UK | d : University of Kentucky
b nowe ge UKnowledge

University of Kentucky Doctoral Dissertations Graduate School

2010

REMOTE CONTROLLED HYDROGEL NANOCOMPOSITES:
SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS

Nitin S. Satarkar
University of Kentucky, nitin1109@gmail.com

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation

Satarkar, Nitin S., "REMOTE CONTROLLED HYDROGEL NANOCOMPOSITES: SYNTHESIS,
CHARACTERIZATION, AND APPLICATIONS" (2010). University of Kentucky Doctoral Dissertations. 85.
https://uknowledge.uky.edu/gradschool_diss/85

This Dissertation is brought to you for free and open access by the Graduate School at UKnowledge. It has been
accepted for inclusion in University of Kentucky Doctoral Dissertations by an authorized administrator of
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.


http://uknowledge.uky.edu/
http://uknowledge.uky.edu/
https://uknowledge.uky.edu/
https://uknowledge.uky.edu/gradschool_diss
https://uknowledge.uky.edu/gradschool
https://uky.az1.qualtrics.com/jfe/form/SV_9mq8fx2GnONRfz7
mailto:UKnowledge@lsv.uky.edu

ABSTRACT OF DISSERTATION

Nitin S. Satarkar

The Graduate School
University of Kentucky

2010



REMOTE CONTROLLED HYDROGEL NANOCOMPOSITES: SYNTHESIS,
CHARACTERIZATION, AND APPLICATIONS

ABSTRACT OF DISSERTATION

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Engineering
at the University of Kentucky

By
Nitin S. Satarkar
Lexington, Kentucky
Director: Dr. J. Zach Hilt, Assistant Professor of Chemical Engineering
Lexington, Kentucky
2010

Copyright © Nitin S. Satarkar 2010



ABSTRACT OF DISSERTATION

REMOTE CONTROLLED HYDROGEL NANOCOMPOSITES: SYNTHESIS,
CHARACTERIZATION, AND APPLICATIONS

There is significant interest in the development of hydrogels and hydrogel
nanocomposites for a variety of biomedical applications including drug delivery, sensors
and actuators, and hyperthermia cancer treatment. The incorporation of nanoparticulates
into a hydrogel matrix can result in unique material characteristics such as enhanced
mechanical properties, swelling response, and capability of remote controlled (RC)
actuation. In this dissertation, the development of hydrogel nanocomposites containing
magnetic nanoparticles/carbon nanotubes, actuation with remote stimulus, and some of
their applications are highlighted.

The primary hydrogel nanocomposite systems were synthesized by incorporation of
magnetic nanoparticles into temperature responsive N-isopropylacrylamide (NIPAAmM)
matrices. Various nanocomposite properties were characterized such as temperature
responsive swelling, RC heating with a 300 kHz alternating magnetic field (AMF), and
resultant collapse. The nanoparticle loadings and hydrogel composition were tailored to
obtain a nanocomposite system that exhibited significant change in its volume when
exposed to AMF. The nanocomposites were loaded with model drugs of varying
molecular weights, and RC pulsatile release was demonstrated.

A microfluidic device was fabricated using the low temperature co-fired ceramic (LTCC)
processing technique. A magnetic nanocomposite of PNIPAAmM was placed as a valve in
one of the channels. The remote controlled liquid flow with AMF was observed for
multiple on-off cycles, and the kinetics of the RC valve were quantified by pressure
measurements.

The addition of multi-walled carbon nanotubes (MWCNTS) in NIPAAm matrices was
also explored for the possibility of enhancement in mechanical properties and achieving
remote heating capabilities. The application of a radiofrequency (RF) field of 13.56 MHz
resulted in the remote heating of the nanocomposites. The intensity of the resultant
heating was dependent on the MWCNT loadings.



In order to further understand the RC actuation phenomenon, a semi-empirical heat
transfer model was developed for heating of a nanocomposite disc in air. The model
successfully predicted the temperature rise as well as equilibrium temperatures for
different hydrogel dimensions, swelling properties, nanoparticles loadings, and AMF
amplitude. COMSOL was used to simulate temperature rise of the hydrogel
nanocomposite and the surrounding tissue for hyperthermia cancer treatment application.

KEYWORDS: Hydrogel nanocomposites, magnetic, remote control, drug delivery,
microfluidic valves
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CHAPTER 1

INTRODUCTION

The development and application of novel biomaterials have played an important role in
improving the treatment of diseases and the quality of health care. The focus of current
research in polymeric biomaterials is on creating new materials including those with
improved biocompatibility, mechanical properties, and responsiveness (smart materials).
Current applications of polymeric biomaterials in medicine include controlled drug
delivery systems, coatings of tablets, artificial organs, tissue engineering, polymer-coated
stents, dental implants, and sutures.[1, 2] The first step towards the development of novel

diagnostic and therapeutic devices is the synthesis of materials with desired properties.

The objective of this dissertation is the synthesis of different polymeric nanocomposites,
characterization of their properties, and demonstration of their potential biomedical
applications. These nanocomposites consist of nanoparticulate material dispersed in a
polymer matrix of particular interest. The nanoparticulate is selected for its unique
properties to be combined with the base properties of the polymer system. For example,
magnetic nanoparticles and carbon nanotubes have the unique property of heat generation
when subjected to specific external stimuli.[3, 4] The polymer matrix is selected based on
its property change (i.e. responsiveness) with change in temperature such as swelling,
degradation, or glass transition.[5, 6] When the nanocomposite is subjected to remote
external stimuli, the nanoparticulates transform external energy into heat leading to

changes in the properties of the polymer. This unique phenomenon of remote controlled



(RC) actuation has various potential applications including drug delivery systems,
hyperthermia cancer treatment, stent applications, and valves for microfluidic devices.
Since the response of the nanocomposite to external stimuli depends on the properties of
the polymer and that of the nanoparticles, there is flexibility to tune the response for

desired applications.

In particular, hydrogels are a class of polymers that can absorb water or biological fluids
and swell several times their dry volume. Hydrogels can have swelling behavior that is
dependent on changes in the external environment.[7] Poly (N-isopropylacrylamide)
(PNIPAAM), a temperature responsive hydrogel, is the primary focus of this dissertation.
PNIPAAmM undergoes a reversible volume phase transition around a lower critical
solution temperature (LCST) of 34°C.[8] The gel collapses as the temperature is
increased above the LCST and swells at temperatures below the LCST. Thus, if magnetic
nanoparticles or carbon nanotubes are incorporated in PNIPAAmM, application of remote

stimuli can generate heat and control swelling properties of the resultant nanocomposite.

A couple examples of the high interest areas of PNIPAAmM nanocomposite applications
are in RC drug delivery and RC microvalves for microfluidics. Conventional methods of
drug delivery typically involve administration of therapeutic agents orally or through
injections. The oral route is not suitable for certain drugs like proteins, while the
injections lead to increased discomfort and reduced patient compliance. Hence, there is
increasing interest in developing drug delivery systems that can be implanted in the body

and release drug in controlled manner for long periods of time.

In the area of microfluidic devices, researchers have investigated a wide range of

chemical and biological applications.[9] Microfluidic technology promises several



benefits including reduced reagent consumption, short analysis time, portability, low cost,
and high sensitivity.[10] However, current microfluidic flow regulation requires
extensive off-chip controls. In contrast, hydrogel nanocomposites are easy to fabricate in
microchannels and can be controlled by remote stimuli. Hence, they can eliminate the
need for integrated electronics, controls, and power source. Hydrogel nanocomposites
can thus be an attractive alternative for flow regulation in a variety of microfluidic

functions.

The success of the potential applications described above depends on the development of
nanocomposites that can address specific biological and medical challenges.
Understanding the materials at a fundamental level is the key in making their applications
more efficient. For example, controlling the molecular structure of hydrogels can control
temperature responsive swelling, diffusive properties, and biocompatibility. On the other
hand, properties of nanoparticulates and quality of dispersion can control the
nanocomposite properties including mechanical strength and RC collapse. The key

research objectives and dissertation contents are described in the following section.

1.1 Dissertation overview
The specific research objectives of this dissertation can be summarized as

e Synthesize nanocomposites of different hydrogel systems and different

nanoparticulate materials.

e Characterize dispersion of the nanoparticulate material, temperature responsive

swelling of the nanocomposite, and heating response to specific external stimuli.



e Obtain RC collapse of the temperature responsive hydrogel nanocomposites and
characterize the effect of hydrogel geometry on the kinetics of collapse and

recovery.

e Load a variety of model drug molecules in hydrogel nanocomposites and

demonstrate RC drug delivery.

e Incorporate temperature responsive hydrogel nanocomposites as a valve in a
microfluidic device and demonstrate flow control with the application of external

stimulus.

e Model the effect of different parameters on the RC heating of nanocomposites,

and simulate their in vivo application for hyperthermia cancer treatment.

Chapter 2 discusses the background on hydrogels, nanoparticulate materials, and
hydrogel nanocomposites. The different techniques for synthesis of hydrogel
nanocomposites of different sizes (i.e. bulk, particle, core-shell), and their RC actuation
are summarized. Additionally, applications of hydrogel nanocomposites in drug delivery,
sensors and actuators, and thermal therapy are summarized with emphasis on RC
demonstrations. In chapter 3, experimental work on the development of magnetic
hydrogel nanocomposites is presented. The nanocomposites in this work were
synthesized by incorporation of superparamagnetic Fe3O, particles in negative
temperature sensitive PNIPAAmM hydrogels. The systems were characterized for
temperature responsive swelling and RC heating on application of a 300 kHz alternating
magnetic field (AMF). Furthermore, some of the preliminary studies on RC drug release

are described.



