Experiment Preparation
HPC-filled PHEMA hydrogels (HFPG) were synthesized and prepared for drug release

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 three different HPC

molecular weights under two different reaction temperatures (Table 4.2.1.1). EGDMA was used
as the crosslinking agent at 3 mol% of HEMA and the redox initiators, AmPS and NaMBS, were
added at 1 wt% of HEMA each. For each synthesis, 4 mL of DI water, 4 mL of HEMA and HPC
were placed in a beaker, covered with paraffin and left for 12 hours in a 2 ºC refrigerator. Each
solution was placed on a stir plate for 30 minutes under a constant nitrogen purge to remove the
dissolved oxygen, a free radical scavenger that can inhibit free radical polymerizations. EGDMA
and AmPS were then added and stirred for five minutes to ensure complete mixing because
EGDMA formed a white precipitate if oxygen was present, and AmPS had a low solubility in
this solution. After mixing for 2 minutes, the solution was pipetted between two glass plates
separated by a 1.44 mm Teflon® spacer 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 plates then sandwiched.
Also, the NaMBS, EGDMA, and AmPS were added the same way but were hand-mixed using a
glass-stirring rod to prevent nitrogen gas bubbles from remaining in solution during the
polymerization process. The glass plates filled with the polymerizing mixture were placed in an
34

oven and were reacted at either 37 ºC or 57 ºC for 12 hours. These temperatures were chosen
because they are lower and higher than the LCST of the HPC polymer, thus theoretically
resulting in structures where either the HPC would be entwined with the PHEMA hydrogel (low
temperatures), or remain phase-separated in the void space of the PHEMA gel (above the LCST).
The hydrogels were recovered by prying apart the glass plates, and they were washed, 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. See Appendix A for
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 PHEMA Gels
Sample Name

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

Number Average
Molecular Weight of HPC
(g/mol)
80,000
80,000
100,000
100,000
80,000
80,000
100,000
100,000
370,000
370,000
80,000
80,000
100,000
100,000
370,000
370,000
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HEMA to HPC ratio
(wt/wt)
5:1
5:1
5:1
5:1
20:1
20:1
20:1
20:1
20:1
20:1
80:1
80:1
80:1
80:1
80:1
80:1

Reaction
Temp.
(oC)
37
57
37
57
37
57
37
57
37
57
37
57
37
57
37
57

4.2.2

Drug Loading Procedure
The hydrogel films were cut into 16mm disks using a stainless steel number 9 cork borer.

The diameter was chosen so that the diameter was at least ten times the thickness of the disk, so
edge effects could be ignored when conducting transport and diffusion experiments (Baker,
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 added to a jar containing
10 disks and allowed to equilibrate for two days at the release temperature (either 37 ºC or 57
ºC). Pre-equilibrating the samples for 2 days allows the theophylline to be loaded into the
hydrogel and the hydrogel to swell. The samples were stirred every 12 hours to ensure that the
theophylline solution was uniformly dispersed in the hydrogel.

4.2.3

Gel Permeation Chromatography Preparation
Gel Permeation Chromatography is used to determine the weight average molecular mass

 ), number average molecular mass (
 ), and to determine the polydispersity index of the
(
polymer samples. THF was filtered with 0.45-micron filter paper by passing the solution though
a Büchner 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 and oscillations of
the baseline to achieve better peak intensity and integration. All solutions were prepared from the
same THF stock bottle at the same time to ensure similar optical properties. Polystyrene
 of 891,000, 560,900, 382.100, 212,400, 114,200, 44,000,
molecular weight standards (
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 Waters© column. All standards and samples were filtered
prior to injection into the column using a stainless steel syringe filter with 0.45-micron 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 spectroscopy,

turbidity, swelling, drug release, and gel permeation chromatography (GPC) data are described
in this section.

4.3.1

Ultraviolet Light Spectroscopy Calibration
Ultraviolet light spectroscopy (UV-vis) is used to determine the concentration of the

species in free solution. Each chemical compound has a unique spectra and is used in determine
its concentration. The spectra of HEMA, HPC and theophylline were analyzed according to
Beer’s Law and checked for overlapping spectra. A Shimadzu™ UV-1650PC UV-Vis
spectrophotometer (Norcross, GA) was used to determine the molar absorptivity,  , of
theophylline according to Beer’s Law (Skoog et al., 2004):
!"#

#$

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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(1)