Chapter 4 describes detailed studies on RC drug release from magnetic PNIPAAmM
nanocomposites. An AMF was used to heat the nanocomposites, and the resultant
collapse was characterized. PNIPAAmM nanocomposites were loaded with model drug
molecules, and an AMF was used to trigger on demand pulsatile release. RC pulsatile
drug release was characterized for different drugs as well as for different ON-OFF
durations of the AMF. Chapter 5 presents a demonstration of RC flow regulation in a
microfluidic device using a hydrogel nanocomposite valve. A ceramic microfluidic
device was fabricated using low temperature co-fired ceramic (LTCC) technology. The
magnetic PNIPAAmM nanocomposite was incorporated as a valve in one of the channels
of the device. An AMF was then applied to the device and ON-OFF control on the flow
was achieved. Pressure measurements were conducted at the inlet of the channel to check

reproducibility of the valve for multiple AMF ON-OFF cycles.

Chapter 6 discusses experiments with incorporation of multi-walled carbon nanotubes in
PNIPAAmM hydrogels. The LCST of the nanocomposites was tailored for physiological
applications by the addition of varying amounts of acrylamide (AAm). Swelling and
mechanical properties of the nanocomposites were studied over a range of temperatures
(25-55°C) to characterize the effect of nanotube addition. Furthermore, the RC heating on
the application of a 13.56 MHz radiofrequency (RF) field was characterized using
infrared thermography. Chapter 7 describes synthesis and RC heating of magnetic
hydrogel nanocomposites of poly (ethylene glycol) (PEG). Nanocomposites with various
iron oxide nanoparticle loadings were heated at different AMF amplitudes, and the
resultant temperatures were recorded. A model was developed for the heat transfer

process, and the temperature data of the PEG systems was found to be accurately



predicted by the model. Furthermore, the correlations were used to simulate the
temperatures of the nanocomposite and the surrounding tissue in vivo for potential
hyperthermia cancer treatment applications. The conclusions of this dissertation are

presented in chapter 8.
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CHAPTER 2

BACKGROUND

This Chapter is based in part on
e Book chapter published as:

N.S. Satarkar, A.M. Hawkins, J.Z. Hilt, Hydrogel nanocomposites in biology and
medicine: Applications and interactions, In: R. Bizios and D. Puleo, eds. Biological

interactions on materials surfaces, Springer, 20009.
e Review article published as:

N.S. Satarkar, D. Biswal, J.Z. Hilt, Hydrogel nanocomposites: A review of

applications as remote controlled biomaterials, Soft Matter, In Press.

2.1 Introduction

Hydrogels are three dimensional polymeric networks with the ability to swell several
times their dry weight by absorption of water and other biological fluids. Hydrogels are
currently considered for numerous biomedical and pharmaceutical applications including
drug delivery devices, contact lenses, tissue engineering scaffolds, biosensors, sutures,
and components of microfluidic devices.[1-4] Responsive hydrogels are a class of
hydrogels with swelling properties dependent on environmental factors like pH,
temperature, ionic strength, and the presence of a particular molecule.[5-7] Temperature

and pH responsive hydrogels have been widely investigated for applications as drug



delivery devices, sensors, and actuators.[8-11] For example, poly (N-
isopropylacrylamide) (PNIPAAmM) is a negative temperature-responsive hydrogel with a
lower critical solution temperature (LCST) of 34°C.[12] PNIPAAm is in swollen state
below LCST and is collapsed (less swollen) above LCST. The appropriate choice of the
PNIPAAmM hydrogel composition allows tuning the LCST close to body temperature to
dictate the temperature where the collapse will occur.[13] This aspect has allowed for
PNIPAAmM systems to be used for temperature triggered drug release and in microfluidic

devices in other temperature regimes.[14, 15]

Hydrogel nanocomposites can be obtained by incorporating different types of
nanoparticles, such as metallic, clay, and carbon nanotubes, into a hydrogel matrix.
Hydrogel nanocomposites have unique properties such as improved mechanical strength,
stimuli-responsive behavior, biological interactions, optical properties, and ability of
remote actuation.[16-18] For example, the high water content and elasticity of hydrogels
typically leads to inferior mechanical performance and limits their applications. The
incorporation of nanoparticulate material like hydroxyapatite has improved the
mechanical properties and made the nanocomposites attractive materials for a broader
range of tissue engineering applications.[19] In cases where the nanoparticle could induce
an undesired biological response, the hydrogel can prevent the direct interaction of the

nanoparticle with the biological system.

Additionally, hydrogels can be made responsive to external stimuli by incorporation of
stimuli-specific nanoparticulates. In order to impart remote controlled (RC) capabilities, a
variety of approaches have been employed including the incorporation of magnetic

nanoparticles,[20] gold nanoparticles,[21] or carbon nanotubes.[22] Magnetic



nanoparticles are well known for their ability to generate heat when exposed to
alternating magnetic fields (AMF) through Neel and Brownian relaxations.[23] In
contrast, gold nanoparticles (e.g., nanoshells and nanorods) exhibit photothermal effects
by selective absorption of near-infrared (near-IR) light.[24] In addition, research with
carbon nanotubes (CNT) has shown that CNTs can be selectively heated when exposed to
radiofrequency fields (RF) or near-IR light.[25, 26] Thus, nanocomposites can be
remotely heated with specific stimuli through the incorporation of these nanoparticles

into polymeric systems.

In the following sections, the recent developments in RC nanocomposites consisting of
crosslinked hydrogels and various inorganic nanoparticles are discussed. Some of the
common methods of nanocomposite synthesis are described initially. The primary focus
of additional sections is on the applications of bulk hydrogel nanocomposites in drug

delivery, sensors and actuators, and other therapeutic areas.
2.2 Synthesis and RC actuation of hydrogel nanocomposites

Hydrogel nanocomposites can be roughly divided into three categories based on their
size: bulk nanocomposites, particle nanocomposites, and core-shell nanocomposites
(figure 2.1). The bulk hydrogel nanocomposites are predominantly synthesized in the
form of thin films. The nanocomposites in particle form can range from tens of
nanometers to microns in diameter and can contain several to many nanoparticle fillers.
The core-shell nanocomposites, on the other hand, consist of a single nanoparticle core or
small agglomerate of nanoparticles surrounded by a hydrogel shell. The important

synthesis routes of these different types of nanocomposites are highlighted below.
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Figure 2.1. Different forms of hydrogel nanocomposites: Bulk nanocomposites, particle

nanocomposites, and core-shell nanocomposites

2.2.1 Bulk nanocomposites

Two major routes for the synthesis of bulk polymer nanocomposites have been reported
in literature. The first approach involves the dispersion of nanoparticles in the monomer
solution followed by polymerization. The other approach consists of synthesis of
hydrogel followed by precipitation of nanoparticles within the preformed network to
obtain a nanocomposite. Although the presence of reactive groups on the nanoparticle
surface can allow for the covalent attachment to the polymer network, the nanoparticles
can also be physically entrapped within the polymer. For example, Hilt and associates
dispersed the magnetic iron oxide (Fe3O,) nanoparticles in N-isopropylacrylamide
(NIPAAm)-based monomer solution and carried out free radical polymerization to obtain

magnetic hydrogel nanocomposites.[27]

Furthermore, the incorporation of Fe;O,4 nanoparticles into a hydrogel matrix can impart
the ability to remotely heat the hydrogel nanocomposites using an AMF. The extent of
PNIPAAmM nanocomposite heating in 300 kHz AMF has been shown to be proportional

to magnetic nanoparticle loadings.[20] In addition to magnetic nanoparticles, a few
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researchers have looked at the addition of gold nanoparticulates to achieve remote

heating with near-IR light.[21]
2.2.2 Particle nanocomposites

Particle nanocomposites can provide solutions to problems where bulk or macro-scale
systems fail. The size alone can enable their use in applications where this is a critical
aspect (e.g., intravenous administration, passive tumor targeting, etc.). Due to smaller
diffusion path, nanocomposite micro- and nano-particles exhibit a faster swelling
response than the bulk nanocomposites. A variety of emulsion polymerization methods
have been developed for particle nanocomposite synthesis.[28-31] The other major route
for obtaining particle nanocomposites involves reduction or precipitation of metal
nanoparticles within the preformed network of polymer particles.[32] In another example
of integration of nanoparticles after hydrogel particle synthesis, gold nanorods have been
mixed with swollen hydrogel particles and stabilized in the network by electrostatic

forces.[33]

Similar to bulk nanocomposites, the particle nanocomposites can also be actuated by
remote stimuli such as magnetic fields or light. For example, Budhlall et al. synthesized
(PNIPAAmM-co-AAm)-gold microgels and demonstrated remote actuation by application
of light and microwave irradiations.[29] In another study, Das and associates obtained
RC collapse of (NIPAAm-maleic acid)-gold nanorod particle nanocomposite by

irradiation with 809 nm laser light.[33]
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2.2.3 Core-shell nanocomposites

Magnetic and gold nanoparticles modified to obtain biocompatible hydrogel surface
coatings hold promise in biomedical applications such as drug delivery and contrast
agents.[34, 35] These polymers can be chemically bound or physically adsorbed on the
nanoparticle surfaces to form thin single or multiple layers. The polymer coatings can
provide stabilization, particle size control, and binding selectivity. Examples of different
ways to synthesize hydrogel coated nanoparticles (e.g., magnetic and gold cores) include
single inverse microemulsion polymerization,[36] emulsion polymerization,[37]
photochemical methods,[38] and atom transfer radical polymerization(ATRP).[39] For
example, Frimpong and co-workers have synthesized PNIPAAm-based hydrogel coating
on magnetic nanoparticles via ATRP. After the ligand exchange over the magnetic
particle surface by alkyl bromide or bromosilane, they carried out the ATRP

polymerization with PNIPAAmM as monomer and various crosslinkers.[39]

2.3 Hydrogel nanocomposite applications in drug delivery

The field of controlled drug delivery continues to be one of the key areas of current
research in pharmaceutics and medicine. Due to unique and tailorable properties,
hydrogels have been extensively studied as materials for drug delivery applications.[3,
11, 40] For example, the hydrophilicity and porosity of hydrogel network can be
controlled by choice of the monomer(s) and the crosslinker. The manipulation of network
design allows for the development of drug delivery systems with a desired release profile
for a given drug.[41] The incorporation of nano- and micro-scale materials in the
hydrogel matrix allows additional control on the network properties (e.g., potential for

RC actuation). The various types of hydrogel nanocomposites have been developed in the
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past few years, and their swelling and drug release properties have been extensively
studied. Here, we review some of the key drug delivery applications of hydrogel

nanocomposites.
2.3.1 Hydrogel nanocomposites for RC drug delivery

In many applications, drug delivery systems are designed to release a drug at a constant
rate for long periods of time. In other situations, therapeutics such as peptides and
hormones often require pulsatile release to match their natural release profile in the body.
In the design of pulsatile drug delivery systems, devices have been created that are pre-
programmed, self-regulating depending on the presence of a specific molecule, and
externally actuated with specific stimuli.[42-45] The design of RC pulsatile drug delivery
systems can be tailored by the choice of nanoparticulates, the hydrogel matrix, and the
external stimulus. The inherent advantage of these systems over other approaches is that

the drug release profile can be altered after implanting the device in the body.

The idea of RC polymer composites was first pursued by Langer and co-workers.[46, 47]
They embedded magnetic steel beads in an ethylene-vinyl polymer matrix and release of
macromolecules was regulated by application of a low frequency oscillating magnetic
field. In their further studies, a magnetic polymer composite containing insulin was
implanted subcutaneously in diabetic rats, and effective control of glucose levels was
demonstrated with an oscillating magnetic field.[48] The remote control of drug release
has attracted a lot of attention, and hydrogel nanocomposites responsive to various
stimuli like alternating magnetic field (AMF),[20] direct current (DC) magnetic
fields,[49] and light have been investigated.[50] Some of the studies on RC release are

highlighted in the sections that follow.
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2.3.1.1 Modulation of drug release with AMF

Since AMFs are minimally absorbed by tissue, the use of these fields for RC materials
and devices is attractive for in vivo applications. In particular, these systems can allow for
the simultaneous application of thermal- and chemo-therapies. Demonstration of AMF
controlled drug delivery by Hilt and co-workers is described in chapters 3 and 4. A few
other researchers have also looked at drug release from magnetic hydrogel
nanocomposites with AMF application.[51, 52] For example, Muller-Schulte and
Schmitz-Rode applied an AMF (360 kHz, 20 kA/m) to magnetic-PNIPAAm particles and
demonstrated triggered release of model drugs such as rhodamine B.[31] In another
study, Fe3O4 nanoparticles were incorporated in a gelatin hydrogel matrix, and the pulsed
release of Vitamin B, was observed on application of a high frequency magnetic field.
The effect of magnetic particle size (10-250 nm) was also studied to obtain maximum
pulse effect. It was speculated that pulsed release was obtained due to heating of
magnetic the particles leading to heating, and resultant shrinking, of gelatin network. The
underlying mechanism for this phenomenon in ferrogels is not completely

understood.[52]

In one of the first studies of the biocompatibility of hydrogel nanocomposites, in vitro
analysis of magnetic PNIPAAmM nanocomposites with NIH3T3 fibroblasts indicated
minimal cytotoxicity.[53] In additional studies, poly(ethylene glycol) magnetic
nanocomposites were demonstrated as potential implant for thermal ablation and

hyperthermia cancer treatment, along with capabilities of RC drug delivery.[54]

Magnetic nanocomposites in particle form can also be used to control drug release from

an implant. In an interesting device design, iron oxide nanoparticles and PNIPAAmM based
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particles were embedded into an ethyl cellulose membrane. This membrane was fixed on
a sodium fluorescein drug reservoir. Application of an AMF heated the magnetic
particles and increased local temperatures, which caused the hydrogel nanoparticles to
shrink. This process opened the pores and allowed the drug to diffuse at enhanced rates.
When the AMF was turned off, the device cooled, and the hydrogel particles reswelled.
This led to the drug release being turned off. The temperature profile of the sample
chamber for multiple AMF cycles and the differential flux of sodium fluorescein out of
the membrane were recorded. The cytotoxicity analysis of the membranes to a broad
range of cell types (fibroblasts, macrophages, and mesothelial cells) showed over 90%
viability. Furthermore, a membrane implanted subcutaneously in rats for 45 days was
found to retain its inductive heating ability. This device holds promise as a long term on-

demand drug delivery implant.[55]

2.3.1.2 Modulation of drug release with DC magnetic fields

In addition to AMF actuation systems, magnetic nanocomposite researchers have
explored DC magnetic fields for RC drug delivery.[56] Chen and colleagues showed that
application of a DC magnetic field to a PVA nanocomposite resulted in accumulation of
drug around the ferrogel, this situation was designated as “close” configuration of pores.
When the field was switched OFF, the pores opened and the drug was released.[49]
Studies with different size particles showed that hydrogels with larger sized particles
exhibited better actuation profiles due to stronger saturation magnetization and smaller
coercive forces. Overall, the release profiles showed reduced drug release on application
of magnetic fields. Further studies with the system tested nanocomposites with various

particle loadings in an attempt to achieve the optimum magnetic-responsive behavior.
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Various system parameters like permeability coefficient, partition coefficient, space
restriction, and magnetization were investigated.[56] A similar effect with DC magnetic
field was observed on drug release from magnetic nanocomposites of gelatin
hydrogels.[57] In another study, nanocomposites were fabricated by in-situ synthesis of
magnetic particles using a coprecipitation method. Vitamin Bj, was used as a model drug
for the release study, and reduced drug release was obtained by application of the

magnetic field.[58]

A few other studies have looked at RC application of the nanocomposites in vivo. For
example, Chen et al. synthesized about 1 um diameter magnetic polyvinylpyrrolidone
hydrogel particles, and loaded with chemotherapeutic drug Bleomycin A5 Hydrochloride
(BLM). The microparticles were injected (intra-arterial) in rabbits with an auricular VX2
tumor. A permanent magnet (magnetic flux 0.5T) was placed directly over the tumor
surface for 24 hours following the injection. The size of the tumor was measured for 2
weeks. The treatment with microparticles followed by magnet showed significant
reduction in tumor size as compared to the animals with other treatment variations. The
microparticles containing BLM were selectively accumulated at the tumor site due to the
magnet, and slowly released BLM leading to tumor recession.[30, 59] In another study,
effective targeting was also demonstrated by Sun et al. when they injected magnetic
polyacrylamide particle nanocomposites into rabbits. A DC magnetic field was applied to
the right back leg of the rabbit, and the accumulation of particles there was found to be

two times higher after 90 minutes of injection, as compared to the left back leg.[60]
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2.3.1.3 Modulation of drug release with light

Near-infrared (near-IR) light is an alternative method to achieve RC actuation of
materials and devices. Of particular interest is near-IR light with wavelengths between
800-1200 nm which can be transmitted through tissue for short (e.g., couple centimeters)
distances with very little attenuation.There is significant interest in the addition of gold
nanoparticulates or CNTs in PNIPAAm hydrogels, where light can be used to induce
remote heating and collapse. In an interesting demonstration, DNA-CNT/nanohorn
conjugates were synthesized and incorporated in PNIPAAmM matrix. The irradiation by
1064 nm near-IR light heated the nanocomposites and released the DNA conjugates,

while hydrogels without CNT/nanohorns were not affected by the laser irradiation.[22]

West and co-workers synthesized gold nanoshells with optical absorbance properties that
can be tuned by appropriate choice of the geometry and composition. They incorporated
nanoshells in a PNIPAAmM matrix and showed that selective absorption of near-IR light at
832 nm can cause the nanocomposite swelling transition.[61] The extent of such a
collapse could be tailored by varying the nanoshell concentration and strength of the laser
light. Gold-PNIPAAmM nanocomposites were further used to modulate the release of
proteins including insulin, bovine serum albumin (BSA), and lysozyme. The SDS-PAGE
gel analysis of the released proteins indicated no significant degradation in molecular

weights, suggesting that the released drugs may still be biologically active.[50]