4.3.1.5 and Figure 4.3.1.6 respectively. 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. The peak
wavelength for HPC is 255 nm but at this wavelength, HEMA has a significant absorption
contribution. Therefore, another wavelength that is longer than 320 nm was found. A wavelength
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 the coefficient of
determination, R2, 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 characterization process. The
molar absorptivity, and sample path length,  # , 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 HEMA it becomes
apparent that the wavelength of 271.5 nm for theophylline would have contribution from HPC
and HEMA. Therefore, washing the hydrogels before characterization process is needed. The
product of theophylline’s molar absorptivity, and sample path length,  # , 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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 HPC at a wavelength of 382.5 nm.
Figure 4.3.1.2: Beer’s Law calibration curve for 80,000 
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Figure 4.3.1.3: Beer’s Law calibration curve for HPC at a wavelength of 286.5 nm.
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Figure 4.3.1.4: Beer’s Law calibration curve for theophylline at a wavelength of 271.5 nm
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Figure 4.3.1.6: Ultraviolet spectra of HEMA from 250 nm to 400 nm of 0.536, 0.054, 0.027,
and 0.005 g/mL concentrations
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Figure 4.3.1.7: Ultraviolet spectra of theophylline from 200 nm to 400 nm of 4.58x10-5, 3.88
x10-5, 3.36 x10-5, 2.96 x10-5, 2.65 x10-5, 2.40 x10-5, 2.19 x10-5, 2.02 x10-5, 1.63 x10-5, 1.23
x10-5, and 0.988 x10-5 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 caused by the
phase separation of the polymer due to a change in concentration, temperature, or molecular
weight. These tests were conducted to measure the LCST of aqueous HPC solutions. Figure
4.3.2.1 shows a diagram of the experimental setup. An Omega™ thermocouple box (Stamford,
CT) with a K-type thermocouple using Omega batch software was used in conjunction with a
Shimadzu™ UV-1650PC UV-Vis spectrophotometer (Norcross, GA), which was equipped with
a thermally-jacketed 12-cell sample holder attachment. The absorbance of thermally-jacketed
HPC solutions was measured at a wavelength of 700 nm. The thermally-jacketed inlet was
connected to a TEEL 1P681A 1/35 hp centrifugal magnetic drive submersible pump (Dayton
electric, OH) that has 14.76 L/min constant flow. The tubing ends were fitted with brass so that
they could sink. A chiller and hot water bath were set at 17 oC and 59 oC, respectively. The
systematic procedure is shown in Appendix B. The temperature of the HPC solution and the
thermally-jacketed cells were equilibrated at 17 oC before the start of the experiment. The inlet to
the tubing connected to the thermally jacketed cells was moved to the 57 ºC bath while the
temperature and absorbance of the HPC solution were recorded simultaneously. The inlet was
then switched back to the 17 oC bath after the temperature leveled out, around 53 oC. This cycle
was repeated four times.
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Figure 4.3.2.1: Experimental setup for turbidity studies.
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4.3.3

Swelling Experiments
Swelling experiments were preformed to predict how the hydrogels react to

environmental changes. If they exhibit squeezing behavior the hydrogel swelling ratio drops with
an increase in temperature. Small pieces of each HFPG were collected and weighed after
formation using an analytical balance with density determination kit. The samples were weighed
in air and in n-hexane, a non-solvent for PHEMA, to determine the volume of the samples. Using
Archimedes' principle, the volume of each freshly-made sample was determined by:


"

@ABC D@EFG
HEFG

(2)

where Mair is the mass of the sample in air, Mhex is the mass of the sample in hexane, ρhex is the
density of hexane (0.659 g/mL). Vs and Vd are calculated the same as Vr but at different in
different states. The subscript s indicates that it is the swollen state; the d means it is the dry state
and r is the relaxed state. After thorough washing, the samples were then allowed to equilibrate
at both 37 ºC (room temperature) and 57 ºC 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 volume of
each hydrogel sample determined by equation 3. After, data was collected for the equilibriumswollen gels, the gel samples were dried to constant weight in a vacuum oven in the presence of
desiccant. The dry weight was taken both in air and in n-hexane to determine the dry volume of
each gel. The swelling ratio, Q, was used to determine the volume fraction, which was used to
normalize the samples. The volume fraction can be calculated by:
J

I " J " JL
K,L
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M

(3)

where Q is the volume fraction, V2,s is the polymer fraction in the swollen state, Vs is the volume
in the swollen state and Vd is the volume of the dry hydrogel.

4.3.4

Mechanical Testing
Each washed hydrogel film was cut into standard dog bone shapes by using a die cutter.

These samples were equilibrated in DI water at either 37 ºC or 57 ºC. Mechanical testing was
performed using an Instron® 5581 automated materials testing system equipped with a BioPuls™
(Northwood, MA) bath attachment. The BioPuls bath was used to keep the samples hydrated at a
constant temperature of 37 ºC or 57 ºC during mechanical testing. The BioPuls™ was modified
for the tests to reach 57 ºC because the BioPuls™ heater goes to 50 ºC. To be able to heat th
higher than 50 ºC, another heater with a six turn copper coil was placed in the water bath to
stabilize the temperature at 57 ºC during the tests. The samples were pre-equilibrated in a hot
water bath at either 37 ºC or 57 ºC for 2 days, and then clamped in place on the Instron. The
samples were stretched so that there was no visible bend, after which they were measured and
the BioPuls bath was raised into place. The samples were pulled at a constant rate of 0.5 mm/sec,
with the force and distance recorded continually. The rate was chosen so that the total time of a
single run was 10 minutes.

4.3.5

Dissolution Cells
Drug release studies were performed at either 37 ºC or 57 ºC to determine the diffusion

constant by measuring the absorbance as a function of time. The concentration was calculated by
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using Beer’s Law to determine the amount of drug release at a given time. Distek® 2100c
dissolution cell with a Distek® TCS-0200c (New Brunswick, NJ) hot water bath was used to run
the dissolution experiment at 37 ºC. The Distek cells were modified to reach 57 ºC by pumping
water from a water bath, equilibrated to 66 ºC, though a six-turn copper coil placed in the Distek
2100c water bath. The samples were placed in 1.0 L vessels with standard paddles attached. The
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 release experiment. DI water was
used as the release media and pre-equilibrated for 2 hours at either 37 ºC or 57 ºC with constant
agitation. This is done to remove any dynamic effects that the hydrogel might experience with a
temperature change. Continuous sampling of the release media for 12 hours at a wavelength of
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 1000 µL quartz flowthrough cuvettes. All three peristaltic pumps were set to a flow rate of 18.13 mL/min. For each
release experiment, an HFPG (1.45 mm thick, 16mm diameter) was rinsed for 5 seconds under
water, patted dry with a Kimwipe®, and placed on a glass plate. The samples were then placed in
the dissolution cells, 20 sec. after the start of data acquisition, and were offset by 2 sec. After the
data collection, the modified Beer’s Law (equation 4) was used to correct for defects in quartz
cuvette or dust particles that might be in the light path length (Skoog et al., 2004).
!"#
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#$NO