In a notable demonstration, Niidome et al. looked at RC actuation of the nanocomposites
in vivo. They synthesized PNIPAAm coated gold nanorods via colloidal-template
polymerization and silica etching. The core-shell nanocomposites exhibited photothermal

phase transition with the application of near-IR light, and the nanocomposite swelling
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properties could be controlled by irradiation power. The nanocomposites were
intravenously injected into mice followed by the irradiation of near-IR laser light to the
right kidney. The organs were subsequently collected, and the amounts of the gold
nanorods were analyzed. For the case without near-IR irradiation, most of the
nanoparticles were trapped in lungs. The application of near-IR light to the right kidney
caused particle collapse and aggregation resulting in significant accumulation. No
accumulation was observed in the left kidney, and the amount of gold in the blood was

lower than in the case without laser irradiation.[62]
2.3.2 Hydrogel-clay nanocomposites for enhanced release profile

In addition to remote actuation, nanoparticles can also be utilized to manipulate transport
properties of hydrogel networks. Clay is one of the most widely studied filler materials
that affect the hydrophilicity of hydrogel networks in order to modulate drug release. The
incorporation of clay in hydrogel matrices can result into nanocomposites with unique
properties including high mechanical strength, better optical properties, and controlled
response to stimuli. Hectorite, hydrotalcite, montmorillonite, and synthetic mica are some
of the examples of clay incorporated in hydrogels.[63-67] For example, Haraguchi and
co-workers synthesized nanocomposite hydrogels with water-swellable inorganic
clay.[68] The mechanism of formation of clay-PNIPAAmM composite was studied in order
to investigate the reasons for the unique nanocomposite properties. These studies
revealed that polymerization proceeded on the clay particles, which act as multi-
functional crosslinking agents. The clay nanoparticles acted as active components of the

network structure and allowed additional control of the crosslink density.[69]
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Lee and Chen prepared nanocomposites of poly(acrylic acid-co-poly(ethylene glycol)
methyl ether acrylate) hydrogels with hydrotalcite clay.[70] The results showed that clay
incorporation affected slightly the pH swelling response of the hydrogels; moreover, the
gels became more hydrophilic with increased clay content. Hydrotalcite clay has a
positive charge on its surface, while acrylic acid networks have a negative charge. Hence,
incorporation of various amounts of clay could control the charge of the nanocomposite.
Drug release studies were conducted using model chemical compounds with different
charge properties to study the effects of drug-composite interaction. The release profile of
crystal violet, a cationic model chemical compound, was altered significantly by clay

loading.[49]

In another study, the charge properties of PNIPAAmM were adjusted by using anionic clay
(mica) and/or a cationic monomer (trimethyl (acrylamido propyl) ammonium iodide).
The various properties of the resultant nanocomposite, including temperature-responsive
swelling and drug release behavior, were studied. In that case, drug release behavior

depended on the charge properties of the clay and the chemical compounds tested.[71]
2.4 Hydrogel nanocomposites applications as sensors and actuators

In addition to drug delivery, another area of hydrogel nanocomposite applications of
great interest is sensors and actuators. Hydrogel nanocomposites have unique properties
that make them attractive as sensing elements and actuators. For example, incorporation
of gold nanoparticles or carbon nanotubes in temperature responsive hydrogels can result
into dramatic change in electrical properties of the composite with changes in swelling
state and temperature.[72, 73] The change in electrical properties can be harnessed for

applications in sensors (e.g., temperature and humidity sensors). Furthermore, the
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composite properties and response can be tuned by type and concentration of monomers,

crosslinkers, and nanoparticulates.

The incorporation of nanoparticulates can also result in hydrogel nanocomposites that can
change shape or swelling state in response to external signals. Hydrogel nanocomposites
have been demonstrated to be responsive to electric and magnetic fields, making them
attractive as valves, pumps, and artificial muscles.[74, 75] In addition, incorporation of
magnetic nanoparticles or gold-nanoshells in temperature responsive hydrogels can heat
them with stimuli such as magnetic fields, or light. Hence, they can be actuated at a
distance.[76] In this section, we highlight some of the high interest applications of

hydrogel nanocomposites as sensors and actuators.
2.4.1 Hydrogel nanocomposites as sensors

There is a lot of interest in tuning the electrical properties of temperature responsive
hydrogels by adding gold nanoparticles for applications as temperature sensors. Zhao and
others functionalized gold nanoparticles with vinyl groups and dispersed them in
temperature-responsive PNIPAAmM monomer solution. On polymerization, hydrogel
nanocomposites with well dispersed gold nanoparticles attached covalently to the
polymer matrix were obtained. The nanocomposite was incorporated on an electrode and
showed excellent thermo-switchable electrical properties. The electrical conductivity of
the gold-PNIPAAmM nanocomposite was changed by two orders of magnitude around the
transition temperature. The reversible change in electrical conductivity was observed for
multiple temperature cycles.[77] It was hypothesized that lower electrical conductivity
was observed at lower temperatures because the large inter-particle distance acted as

barrier to electron hopping through the PNIPAAmM. As temperature was increased,
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PNIPAAm started collapsing and the distance between gold particles decreased. Above
the transition temperature, gold nanoparticles became close-packed and developed a
conductive path that increased conductivity of the nanocomposite construct. Further
studies showed that the transition temperature could be adjusted from 0°C to 40°C by
variation of the concentration of gold nanoparticles, the composition of the monomer, and

the degree of crosslinking.[72]

In addition to gold nanoparticles, carbon nanotubes are also studied as materials to impart
unique electrical properties to hydrogels. Carbon nanotubes are attractive because they
can also increase the mechanical properties of the composites. For example, Yang et al.
synthesized multi-walled carbon nanotubes (MWCNT) arrays and filled the inter-
MWCNT spaces with PNIPAAmM monomer solution. After polymerization,
nanocomposites of PNIPAAm with aligned MWCNT arrays were obtained. The
resistance of the nanocomposites decreased linearly with an increase in temperature. This
is because the PNIPAAm films collapsed with an increase in temperature, reducing the
distance between MWCNTSs and increasing conductance of the film. Also, the addition of
water increased resistance of the gel, and as water evaporated, the resistance decreased.
Furthermore, the nanocomposite showed fast wetting/dewetting behavior as opposed to
pure hydrogel as well as random MWCNT-hydrogel nanocomposites. Finally, it was
observed that the resistance of the nanocomposite was also sensitive to the humidity of its
environment. The hydrogel/MWCNT-array nanocomposites showed faster sensitivity to
change in humidity than pure CNT samples. The unique properties of this NIPAAm-
MWCNT nanocomposites are significant for use as temperature/humidity sensors and

dewetting materials.[73]
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2.4.2 Hydrogel nanocomposites as actuators

In addition to sensors, hydrogel nanocomposites are being pursued for actuator
applications. The swelling phenomenon of hydrogels is diffusion limited and, hence,
actuators at small size scales can result in faster response. This aspect leads to hydrogels
being attractive components of micro- and nanodevices. Beebe and colleagues introduced
pH-responsive hydrogels as both a sensor and actuator for flow control in microfluidic
devices.[10] The ability to change shape on application of specific stimuli is discussed in

this section with emphasis on RC actuators.
2.4.2.1 Actuation with electric fields

Shi and colleagues showed that carbon nanotube-PVA nanocomposites can exhibit
bending effects in an electric field. MWCNT were converted to an acid form and then to
sodium salts. The PVA nanocomposites were then synthesized using a freeze-thaw
method. On application of a DC electric field, Na-MWCNT/PVA hydrogel strips quickly
bended towards the cathode. This is because cations (Na+) in the gel migrated towards
the negative electrode, while anions were immobilized with the nanotubes. An osmotic
pressure difference was established in the gel leading to its bending. A reversible bending
phenomenon was observed when the polarity of the electric field was switched for

multiple cycles.[74]

In another study, swelling and electroresponsive properties of MWCNT-gelatin
nanocomposites were studied. The swelling studies showed a decrease in equilibrium
swelling with increased MWCNT loadings due to the hydrophobic property of MWCNT.

The application of DC electric field induced a two-stage bending phenomenon attributed
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to the osmotic pressure difference: initial bending towards the anode followed by bending

towards the cathode.[78]
2.4.2.2 Actuation with magnetic fields

The use of magnetic fields (AMF or DC magnetic fields) can allow remote actuation of
hydrogel nanocomposites. Zrinyi and co-workers were the first ones to demonstrate that
DC magnetic fields could be used to induce remote shape change in hydrogel
composites.[79] They prepared magnetic nanocomposites of PVA hydrogels containing
10-12 nm Fe30, particles. The application of a spatially non-uniform magnetic field to
the magnetic nanocomposite generated forces within the matrix. The hydrogel matrix
moved because the particles in the matrix were attracted to stronger fields. The
elongation of magnetic nanocomposite was dependent on magnetic field gradient and
concentration of nanoparticles.[80] Other studies reported in the literature characterize
the magnetic field response of the PNIPAAmM based nanocomposites for different particle
loadings and field amplitude.[79, 81] Magnetic and elastic interactions are the key
parameters that control the motion of nanocomposites.[75] In another report, cobalt
nanoparticles were covalently attached to poly (2-hydroxyethyl methacrylate) network.
The resultant nanocomposites exhibited enhanced properties including flexibility, shape

memory, and response to DC magnetic fields.[82]

In addition to DC magnetic fields, AMF has also been pursued for actuator applications.
For example, Kato et al. applied a 2 kHz AMF to magnetic PNIPAAmM nanocomposites
inducing RC heating and collapse. The change in volume in this case was demonstrated
as a magnetically controlled chemomechanical device to lift weights.[83] Hydrogel

nanocomposites can be used as valves to regulate flow in microfluidic channels.
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Hydrogels are easy to fabricate in microchannels and can potentially eliminate the need
for complex external components that are necessary in traditional pneumatic flow control.
Much of the initial work with hydrogels as valves has been with pH or temperature
responsive hydrogels.[9] Magnetic fields or light as a stimuli have more potential than pH
or temperature because they can be applied remotely to a microfluidic device. The
demonstration of AMF controlled microfluidic valves by Hilt and co-workers is
discussed in chapter 5. Recently, Ghosh et al. have also studied AMF controlled
microfluidic valves. They showed that response time can be improved by using valves of

smaller dimensions.[84]
2.4.2.3 Actuation with light

In another study of RC valves, West and co-workers incorporated gold-PNIPAAmM
nanocomposites at a T-junction in a microfluidic device. One valve in the device
contained a gold-colloid hydrogel nanocomposite while the other contained a gold-
nanoshell hydrogel nanocomposite. The study demonstrated that both of the hydrogel
valves can be independently addressed using light of different wavelengths.[76] RC
actuators can thus be potentially useful as valves, mixers, pumps, and flow sorters for on-
chip microfluidic devices. Light as a stimulus has potential limitations for actuation of
valves in multi-layered devices. Magnetic fields on the other hand can potentially

penetrate deeper and have a wider-range of applications.

Gold-PNIPAAmM nanocomposites have also been demonstrated as tunable microlens with
light as a stimulus. In an attractive demonstration, multiple micropost structures of gold-
PNIPAAmM hydrogels were patterned around a lens aperture. Hydrogel swelling state was

controlled by IR light irradiation, which in turn changed the curvature of liquid-liquid
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interface and, thus, the focal length of the lens. Light controlled microlenses have

potential to replace current technology that uses mechanical or electrical signals.[85]
2.5 Hydrogel nanocomposites for other therapeutic applications

In addition to drug delivery, sensors, and actuators, hydrogel nanocomposites are also
attractive for various other therapeutic applications such as thermal therapy, and
antimicrobial materials. Thermal therapy for cancer treatment is based on the concept of
heating magnetic nanoparticles remotely by magnetic fields. On the other hand, the
antimicrobial activity of hydrogels can arise from the incorporation of silver

nanoparticles. This section briefly addresses the aforementioned two applications.
2.5.1 Thermal therapy applications

In the last few years, hyperthermia, which uses heat as a therapy, has attracted much
interest in the treatment of cancer cells. It is interesting to note that hyperthermia is
actually one of the oldest cancer therapies known.[86] Recent advances in thermal
therapy systems (e.g., those based on nanoparticle systems) allow better control of the
spatial and temporal delivery of thermal energy. As a result, there has been renewed
interest in investigating the effect of hyperthermia in combination with radiation,

chemotherapy, immunotherapy, and drug delivery modalities.[87-89]

Magnetic hydrogel nanocomposites can be potentially used for hyperthermia
applications. For example, Wang and co-workers developed a Bioglass based degradable
magnetic composite and demonstrated selective treatment of lung carcinoma cells by use
of an AMF.[90] In another study, Hilt and co-workers synthesized magnetic

poly(ethylene glycol) nanocomposites and showed ability to kill glioblastoma cells in
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vitro with magnetic nanocomposites exposed to AMF.[54] Heating analysis of magnetic
hydrogel nanocomposites, modeling, and simulations for hyperthermia treatment is

described in chapter 7.
2.5.2 Antimicrobial applications

Metallic nanoparticles can be toxic to microorganisms. For example, silver nanoparticles
exhibit antimicrobial effects by binding to microbial DNA, preventing bacterial
replication, and also causing inactivation of bacteria function.[91, 92] Researchers have
studied silver nanocomposites of various types of hydrogel systems, including poly
(acrylamide-co-acrylic acid), poly (NIPAAm-co-sodium acrylate), and poly (vinyl
pyrolidone) interpenetrated  with poly(acrylamide).[92-95] Silver-hydrogel
nanocomposites demonstrated excellent antibacterial effects when tested using
Escherichia Coli (E. Coli).[93, 94] Lee and Tsao studied the effect of particle
concentration on various properties including swelling kinetics, gel strength, electrical
conductivity, and anti-microbial activity.[54] Additionally, the antibacterial activity of
hydrogel nanocomposites was enhanced by reducing the nanoparticle size and increasing

the nanoparticle loading.[92]
2.6 Concluding remarks

In this chapter, the rapidly emerging field of hydrogel nanocomposites was discussed.
Hydrogel nanocomposites containing different types of nanoparticulates including iron
oxide, clay, silver, gold, and carbon naotubes were highlighted. The versatile synthesis
techniques have allowed for the creation of nanocomposites with tailored size and
compositions that are suitable for a wide-range of applications. The enhanced and unique
properties of these nanocomposite biomaterials were emphasized. The primary focus of
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this chapter was on the RC hydrogel nanocomposites, and the applications of hydrogel

nanocomposites in drug delivery, sensors, actuators, antimicrobial materials, and thermal

therapy were discussed.

Based on this detailed background study, following observations are made.

1.

4.

There is increasing interest in RC drug delivery from hydrogel nanocomposites using
a variety of approaches. However, the detailed understanding of the underlying
mechanism has not been investigated, particularly with AMF actuated magnetic

nanocomposites.

Hydrogel nanocomposites are attractive materials for microfluidic flow control. There
is limited information on applications of magnetic hydrogel nanocomposites as AMF

actuated RC microfluidic valves.

Radiofrequency actuation of carbon nanotube-hydrogel nanocomposites remains

unexplored.

Although RC heating of a variety of hydrogel nanocomposites has been explored,
there are no reports of modeling the heating response. Development of analytical
model can help further understanding and can also be a useful tool for simulating

hydrogel response in a different heat transfer condition (e.g., in vivo hyperthermia).
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CHAPTER 3

MAGNETIC HYDROGEL NANOCOMPOSITES: SYNTHESIS AND REMOTE

HEATING

This chapter is based on work published as:

N.S. Satarkar, J.Z. Hilt, Hydrogel nanocomposites as remote-controlled biomaterials,

Acta Biomater 4 1(2008) 11-16.

3.1 Summary

Nanocomposite hydrogels are a new class of intelligent materials, which have recently
attracted interest as biomaterials. In this chapter, magnetic nanocomposites of
temperature sensitive hydrogels have been developed and demonstrated to be responsive
to alternating magnetic field (AMF). Nanocomposites were synthesized by incorporation
of superparamagnetic Fe3O4 nanoparticles in negative temperature sensitive poly (N-
isopropylacrylamide) hydrogels. The systems were characterized for temperature
responsive swelling, remote heating on application of AMF, and also for remote
controlled (RC) drug delivery applications. The rise in temperature with application of an
AMF depends on Fe;0, particle loading of the system. Preliminary studies on RC drug

release showed reduced release in the presence of an AMF.
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3.2 Introduction

Hydrogels are crosslinked hydrophilic polymers that can absorb water or biological fluids
and swell several times of their dry volume. Due to high composition of water and elastic
structure, hydrogels are considered as excellent biocompatible materials.[1] There are
numerous applications of hydrogels in the medical and pharmaceutical sectors such as
contact lenses, membranes for biosensors, sutures, drug delivery devices, matrices for

repair and regeneration of tissues and organs.[2-4]

Hydrogels can show swelling behavior depending on changes in the external
environment. Some of the factors that can affect the swelling of responsive hydrogels
include pH, ionic strength, and temperature.[5] Hydrogels can also be made to respond to
diverse external stimuli such as light, electric current, ultrasound, magnetic field, and
presence of a particular molecule. The unique property of responsiveness has resulted in
their applications in sensors,[6, 7] self regulated and externally actuated intelligent drug

delivery systems,[8-11] and microfluidic devices.[12, 13]

Hydrogel nanocomposites have recently attracted considerable attention due to their
accelerated response and capability of action at a distance. The properties of the
nanocomposites can be easily tailored by manipulating properties of hydrogel and the
composite material. Hydrogel nanocomposites with magnetic nanoparticles have been
demonstrated as potential candidates for pulsatile drug delivery and soft actuator
applications. Zrinyi and co-workers have reported that magnetic composites of poly
(vinyl alcohol) undergo quick, controllable changes in response to applied magnetic field
and thus can be used in soft actuator type of applications.[14, 15] Further studies on

magnetic composites of N-isopropylacrylamide (NIPAAm) showed that magnetic
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nanoparticles do not affect the temperature sensitivity of the hydrogel network including

the lower critical transition temperature (LCST).[16]

One of the first approaches to achieve an externally controlled drug delivery system using
biomaterials was by Langer and co-workers.[17-20] They embedded macroscale
magnetic beads (~1 mm diameter) in ethylene vinyl acetate along with various
macromolecular drugs like insulin. Both in vivo and in vitro studies showed that
application of an oscillating magnetic field lead to increased release rates. The release
rates could be modulated by altering the geometry of the implant; the position,
orientation, and magnetic strength of the embedded materials, as well as changing the
amplitude and frequency of the magnetic field. Recently, Liu et al. demonstrated gelatin
and poly (vinyl alcohol) hydrogels with Fe3O4 nanoparticles as “on” and “off” drug
delivery devices.[21, 22] When direct current (D.C.) magnetic field was applied, there
was reduced release and when the field was switched off, the drug was released rapidly.
The release rate depends on magnetic field amplitude, particle size, and switching

duration time.