(4)

where K is the cuvette correction factor, A is the absorption, C is the concentration, b is the path
length of light and  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 solubility in water

and high viscosity. Different amounts of HPC were added to 1 mL of water (Table 4.3.5.1). It
was shown that initial dissolution of the HPC to the water was slow, so the samples were allowed
to sit overnight. Each solution was inspected for unhydrated polymer surrounded by a gelatinous
covering of a hydrated polymer that prevents water from entering and completing the hydration
process; these were visible as fish eye formations when viewed under a microscope, meaning
that the polymer has poor dispersion during the mixing process and could lead to a nonhomogeneous hydrogel ("Fish Eyes," 2009). None of the samples exhibited signs of poor
solubility over 12 hour. Therefore, the solution viscosity was considered when picking HPC
concentrations to use in the synthesis of PHEMA-HPC semi-interpenetrating network. It was

found that a concentration of 0.1004 g/mL provided a workable concentration of an 80,000 

 HPC and 370,000 
 HPC.
HPC. This concentration also worked for the 100,000 
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 HPC Used for Initial Screening
Table 4.3.5.1: Concentration of 80,000 
 HPC concentration
80,000 

Can pipette solution?

(g/mL)
0.4001

No

0.3024

No

0.2511

No

0.2001

Yes, but VERY slow

0.1004

Yes
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5.2 Turbidity Test on Aqueous HPC Solutions
Turbidity tests were conducted to determine the LCST of HPC is affected by molecular
 , 100,000 
 and 370,000 
 of HPC at a
weights and solvent. This study looked at 80,000 
concentration 0.01 g/mL. The higher molecular weights of HPC tended to shift the LCST higher
(Figure 4.3.5.1). When the temperature crosses the LCST is the polymer phase separates turn the
solution turbid, white in color. This affect can be measured for HPC by measuring the change 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 took longer to
elongate than it did to coil. The LCST was established by taking the temperature values at the
midpoint from the maximum and minimum absorbance at occurred at 1.5 A. LCSTs for the
heating cycle were determined to be 45.5 ± 0.1, 48.8 ± 0.4 , and 46.7 ± 0.8 ºC for 80,000,
 of HPC respectively, with the error representing the standard deviation
100,000, and 370,000 
for analysis of heating and are similar within 2 ºC of what was expected (Harsh and Gehrke,
1991; Heitfeld et al., 2008). LCSTs for the cooling cycle were determined to be 44.1 ± 0.4, 48.5
 of HPC respectively, with the error
± 0.1, and 45.7 ± 0.1 ºC for 80,000, 100,000, and 370,000 
representing the standard deviation for analysis of cooling. There was a difference in the heating
 HPC but none where exhibited in the 100,000 

and cooling for the 80,000 and 100,000 

 turbidity curve of the polymer and could
HPC solution. There is a slight hump in the 80,000 
be due to a large amount of lower molecular weight HPC transitioning first (Bohossian et al.,
 HPC has a higher LCST than 80,000 
 HPC but lower LCST than the
1989). The 370,000 

 HPC. Also, the temperature in range for which it took the LCST to occur was 14.4,
100,000 
55

 HPC respectively. These findings are
10.4 and 12.9 ºC for 80,000, 100,000, 370,000 
consistent with polymer theory and kinetic theory as to the shape and separation in the heating
and cooling cycles because polymers take more thermal energy to uncoil, become linear, and
phase separate than it takes to fall back into a random coil conformation (Kasaai, 2008).
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Figure 4.3.5.1: Turbidity curve of (A) 80,000, (B) 100,000, and (C) 370,000 
0.01 g/mL showing 3 heating and cooling cycles.
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Figure 4.3.5.2: Temperature vs. time data for 80,000, 100,000, and 370,000 
test
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Different ions have been shown to affect the LCST of HPC solution, (Allen and Baker,
1965; Bauduin et al., 2004; Harsh and Gehrke, 1991; Uraki et al., 2004) as confirmed by
 HPC in 0.65M sodium chloride, water, and phosphate buffer
turbidity curves of 80,000 
solution (PBS) (Figure 4.3.5.3). The PBS solution dissolved HPC at 2 ºC but phase separated at
room temperature; therefore, the LCST of HPC in a PBS solution could not be determined using
the same experimental method. In addition, once the HPC phase separated it did not dissolve
 HPC in water from 0.01 to 0.05
back into solution. The change in concentration of 80,000 
g/mL caused the LCST of heating to rise from 45.5 ºC to 47.2 ºC and this is because polymerpolymer interaction increases at higher concentration. Similarly, the LCST from cooling went
from 44.1 ± 0.4 ºC to 45.7± 0.9 ºC. The addition of sodium chloride in water shifted the LCST
 HPC. The differences between
from 45.5 ± 0.1 ºC to 36.5 ± 0.4 ºC at 0.05 g/mL of 80,000 
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 during heating
was 36.8 ± 0.4 ºC and 32.5 ± 0.9 ºC during the cooling cycle. The lowering of the LCST in
0.65M NaCl solution could have the same affect on the HFPG when applied in-vivo. A direct
study of the HFPG gels themselves is not possible using this UV-vis method because the gels
does not exhibited the same phase change behavior as HPC in free solution, in that the HFPG
gels are never transparent.
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6000

5.3

Observations of Composite HFPG
The synthesis temperature affected the reaction time for a hydrogel; it took 2 hours at 57 ºC

or 12 hours at 37 ºC. After synthesis, the HFPG hydrogels where completely white in color and
changing the solvent to a 50:50 water/methanol solution had the same effect. The hydrogels
however did become clear in nature after they where dried but turned back to milky white after
rehydration. In addition, changing the swelling solution to methanol, hexane, or ethanol had no
effect on the opaqueness of the HFPG. The solutions also turn milky white at 57 ºC, indicating
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 to be washed

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 a plasticizer that could affect
the results of the characterization studies. By washing the HFPG for 10 days in DI water, the
residual HEMA and HPC were removed below detectable limits. This is evident by the 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.
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Figure 5.3.1.1: Ultraviolet spectra of washing solution after 72, 120, 164 and 260 hours. Error
bars represent the standard deviation for n=3.
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5.3.2

Swelling Study
Swelling studies are used to calculate the physical characteristic of hydrogels, volume-

swelling ratio (Q), mesh size (ξ), and polymer density (ρ2,r). 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 Migliaresi et al. (1981). There is no statistical difference in
polymer density between PHEMA and HFPG hydrogels. Except for HFPG-80-20-37, HFPG-8080-37 and HFPG-370-80-57 showed a higher polymer density than PHEMA and HFPG-100-537 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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Figure 5.3.2.1: Polymer density, ρr of dry PHEMA hydrogels. Error bars represent the
standard deviation for n=3.
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The equilibrium-volume swelling ratio, Q, is a measure of the water content of a
hydrogel. This study will indicate if the thermally sensitive polymer HPC, will coil inside
PHEMA, which is a non-thermally sensitive polymer. A change in swelling ratio can indicate
squeezing effects caused by the collapse of HPC entangled around PHEMA chains in the
hydrogel when the temperature increases above the LCST (Figure 4.3.5.1).
The equilibrium-volume swelling ratio, Q, for HFPG samples showed no significant change
with molecular weight, synthesis temperature, analytical temperature or HEMA to HPC ratio
 HPC
(Figure 5.3.2.3). The hydrogels synthesized at 57 ºC containing 370,000 or 80,000 
showed squeezing effects. HFPG-80-20-57 and HFPG-370-20-57 exhibited the largest change in
the equilibrium-volume swelling ratio. The HFPG hydrogels synthesized had similar
equilibrium-volume swelling ratio when compared to PHEMA samples synthesized under the
 HPC had a slightly
same condition (Peppas et al., 1985). HFPG synthesized with 100,000 

 and 80,000 
 HPC. These results show that the addition
lower swelling ratio than 370,000 
of HPC into the hydrogels had a small effect on the amount of water inside the hydrogels.
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5.3.2.2: Equilibrium Volume Swelling ratio of PHEMA hydrogels at 37 ºC or 57 ºC. Error bars
represent the standard deviation for n=3.
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The Flory-Huggins parameter, , is the polymer-solvent interaction parameter. For

PHEMA, , can be found by (Hasa and Janacek, 1979):
 " 0.322 N 0.904 #

where

,U is

,U

(6)

the volume fraction of the swollen hydrogel. Using this equation, the study found

that the interaction parameter for PHEMA reacted at 57 ºC to be 0.768 ± 0.026 and 0.779 ±
0.005 in 37 ºC and 57 ºC environments, respectively. The values for PHEMA swollen at 37 ºC
and synthesized at 57 ºC are consistent with an experimental value of 0.838 for PHEMA
synthesized at 37 ºC (Abdekhodaie and Cheng, 2002).
A swelling study may also be used to find the mesh size and average molecular weight
 can be
between crosslinks for a hydrogel. The average molecular weight between crosslinks, 
found by using the Peppas-Merrill equation (Peppas and Merrill, 1976):
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_K,C de

 is the number average molecular weight between crosslinks (assumed to be 100,000
where 
g/mol for PHEMA),

is the specific volume of the unhydrated polymer,

is the molar volume

of the swelling agent (18.12 mL/mol or 18.27 mL/mol for water at 37 ºC or 57 ºC, respectively)
,U is

the volume fraction of the hydrogel in the swollen state,

,

the volume fraction of the

hydrogel as in the synthesized state (in the relaxed state), and  is the Flory polymer-solvent
interaction parameter. The mesh size, ξ, can be found using the following equation (Oral and
Peppas, 2004):
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where the unperturbed end-to-end distance between two consecutive crosslinks, r , is given by:
(r )
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Here, Mr is the molecular weight of a single repeating unit (130.4 for PHEMA), Cn is the
characteristic ratio of PHEMA (determined to be 6.9 by Dusek and Sedlavek (1969) and  is the
distance between two carbons in the polymers’ backbone (1.54Ǻ) (Figure 5.3.2.4).
The mesh size, ξ, for HFPG samples showed no significant change with the change in
molecular weight, synthesis temperature, analytical temperature or HEMA to HPC ratio (Figure
5.3.2.4-A). The lack of mesh size change is because of HPC coiling during the reaction and the
PHEMA network formed around the HPC. In addition, the mesh size was not statistically
different from PHEMA. The formation being unaffected by the addition of HPC indicating that
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 mesh size indicate that the
differences in diffusion rates will be due to the expulsion or collapse of the HPC. The high error
bars were due to the introduction of human error by this testing method. To further confirm these
results and minimize the amount of human error, mechanical tests were performed.