For our current studies with magnetic nanocomposites, NIPAAm was used due to its
temperature responsiveness while superparamagnetic iron oxide (Fe3O4) nanoparticles
(20-30 nm diameter) were used as they have been widely considered for remote heating
in case of hyperthermia.[23-25] The application of an alternating magnetic field (AMF)
to the nanocomposite will lead to heat generation which can drive the swelling transition
of the hydrogel. This is the first demonstration utilizing an AMF for the remote control of
drug release from nanocomposite hydrogels, and we expect these systems to find

application in implantable biomedical devices. Although this chapter only demonstrates
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remote control for short release durations, the release profiles can be easily modulated by
altering the nanocomposite hydrogel composition (e.g., physical size, crosslinking
percentage, molecular weight between crosslinks, etc.). Currently, additional studies are
under way to look into systems that can demonstrate control over extended periods of
time. In addition, on/off control of the release is possible through tailoring the
nanocomposite hydrogel composition, and this is currently being studied. Figure 3.1
includes a schematic of the nanocomposite systems for remote controlled (RC) drug

delivery in case of negative and positive temperature sensitive systems.
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Figure 3.1. Schematic of proposed RC drug delivery system for negative and positive

temperature sensitive systems.
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The synthesis and swelling behavior of NIPAAm based magnetic nanocomposites has
been described earlier with special emphasis on effect of type of crosslinker.? In this
work, we report the characterization of the magnetic nanocomposites; which includes the
effect of degree of crosslinking on swelling behavior, their remote heating response on

application of AMF, and preliminary results of RC drug delivery.

3.3 Materials and methods
3.3.1 Hydrogel synthesis

Hydrogel nanocomposites were synthesized by UV photopolymerization with various
crosslinking densities and magnetic nanoparticle loadings. The hydrogel systems were
based on N-isopropylacrylamide (Sigma-Aldrich) as monomer with poly (ethylene
glycol) 400 dimethacrylate (Polysciences, Inc) as crosslinker. 2,2-dimethoxy-2-
phenylacetophenone (Sigma-Aldrich) was used as the photosensitive initiator for UV
photopolymerization. Iron oxide nanoparticles (FesO, Nanostructured and Amorphous
Materials Inc.) used for magnetic nanocomposite synthesis were spherical with mean size

of 20 to 30 nm.

N-isopropylacrylamide (NIPAAm) and poly (ethylene glycol) 400 dimethacrylate
(PEG400DMA) mixtures were prepared in molar compositions of 90:10, 80:20, and
70:30 and dissolved in equal weight of ethanol as the solvent. The nanocomposites were
synthesized for 90:10 molar ratio with the Fe3O4 nanoparticles added to the monomer
mixtures prior to polymerization. The nanoparticle loadings were varied as 0, 1, 2.5, and
5 % of combined weight of monomer and crosslinker. The uniform dispersion of

nanoparticles was ensured in monomer mixtures by probe sonication (Fisher Scientific
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Sonic Dismembrator Model 500) for 10 minutes followed by ultrasonic bath for 10
minutes. Initiator was added 1% by weight of monomer and crosslinker together and
manual shaking was continued until complete dissolution. The mixtures were then
pipetted into two 15 x 15 cm? clamped glass plates separated by a 500 um Teflon spacer.
The glass plate assembly was then transferred to UV source (LESCO) preset at 365 nm
wavelength and adjusted to give the intensity of 17.5 mW/cm?. Photopolymerization was
carried out for 5 minutes and the gel was carefully removed and placed in deionized
water. For hydrogel nanocomposites, uniform UV light exposure of both sides of gel was
ensured during polymerization. The hydrogel films were washed daily by changing
deionized water. UV analysis of the wash water samples was performed with deionized
water as baseline. Washing was continued until no significant peaks were observed (Cary
50 UV Spectrophotometer). The gels were then taken out of water, cut into discs of
diameter 15 mm and dried in air. The discs were stored in vacuum oven for at least 24

hours to ensure complete drying.

3.3.2 Characterization of swelling behavior

The swelling studies were carried out for pure hydrogel discs and 5 wt% particle loaded
90:10 molar discs at 15 to 45°C, and volume swelling ratio Q was calculated by methods

described in appendix D.1.[26]

3.3.3 Remote heating on application of AMF

The heating response of the nanocomposites to electromagnetic field was characterized
using a Taylor Winfield induction power supply model MMF-3-135/400-2 (solenoid of

15 mm diameter and 5 turns). Dry hydrogel discs with NIPAAmM: PEG400DMA of molar
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compositions of 90:10 and various particle loadings were placed in a petri dish on top of
the solenoid and subjected to AMF of amplitude 33.5 kA/m (calculations described in
appendix D.2) and frequency 297 kHz. An IR camera (AGEMA Thermovision 470) was
used to acquire thermal images and record the resulting increase in surface temperature.
The heating was continued for 5 minutes and the results were averaged over three

samples.

3.3.4 Demonstration of RC drug delivery

Pyrocatechol violet dye was used as a model drug for the release studies. The hydrogel
discs with 0 and 5 wt% nanoparticles and molar composition of NIPAAm: PEG400DMA
as 90:10 were loaded with the dye by imbibition in a 1 mg/ml dye solution at room
temperature (22°C) for 48 h. To observe the effect of an AMF on dye release, release
study was carried out with one set of discs placed in AMF at center of solenoid (59.5
kA/m, 297 kHz), while another set outside the field. The set inside the field was subjected
to 10 min ON and 5 min OFF cycle. Infinite dilution method was used for release studies
for first 1 hour by changing supernatant solution every 15 minutes. Final supernatant was
collected at 24 hours and cumulative release was quantified as Mi,s. The supernatant was

quantified by UV spectrophotometer for peak at 443 nm.

3.4 Results and discussion
3.4.1 Characterization of swelling behavior

The swelling behavior of the gels was analyzed at different temperatures to characterize
the effect of crosslinking density and particle loading on the swelling transition

temperature. The swelling studies on NIPAAm based system with varying crosslinker
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density of PEG400DMA at temperatures of 15 to 45°C show that, for a given system,
equilibrium volume swelling ratio (Q) decreases with increase in temperature (figure
3.2). This trend is expected since NIPAAm is negative temperature-sensitive hydrogel
with LCST of about 34°C for pure NIPAAmM.[27] As temperature increases, the hydrogen
bonds of the network break, resulting in decrease in hydrophilicity. This forces water out
of the hydrogel network and results in decreased swelling. Thus, at 15°C, the gel is in
swollen state and hence equilibrium volume swelling ratio observed is greater than that at

45°C, where it is in the collapsed state.
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Figure 3.2. Effect of temperature on equilibrium swelling of hydrogels. 10, 20, and 30
represents molar % PEG400DMA in NIPAAmM-PEG400DMA system. M represents

magnetic nanocomposite. (N=3, +SD)

As seen in prior research, we observe here that the swelling transition is broadened due to

effect of PEG400DMA crosslinking.[26] At temperatures below the critical transition
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range, higher degree of crosslinking (less NIPAAmM content) leads to smaller Q values
(less equilibrium swelling) due to smaller mesh size. There is a larger reduction in
equilibrium swelling with increase in temperature for systems with a lower degree of
crosslinking (higher NIPAAm content). As a result, Q values above the critical transition
temperature range are higher for systems with a higher degree of crosslinking. The
comparison between swelling ratios of gels with and without nanoparticles shows that 5
wt% magnetic nanoparticles do not have significant effect on swelling behavior. Similar
observations were reported in prior research incorporating lower amounts of particle

loadings in NIPAAm systems.[26]

3.4.2 Remote heating on application of AMF

Dry NIPAAmM: PEG400DMA hydrogel nanocomposite discs with 5 wit% Fe3Oq
nanoparticles were subjected to AMF of amplitude 33.5 kA/m and frequency 297 kHz. IR
camera images (figure 3.3(a, b)) show that the surface temperature at the centre of disc
rises from an initial temperature of 22°C to about 55°C within the first minute. When
AMF is applied, superparamagnetic Fe3O, particles heat due to Neel and Brownian
relaxations (discussed in appendix D.3) and high temperatures are generated at the
nanoscale.[28] This leads to increase in temperature of the hydrogel matrix. The field
intensity of the solenoid varies with maximum amplitude at the centre leading to a

temperature distribution in the heated disc.
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Figure 3.3. Heating effect of nanocomposites in electromagnetic field. (a) IR image of 5
wit% particle disc at 0 sec (b) IR image of 5 wt% particle disc at 60 sec (Dotted circle

shows the disc area).