70

Mesh size, ξ (angstroms)

40

A

30
20
Analysis at 37°C Synthesis 37°C
Analysis at 57°C Synthesis 37°C
Analysis at 37°C Synthesis 57°C
Analysis at 57°C Synthesis 57°C

10

Mesh size, ξ (angstroms)

0
40
B

30
20
10

Mesh size, ξ (angstroms)

0
40
C

30
20
10

* Not synthesized due
to viscous effects

0
5:1 HEMA/HPC

20:1 HEMA/HPC

80:1 HEMA/HPC

Figure 5.3.2.4: Mesh size calculation, from swelling data, of HFPG hydrogels at 37 ºC or
 HPC. Error bars represent the
57 ºC for (A) 80,000 (B) 100,000 and (C) 370,000 
standard deviation for n=3.
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5.3.3

Mechanical Testing
Mechanical testing was used to determine the elastic modulus by stretching hydrogel

samples using an increasing stress until they broke and the resultant stress, σ, versus strain , ε,
plots were used to find the moduli by fitting the linear portion of the data (Figure 5.3.3.1).
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Figure 5.3.3.1: Stress-Strain Plot for HFPG-80-5-37 at (A) 37 ºC and (B) 57 ºC
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Elastic moduli for HFPG samples were unaffected by synthesis temperature, analytical
temperature, average molecular weight of HPC and analytical temperatures (Figure 5.3.3.2).
Increasing the HEMA:HPC ratio from 5:1 to 20:1 or 80:1 showed an increase in the elastic
modulus. This shows that the HPC is affecting the strength of the material allowing more strain
to be applied before breaking (Figure 5.3.3.1). These results show that the HPC contributed to
the strength of the material. However, elastic moduli data and mesh sizes calculations 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 rubber-elasticity theory, all
factors affecting the elastic moduli also affect mesh size calculations. The average molecular
nnnn , for a polymer network can be calculated from mechanical stress
weight between crosslinks, 
experiments through (Flory, 1953):
o
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where E is the elastic modulus, R is the universal gas constant, T is the absolute temperature, and
 is obtained from equation 9 can thus be
, is the density of the hydrogel in the relaxed state. 
used to estimate mesh size,ξ , by (Oral and Peppas, 2004):
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where the end to end distance between crosslinks, r , is given by:
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Here, Mr is the molecular weight of a single repeating unit (130.4 for PHEMA), Cn is the

characteristic ratio, (6.9 for PHEMA (Dušek and Sedláček, 1969)) and  is the distance between
two carbons in the polymers backbone (1.54Ǻ (Harrison, 1980)).
The mesh size, ξ, was not affected by the average molecular weight of HPC, the
analytical temperature, or the synthesis temperature. The same drop in mesh size seen 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 due to the PHEMA
reacting around the HPC. Most likely, the addition of the HPC strengthened the PHEMA
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network by allowing more strain to be applied before breaking. This point is shown by the mesh
size decreased with a decrease amount of HPC inside the hydrogel and is further strengthen by
comparing the effect of average molecular weight of HPC at the 80:1 HEMA:HPC ratio. There
was a significant decrease in the mesh size with an increase in average molecular weight of HPC.
Since the synthesis was based on mass, there was more HPC in the lower molecular weight
polymers leading to a decrease in the mesh size. The mesh size calculations confirm the swelling
study findings.
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 HPC. Error bars represent the standard
(A) 80,000, (B) 100,000, (C) 370,000 
deviation for n=3.
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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 environment. There are
several different ways of performing dissolution tests but dissolution cells at a constant
temperature, constant volume, continuous sampling, and analysis with a UV spectrometer were
used in this experiment. Sixteen different hydrogels where analyzed with different reaction
temperature and HEMA:HPC ratio. Previous experiments showed that HPC did not have any
change on the mesh size. This study should further prove that HPC is pore filling since the
effective mesh size is related to the rate of diffusion of a drug being released. If the effective
mesh size is large compared to the effective molecular size of the drug the polymer will have
little effect. When the effective mesh size is decreased to approach the size of the drug, the
polymer will significantly hinder the release (Uhumwangho and Okor, 2007). Thermally
sensitive polymers have a change in effective mesh as a function of temperature. Ideally, these
hydrogels should release at temperatures above the LCST of the hydrogel and at body
temperature there should have no release. The two temperatures were chosen for this experiment
were body temperature (37 ºC) and a temperature that could be reached by magnetothermo
heating and was above the LCST of HPC (57 ºC). Since changes in the release curves were
small, the diffusion coefficients were reported using the early time approximation for solving
Fick’s second Law.
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Figure 5.3.4.1: Theophylline Release Profile for HFPG-80-5-37 at 37 ºC or 57 ºC. Error bars
represent the standard deviation for n=3.
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Fick’s second law of diffusion from a plane surface (equation 12) can be used to calculate
transport properties for the release of theophylline from a HFPG (Irene, 2005).
rs
r

rK s

" t ru K

(12)

where D is the diffusion constant, x is the axial distance from the center of the disc-shaped
sample and C is the concentration of theophylline. The initial condition for drug release from the
hydrogel to the solution is:
$(, 0) " $U

(13)

with boundary conditions assuming perfect sink condition at both flat surfaces and the diffusion
from the edges can be ignored,
$(0, v) " 0

(14)

$(, v) " 0

(15)

where Cs is the concentration drug inside the hydrogel, and  is the 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:
z
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where n is an integer, D is the diffusion constant,  the mass of drug released at time t,  the

mass of the total amount of drug released at infinite time, and  is half 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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Using equation 17, diffusion constants can be calculated directly from dissolution data. By
converting the absorbance vs. time data to amount released at a given time and normalizing by
@

the total amount of drug, @ w , a linear curve can be plotted.The diffusion coefficients can then be
x

calculated from the slope (Table 5.3.4.1).
The reaction temperature does affect the diffusion coefficient. The bulk diffusion
coefficient were calculated using the Stokes-Einstein equation (Bird et al., 2006):


t " 

(18)

where k is the Boltzmann constant (1.38065 J/K), T is the absolute temperature, r is the
molecular radius of the solute and  is the water kinematic viscosity. The molecular radius of
theophylline was found experimentally by Grassi and Lapasin and was taken to be 3.98 Ǻ
(Grassi et al., 2001). The bulk diffusion coefficients of theophylline were determined to be 8.64
x 10-6 and 1.303 x 10-5 cm2/sec at 37 ºC and 57 ºC, respectively. The result at 37 ºC matched
experimental diffusion coefficients reported by Grassi and Lapasin at 37 ºC (Grassi et al., 2001).
The diffusion coefficients were normalized to the bulk diffusion coefficient to remove the
effect of temperature on the diffusion coefficients. In general, increase in temperature, from 37
ºC to 57 ºC, across the LCST of HPC showed an increase in the release rate. Dissolution testing
in conjunction with the swelling and mechanical testing indicates that the HPC was pore filling
and could release at temperatures above the LCST. During this study, it was also shown that the
HPC evolved out of the system and entered the dissolutions cells. This was shown by the fouling
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that occurred in the flow-through cells and the accumulation of HPC floating in the solution.
Since the HPC was above the LCST, the HPC polymers stayed phase separated and with
constant agitation floated to the top of the cells. The amount of HPC that was coming out could
not be measured at the time of the study.
 HPC, the diffusion coefficient is
For HFPG samples synthesized with 80,000 
affected by synthesis temperature, the HPC to HEMA ratio, and the analytical temperatures
(Figure 5.3.4.3-A). The diffusion rate decreases when the ratio of HEMA:HPC is changed from
5:1 to 20:1 or 80:1. This is consistent with the mesh size results of the mechanical and swelling
test. The effect of the reaction temperature on diffusion coefficient showed an increase in the
synthesis and an increase in the release rate. All but HFPG-80-5-57 showed that an increase in
analytical temperature had an increase in the diffusion coefficient. These results were not
predicted by the mesh size calculation as previously discussed because this test showed 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.
 HPC, the diffusion coefficient was affected by
For HFPG samples with 100,000 
synthesis temperature, HPC to HEMA ratio, and analytical temperatures (Figure 5.3.4.3-B). The
results of the 100,000 HPC dissolution test showed that a decrease of HPC which decreases the
diffusion coefficient. The increase in synthesis temperature, keeping the analytical temperature at
37 ºC, had no apparent trend for HPFG synthesized at 37 ºC. However, when the analytical
temperature was 57 ºC, there was a significant increase in the diffusion coefficient. Holding the
synthesis temperature at 37 ºC and increasing the analytical temperature from 37 ºC to 57 ºC
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showed no significant change in the diffusion coefficient. Looking at the synthesis temperature at
57 ºC and changing the analytical temperature from 37 ºC to 57 ºC showed a large increase even
when compared to 80,000 HPC.
 HPC the diffusion coefficient was affected by
For HFPG samples with 370,000 
synthesis and analytical temperatures (Figure 5.3.4.3-C). As shown in the mesh size calculation
there was no change in diffusion coefficient with a change in HEMA:HPC ratio from 80:1 to
20:1. Changing the synthesis temperature from 37 ºC to 57 ºC, keeping the analytical
temperature at 37 ºC, 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 diffusion when the
analytical temperature was 57 ºC. There was an increase in diffusion when comparing the
diffusion coefficients at a constant synthesis temperature, either 37 ºC or 57 ºC, and increasing
the analytical temperature from 37 ºC to 57 ºC.
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 samples. HPC with
an average molecular weight of 80,000 had the slowest diffusion coefficients. To further study
}

the release properties of HFPG at different temperature, the release ratio, }, of the same
g

hydrogels at different analytical temperatures were taken to understand the effect of the hydrogel
on diffusion.
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Figure 5.3.4.2: Linear Regression for first 60% of Theophylline Release of HFPG-80-5-37
at (A) 37 ºC and (B) 57 ºC to Determine Drug Diffusion Coefficients.
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Table 5.3.4.1: Diffusion Coefficients of Theophylline form HFPG at Different Release
Temperatures
Sample Name

Diffusion coefficient at 37 ºC
(107 cm2/sec.)

Diffusion coefficient at 57 ºC
(107 cm2/sec.)