Figure 3.4 shows the results of detailed magnetic field effect on dry hydrogel
nanocomposite discs of NIPAAm: PEG400DMA systems with varying particle loadings.
Hydrogel nanocomposites with no nanoparticles showed minimal resistive heating, while
increase in particle loading increased the maximum temperature achieved in field. Higher
temperatures are expected with increase in particle loading since heat generation is
proportional to amount of nanoparticles present. It should be noted that the disc was open
to air, and hence temperature rise also depends on heat transfer to the air by convection.
Initial temperature rise is fast, which is followed by a slow continuous increase in

temperature.
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Figure 3.4. Temperature increase of nanocomposites with varying particle loadings
subjected to electromagnetic field. % represents particle loading by weight in NIPAAm-

PEG400DMA nanocomposite. (N=3, +SD)

3.4.3 Demonstration of RC drug delivery

Release studies were conducted for the system with molar composition of NIPAAm:
PEG400DMA as 90:10 (0 wt% and 5 wt% magnetic nanoparticles) using Pyrocatechol
Violet dye as model drug. One set of discs was placed in AMF of amplitude 59.5 kA/m
and frequency 297 kHz, while another set outside the field. The cumulative drug release
was plotted versus time showing that most of the drug was released in 1 hour (figure
3.5). Faster release rate is expected when swollen (the mesh size of the systems is large)
resulting in faster diffusion. Results of the set placed outside the field show that magnetic

nanoparticles only slightly reduce drug release rate.
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Figure 3.5. Controlled drug release from nanocomposites in electromagnetic field. %
represents particle loading by weight in NIPAAmM-PEG400DMA nanocomposite. F

represents application of magnetic field. (N=3, £SD)

On application of AMF, the hydrogel nanocomposite gives about 25% reduction in dye
release in 1 hour. On the other hand, the hydrogel with no nanoparticles is unaffected by
field. We speculate that this suppression in release is a result of the collapse of the
hydrogel network with heating. As observed in dry heating (figure 3.4), application of
AMF leads to high temperatures. If the temperatures generated are above LCST, they can
cause negative temperature sensitive network of NIPAAm to collapse, shrinking the mesh
size. Even when field is not applied, there is a slight decrease in release from the
nanocomposite hydrogel systems as compared to that of hydrogel systems with no
nanoparticles. This effect potentially can be attributed to affinity between nanoparticles

and drug, and it is currently being further studied.
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The analysis of diffusion aspects of dye release was done by early time release data using
methods described in appendix D.4.[29] The calculated power law exponent and effective
diffusivity values are presented in table 3.1. The effective diffusivity in case of the 5
wt% nanocomposite with field ON is less by a factor of 5 than the other cases. This
supports that the hydrogel network is collapsed as temperature increases above LCST.
Thus, drug release can be remotely controlled by application of AMF. Extensive analysis
as per heating time and ON-OFF durations is in progress to gain further insight into the
effects of an AMF and the effects of the resultant heating on drug release rate. Some of
the factors that can be used to modulate the release rate are hydrogel composition,

nanoparticles loading, field exposure time, and field amplitude.

Table 3.1. Pyrocatechol violet diffusion coefficients and power law exponents with

varying particle loadings and electromagnetic field.

Sample Particles Field Pyrocatechol  Violet | Power law
diffusion  coefficient | exponent, n
(x1078 cm?/s)

0% 0% OFF 3.064 0.59

0%F 0% ON 2.616 0.55

5% 5% OFF 2.870 0.73

5%F 5% ON 0.672 0.40
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3.5 Conclusions

In conclusion, magnetic nanocomposites of NIPAAmM show negative temperature
sensitivity. The temperature sensitivity and swelling transition temperature can be
controlled by composition of NIPAAm in the hydrogel system. When exposed to external
AMF, heating of superparamagnetic Fe3O4 nanoparticles lead to rise in temperature of the
nanocomposite system. The rise in temperature can be controlled by particle loadings of
the system. RC drug release was demonstrated from magnetic nanocomposites using an
AMF. The suppression in release is speculated to be a result of the collapse of the
hydrogel network with heating. This class of biomaterials holds promise in RC drug
delivery systems for pulsatile release of drug molecules on demand. In the following
chapter, analysis to further understand the factors that control drug delivery rate is

presented.
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CHAPTER 4

MAGNETIC HYDROGEL NANOCOMPOSITES FOR REMOTE CONTROLLED

PULSATILE DRUG RELEASE

This chapter is based on work published as:

N.S. Satarkar, J.Z. Hilt, Magnetic hydrogel nanocomposites for remote controlled

pulsatile drug release, J Control Rel 130 3(2008) 246-251.

4.1 Summary

Hydrogel nanocomposites are novel macromolecular biomaterials that promise to impact
various applications in medical and pharmaceutical fields. In this chapter, magnetic
nanocomposites of temperature responsive hydrogels were used to illustrate remote
controlled (RC) drug delivery. Alternating magnetic field (AMF) was used to trigger the
on demand pulsatile drug release from the nanocomposites. Nanocomposites were
synthesized by incorporation of superparamagnetic Fe3O, particles in negative
temperature sensitive poly (N-isopropylacrylamide) hydrogels. Pulses of AMF were
applied to the nanocomposites and the Kkinetics of collapse and recovery were
characterized. The application of an AMF resulted in uniform heating within the
nanocomposites leading to accelerated collapse and squeezing out large amounts of
imbibed drug (release at a faster rate). Remote controlled pulsatile drug release was

characterized for different drugs as well as for different ON-OFF durations of the AMF.
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4.2 Introduction

For many controlled drug delivery applications, zero order release of therapeutics over
prolonged period of time is the goal. On the other hand, pulsatile release systems are
attractive for release of therapeutics that need varying plasma concentrations with time.
Pulsatile release can match the body's release of specific peptides or hormones leading to
optimum drug delivery.[1, 2] Pulsatile drug delivery systems can be pre-programmed,|[3,
4] self-regulated depending on presence of specific molecule, or can be externally
actuated by applying various stimuli from outside the body.[5-7] In this chapter,
externally actuated drug release was achieved from magnetic hydrogel nanocomposites

by application of alternating magnetic field (AMF).

Hydrogels can be defined as crosslinked polymer networks which may absorb large
amounts of water or biological fluids. Hydrogels are currently being considered for
various biological applications such as components of drug delivery devices, microfluidic
devices, biosensors, tissue implants, and contact lenses.[8-10] Responsive hydrogels are a
class of hydrogels that can respond to specific changes in their external environment. For
many Yyears, researchers have developed and characterized responsive hydrogels showing
swelling behavior dependent on pH, ionic strength, temperature, or presence of a specific
molecule.[11-13] Unique properties can be achieved by incorporation of various nano-
and micro-scale materials such as metal particles or biological molecules into the
hydrogel matrix.[14-16] In particular, nanocomposites of responsive hydrogels can
exhibit unique dual-responsive properties with capability of actuation at a distance.

Recent studies have shown that the nanocomposites of temperature responsive hydrogels
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can be actuated by external stimuli like light or magnetic field and thus can be used as

externally actuated drug delivery systems,[6, 17, 18] and in microfluidic devices.[19]

In particular, the concept of using external magnetic fields to achieve pulsatile release
from polymer composites was first pursued by Langer and others. They demonstrated an
externally controlled on-demand insulin release from magnetic composite of ethylene
vinyl acetate by application of low frequency oscillating magnetic field.[20] Recently,
Paoli et al. demonstrated enhancement in dextran release by application of low frequency
oscillating magnetic field to magnetic nanocomposites of collagen.[21] The low
frequency oscillating magnetic field application relies on interactions between magnetic
particles and resultant mechanical deformation of the gel to squeeze out the drug.[22] Use
of AMF to actuate magnetic particles is also rapidly emerging as an important research
area in externally controlled drug delivery systems.[23, 24] However, there has been very
limited research on using AMF to control release from temperature responsive polymer
nanocomposites. It was only very recently that pulsatile release from magnetic
nanocomposites of gelatin hydrogels was obtained by application of alternating magnetic
field (50-100 kHz),[17] but the detailed analysis of effect on AMF on composites of
temperature responsive hydrogels and applications to externally actuated drug delivery

still remain unexplored.

In this work with hydrogel nanocomposites, superparamagnetic (20-30 nm diameter) iron
oxide (Fe3O4) nanoparticles were incorporated into N-isopropylacrylamide (NIPAAm)-
based matrix. Fe3sO4 nanoparticles are currently being considered in various medical
applications such as magnetic resonance imaging contrast agents, targeted drug delivery,

and hyperthermia treatment of cancer.[25] Application of alternating magnetic field
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(AMF) to FesO,4 nanoparticles generates heat due to Neel and Brownian relaxations.[26]
The main advantage of using AMF of around 300 kHz is it can penetrate deep in the body
with minimal energy absorption by tissue.[27] N-isopropylacrylamide (NIPAAmM) is a
negative temperature responsive hydrogel with lower critical transition temperature
(LCST) between 30 and 35°C.[28] Initial work of using NIPAAm based hydrogels for
temperature triggered drug release was done by Hoffman and others.[29, 30] When AMF
is applied to magnetic nanocomposites of NIPAAm, heat generation by the nanoparticles
will lead to rise in temperature of the polymer matrix. If resulting temperatures are above
LCST, the gel will collapse leading to expulsion of water. Thus, AMF can be used to
drive the swelling transition of the gel at a distance. Figure 4.1 shows the schematic of
actuation at a distance and resultant squeezing effect for the negative temperature
responsive NIPAAmM system. This unique phenomenon can be used to externally actuate

biomedical implants like drug delivery systems as well as microfluidic devices.
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Figure 4.1. Schematic showing the effect of ON-OFF cycles of AMF to the magnetic
nanocomposites of NIPAAm. It shows the AMF triggered collapse and resultant burst

release due to squeezing effect.