HFPG-80-5-37

6.93 ± 0.26

14.24 ± 0.64

HFPG-80-5-57

14.73 ± 0.98

21.09 ± 3.36

HFPG-100-5-37

13.13 ± 0.13

20.12 ± 3.36

HFPG-100-5-57

17.11 ± 0.93

35.36 ± 5.12

HFPG-80-20-37

4.96 ± 0.80

12.69 ± 1.07

HFPG-80-20-57

6.99 ± 0.35

13.16 ± 1.57

HFPG-100-20-37

8.93 ± 1.20

14.97 ± 0.66

HFPG-100-20-57

8.78 ± 0.11

17.32 ± 2.04

HFPG-370-20-37

7.98 ± 0.37

14.89 ± 0.52

HFPG-370-20-57

10.45 ± 1.09

19.78 ± 8.53

HFPG-80-80-37

4.73 ± 0.14

9.36 ± 0.23

HFPG-80-80-57

5.96 ± 0.39

11.14 ± 0.75

HFPG-100-80-37

7.16 ± 0.53

12.70 ± 1.44

HFPG-100-80-57

5.80 ± 0.32

12.60 ± 0.60

HFPG-370-80-37

6.99 ± 0.42

15.40 ± 1.27

HFPG-370-80-57

7.40 ± 0.93

13.54 ± 1.49

86

Normalized diffusion
(Dgel/Dbulk)

0.035
A

0.030
0.025

Analysis at 37°C Synthesis 37°C
Analysis at 57°C Synthesis 37°C
Analysis at 37°C Synthesis 57°C
Analysis at 57°C Synthesis 57°C

0.020
0.015
0.010
0.005
0.000
0.035
B

Normalized diffusion
(Dgel/Dbulk)

Normalized diffusion
(Dgel/Dbulk)

0.030
0.025
0.020
0.015
0.010
0.005
0.000
0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000

C

* Not synthesized due
to viscous effects

5:1 HEMA/HPC

20:1 HEMA/HPC

80:1 HEMA/HPC

Figure 5.3.4.3: Normalized diffusion coefficients of theophylline out of HFPGs at 37 ºC or
 HPC. Error bars represent the standard
57 ºC (A) 80,000, (B) 100,000, (C) 370,000 
deviation for n=3.
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}

The ratio of diffusion coefficients, }, of the HFPG in different analytical temperatures
g

 of HPC, shows that ratio of HEMA to HPC and synthesis temperature affected
with 80,000 
the hydrogels (Figure 5.3.4.4-A). Hydrogels synthesized at 57 ºC showed an increase in the
release ratio by increasing the HEMA:HPC ratio from 5:1 to 20:1 or 80:1. There was no
difference in the release ratios synthesized at 57 ºC with an increase in HPC concentration, 20:1
to 80:1 HEMA:HPC ratio. These results are predicted by the mesh size experiments, in general,
had no difference at the 80:1 or 20:1 at a synthesis temperature of 57 ºC. Looking at a synthesis
temperature of 37 ºC shows no difference in release ratio for the 5:1 and the 80:1 HEMA:HPC
ratio. There was an increase in the release ratio for the 20:1 HEMA:HPC. This increase could be
due to the evolution of HPC out of the hydrogel during the course of the experiment. The reason
that the increase was not seen in the 5:1 HEMA:HPC ratio was because the HPC clogged the
pore and at 80:1 HEMA:HPC ratio there was too little HPC to change the release profile.
 of HPC, the ratio of diffusion coefficients was
For HFPG synthesized with 100,000 
affected by HEMA to HPC ratio and synthesis temperature (Figure 5.3.4.4-B). Looking at a
synthesis temperature of 37 ºC showed no change in the release ratio with an increase in of
HEMA:HPC ratio from 5:1 to 20:1 or 80:1. There was a slight increase in the release ratio with
an increase in the HEMA:HPC ratio from 20:1 to 80:1. Looking at synthesis above the LCST of
HPC there was no significant difference between the 20:1 and 5:1 or 80:1. Also there was only a
slight increase in the release ratio from 5:1 to 80:1. These results show no net change in release
profiles with HFPG hydrogels synthesized at 100,000 average molecular weight of HPC.
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 of HPC, synthesis temperature and HEMA to
For HFPG synthesized with 370,000 
HPC ratio had little effect on the ratio of diffusion coefficients (Figure 5.3.4.4). The release ratio
had no change for hydrogels synthesized at the 20:1 HEMA:HPC ratio. Also no change in the
release ratio is observed when comparing both the 20:1 HEMA:HPC ratio to HFPG-370-80-57.
The only increase in the release ratio was for HFPG-370-80-37. The lack of change in the
 HPC shows that HPC was large and started blocking the
HFPGs synthesized with 370,000 
release. For HFPG-370-80-37, these results indicate that the HPC was interwoven into the
network and was able to move and increase the release.
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90

CHAPTER 6
CONCLUSIONS

In a series of polymerization reactions, various compositions of HPC filled crosslinked PHEMA
gels were synthesized by free radical polymerization. The LCST for different average molecular
 , of HPC were found to be 44.8 ºC ± 0.8, 48.7 ºC ± 0.3, and 46.2 ºC ± 0.7 for
weights, 

 HPC respectively. A change in concentration of HPC with a
80,000, 100,000, and 370,000 

nnnn
 80,000 from 0.01 to 0.05 g/mL showed an increase in the LCST from 44.8 ºC ± 0.8 to 46.6
ºC ± 1.0. The LCST was found to have a range of 14.4 ºC, 10.4 ºC, and 12.9 ºC for 80,000,
 HPC respectively. The LCST went from 46.6 ºC ± 1.0 to 35.4 ºC ± 2.3
100,000, and 370,000 
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 remove the unreacted
monomer. The swelling study showed that the mesh size was unaffected by synthesis
temperature, analytical temperature, and HEMA to HPC ratio, indicating that HPC was porefilling. In addition, the swelling study showed that the hydrogels appeared to be slightly
hydrophobic. Mechanical testing confirmed the results of the swelling study, in that there was no
net change in the mesh size calculated with a change in analytical or synthesis temperature by
either method. This study showed that the mesh size did change with a change in HEMA:HPC
ratio. This could be because the HPC was changing the strength of the HFPG but further testing
needs to be conducted to confirm. Dissolution testing for the release of theophylline from the
HFPG hydrogel showed that it was possible to get an increased release rate with an increase in
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analytical temperature. The increase in synthesis temperature increased the release rate. An
increase in the HEMA:HPC ratio decrease the diffusion coefficient. The HPC 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 initiators and crosslinking ratios on 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 that affects the
LCST. A more intensive turbidity study should be conducted on different concentration of HPC
to see if the effects on HPC has when it starts to interact with its self. By doing this
comprehensive study, a better understanding on how concentration affects the LCST can be
gained. In addition, this study found that the media plays a role in the LCST dissolution studies.
Experiments with LCST polymers should be conducted at condition that mimic the human body.
Since the LCST of the HFPG cannot be directly measured, other methods should be evaluated.
Since the HFPG hydrogels were opaque, the turbidity experiment outlined in this thesis
could not be performed on the HFPG. A study using x-ray diffraction (XRD) in a low-level
surface scan that can show the d spacing inside the hydrogel could give a better understanding on
how temperature affects the structure of the hydrogel. This can be done by placing a hydrated
hydrogel sample inside sealed glass plates and changing the temperature. This XRD method
could directly measure the HFPG, verify the swelling study, and measure the LCST for the
hydrogels. In addition, neutron scattering would be best to understand of the hydrogel formation
and the effect temperature on the structure. Neutrons scattering give a better resolution and have
been shown to be effective with polymer systems. In order to do neutron scattering, XRD data
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needs to be generated before the National Labs will accept a proposal for the use of a neutron
source.
In this study, the LCST of the hydrogel was well above the “safe” temperature, 45 to 47
ºC for normal healthy liver cells. Since heating to 57 ºC could lead to thermal ablation of healthy
tissue, other polymers with lower or tunable LCST, like p(NIPAAm-co-AAm) should
investigated. Since these polymers have a tunable LCST, they would be safer for in vivo
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 spectra analytical on the
sample is preformed. Alternatively, taking a GPC measurement and calculating the area under
the curve could also give the same result.
Mechanical testing experiment could be conducted by increasing the temperature without
moving the grips to see if the hydrogel shows and a negative force. This could indicate a change
in the structure of the hydrogel further proving that the hydrogels do not exhibit squeezing
effects. Changes in the dissolution testing should also be made.
Since there was, some variation in the dissolution data, changing the method might help
in the analysis. Adding a known concentration of theophylline in a cuvette and analyzing it at the
same time as the release, could remove variations in the raw data. This should give a good
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baseline to remove variations in data due to a change in UV or deuterium bulb intensity over the
12 hr time.
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APPENDIX A: COMPLETE HYDROGEL SYNTHESIS CALCULATION
Water
HPC
HEMA
EGDMA
HEMA
EGDMA
EGDMA (mol% of HEMA)
Initiators (wt% each of HEMA)
mass ratio HEMA to HPC (x:1)
Multipliyer (used to get 8mL gels)
Water
HPC
HEMA

EGDMA

NaMBS
AmPS

4
100,000
130.14
198
1.073
1.05
3%
1%
5
1
4
0.8584
8.58E-05
4.292
4
0.03298
0.000989
0.1959
0.186572
187
0.0429
0.0429

mL
g/mol
g/mol
g/mol
g/mL
g/mL
3%
1%
20
1
4
0.2146
2.15E-05
4.292
4
0.03298
0.000989
0.1959
0.186572
187
0.0429
0.0429

Measured amounts

3%
1%
80
1
4
0.05365
5.365E-06
4.292
4
0.0329799
0.0009894
0.1959004
0.1865718
187
0.0429
0.0429
109

mL
g
mol
g
mL
mol
mol
g
mL
µl
g
g

APPENDIX B: PROCEDURE FOR TURBIDITY TEST
Procedure:
Thermocouple setup:
1. Start the Omega Java program
2. Select the correct printer port and thermocouple are correct
3. Set the thermocouple 1 and 2 to read in degree C
4. Set the temperature average to 200 points
5. Open the log file and change the name
6. Set to log every 5 seconds
UV-Vis setup
1. Turn on the UV-probe
2. Start the UVprobe.exe file
3. Click connect
4. While connecting place DI water in cell 1 and the reference cell. Making sure to clean the
outside with a kimwipes.
5. Click method (ctrl +m)
6. Set wavelength to 700 nm
7. Under timing mode select manual
8. Set up for a 5 sec cycle time
9. 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 ºC
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

This figure shows that there is no distinct difference in the peaks of HFPG. This does show that
an 2σ 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 to get an image, and a
low surface scan to calculate the d spacing at different temperatures.

112

 HPC IN 2 G/ML THEOPHYLLINE SOLUTION
APPENDIX D: LCST OF 80,000 
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 HPC in a 2 g/mL theophylline solution. The LCST
This figure shows the LCST of 80,000 
was found to be 44.6 ± 0.2 ºC. The shift in the LCST indicated that there could be hydrogen
bonding between theophylline and HPC which lowers the LCST of the hydrogel. This result
does not affect this study since the analytical temperatures were outside the phase change
behavior of the HPC.
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