In previous publications, it was demonstrated that composition of NIPAAm gels can be
tailored to get temperature response,[31] while the loadings of Fe;O, nanoparticles in the
gel can be manipulated to get the desired remote heating on application of AMF.[32] In
addition, chapter 3 presented a system that showed reduced release with application of
AMF.[32] Here, pulsatile release from nanocomposites, the investigation of mechanism

behind release, and evaluation of various factors that can control release profile is
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presented. Specifically, nanocomposites were characterized for the kinetics of AMF
triggered collapse along with reproducibility of gel collapse and recovery. The effects of
collapse of the nanocomposite on application of AMF to the collapse achieved by raising
the temperature of surrounding solution above LCST were compared. Vitamin B;, and
methylene blue were used as model drugs for analysis of remote controlled drug release.
AMF was applied in form of short pulses and control on drug release over extended
periods of time was analyzed. In addition, the effect of variation of pulse durations on

drug release profile was characterized.

4.3 Materials and methods

N-Isopropylacrylamide (NIPAAm), ammonium persulfate  (APS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), methylene blue, and vitamin B, were purchased
from Sigma-Aldrich. Tetra (ethylene glycol) dimethacrylate (TEGDMA) was purchased
from Polysciences, Inc. Dispersible iron oxide nanoparticles (FesO, with ~0.2% PVP
coated) were obtained from Nanostructured and Amorphous Materials Inc. The spherical
particles have mean size of 25 nm. Scanning electron microscope (SEM) Hitachi S 4300
was used to collect the SEM pictures. Taylor Winfield induction power supply model
MMF-3-135/400-2 (solenoid of 15 mm diameter and 5 turns) was used to generate AMF
of frequency 297 kHz. AGEMA Thermovision 470 IR camera was used for thermal

imaging. All reagents were used as received.

4.3.1 Hydrogel synthesis

Hydrogel nanocomposites were synthesized with NIPAAm as monomer and TEGDMA

as crosslinker by redox polymerization. NIPAAm and TEGDMA mixtures were prepared
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in molar ratio of 95:5 and dissolved in equal weight of ethanol. For nanocomposite
systems, FesO,4 nanoparticles were added at 5% of combined weight of NIPAAm and
TEGDMA, and the nanoparticles were dispersed uniformly by bath sonication for 10
minutes. Oxygen present in monomer solution was removed by passing nitrogen for 5
minutes. Redox initiator APS (1.5% of combined weight of NIPAAmM and TEGDMA)
was dissolved in 200 pl deionized water and added to the monomer solution. Accelerator
TEMED (2.25% of combined weight of NIPAAmM and TEGDMA) was then added and
mixed to initiate the redox reaction. The solution was then poured into a mold of two 15 x
15 cm? clamped glass plates separated by a 1500 um Teflon spacer. The reaction was
continued for 24 h at 25°C, and then the hydrogel film was removed from the mold and
placed in deionized water. The control set was made with no particles using identical
polymerization procedures. Hydrogel films were washed daily by changing water until no
significant UV absorbance peaks were observed (Cary 50 UV Spectrophotometer). The
gels were then cut into discs of diameter 15 mm and dried in air followed by vacuum

oven for 24 hours.

4.3.2 Response to AMF

Dry hydrogel discs with 0 and 5% particle loadings were placed in a petri dish on top of
the solenoid and subjected to an alternating magnetic field of amplitude 33.5 kA/m and
frequency 297 kHz. The rise in surface temperature of nanocomposites was recorded by
IR camera. The field heating was continued for 5 minutes and the results were averaged

over three samples
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4.3.3 AMF triggered deswelling

Hydrogel nanocomposite and control hydrogels were cut into discs of diameter 15 mm
and allowed to come to equilibrium in phosphate buffered solution (PBS) at 25 °C. The
discs were placed in centrifuge tube with 10 ml PBS solution and subjected to AMF
(amplitude 59.5 kA/m and frequency 297 kHz). The field was kept continuously ON for
50 minutes. The weight of the disc was measured at regular time intervals and PBS
solution was replaced by fresh solution at 25°C. In order to compare Kinetics of surface
collapse with that of collapse due to uniform internal heating, a set of hydrogels swollen
at 25°C was immersed in a water bath at 45°C. The discs were removed periodically, and

their weight was measured at regular time intervals.

4.3.4 Reproducibility analysis of AMF triggered collapse

Nanocomposite discs were swollen in PBS solution at 25°C. AMF was applied as a pulse
(amplitude 59.5 kA/m and frequency 297 kHz) for 5 minutes every 2 hours. The solution
temperature was maintained at 25°C except when AMF was applied. The disc weight was

measured before and after AMF was applied.

4.3.5 Drug release studies

Vitamin B;, (MW 1355) and methylene blue (MW 320) were used as model drugs for
controlled drug release demonstration. These two compounds were chosen as model
drugs due to high aqueous solubilities and different molecular weights. Aqueous
solutions of vitamin Bj, (12.5 mg/ml solution prepared in PBS) and methylene blue (5
mg/ml solution prepared in PBS) were used to imbibe the dry hydrogel discs for 48 hours

at 25°C. The discs were removed from loading solution and then rinsed in PBS for 5
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minutes. Subsequently, the release behavior of loaded discs was studied in centrifuge
tubes containing PBS solution. The AMF used for these studies had amplitude 59.5 kA/m
and frequency 297 kHz. The final supernatant was collected at 48 hours and cumulative
release was quantified as mass released at time t, My, over the total mass released, Mip.
Vitamin B, and methylene blue release was quantified by UV-Vis spectrophotometer at
360.9 nm and 291.5 nm, respectively. All studies were done in triplicates. The details of

methods for accelerated and pulsatile release are described below.

4.3.5.1 Demonstration of accelerated drug release

One set of discs was immersed in a water bath at 25°C with no exposure to the AMF. The
supernatant was changed quickly at every time point. The centrifuge tubes containing the
second set of discs were placed in the center of solenoid and subjected continuously to
AMF. Identical analysis was done for control as well as nanocomposite hydrogels for 45

minutes.

4.3.5.2 Demonstration of pulsatile drug release

Vitamin B, loaded discs were allowed to release in PBS solution at 25°C for 14 hours. A
pulse of AMF was applied to one set for a few minutes every few hours and solution was
collected before and after application of AMF. Another set of loaded discs had no
application of AMF. This analysis was done for control hydrogels as well as
nanocomposites. Additionally, the effect of surface collapse of hydrogel disc as opposed

to AMF collapse was studied by a release study at 45°C.

Methylene blue release studies were carried out only for the nanocomposites. The loaded

discs were allowed to release in PBS solution at 25°C for 7 hours. The goal here was to
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observe effect of variation of AMF cycles on release profile. One set had no application
of AMF, AMF was applied to the second set for a few minutes every few hours, while the

third set was subjected to AMF for 10 min ON and 20 min OFF cycles.

4.4 Results and discussion
4.4.1 Characterization of hydrogel nanocomposite

Figure 4.2 is an SEM image of the cross-section of the nanocomposite. As shown, the
magnetic nanoparticles were embedded in hydrogel matrix and showed relatively uniform
dispersion. This good dispersion leads to a uniform heating response of the
nanocomposite on application of AMF and will be further discussed in the following

sections.

200 nm

Figure 4.2. Cross-sectional SEM showing magnetic nanoparticles dispersed in NIPAAmM-

TEGDMA matrix.

4.4.2 Response to AMF

Surface temperatures of dry NIPAAm: TEGDMA hydrogel discs are plotted in figure
4.3. In the case of nanocomposites, application of AMF selectively heated magnetic
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particles, led to a rise in temperature of the hydrogel discs. The control hydrogels showed
minimal resistive heating. Increasing particle loading led to increased heating of the discs
and a higher surface temperature, as discussed in earlier studies.[32] The temperature of
1500 pm thick discs used here increased to 69°C in 5 minutes, as opposed to 55°C in case
of 500 pum thick discs used in earlier work. The transport of heat from the nanocomposite
surface to its surroundings was primarily due to convection between the surface and the
surrounding air. Increasing the thickness of the samples led to a decrease in the surface
area to volume ratio. Thus, the thicker disc increased the total heat source and heat
generation, while the rate of heat dissipation from surface to surrounding air changed
only slightly. Thus, higher equilibrium temperatures were achieved by increasing the

thickness of nanocomposite.
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Figure 4.3. Temperature increase of nanocomposites subjected to continuously ON
AMF. % represents particle loading by weight in NIPAAM-TEGDMA nanocomposite.

(N=3, +SD)

4.4.3 AMF triggered deswelling

Weight swelling ratio (q) was calculated as

Weight_;

= — 4.1
Dry Weight (41

q

The swelling ratios are plotted in figure 4.4. The plot shows that nanocomposites
collapsed on application of AMF, while the field had negligible effect on the control set.
Heat generated in nanocomposites was sufficient to increase the internal temperature of
swollen NIPAAmM: TEGDMA matrix above its LCST. This led to expulsion of water and

decrease in the weight of nanocomposites as soon as AMF was switched ON. The rate of
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collapse was fast for initial 10 minutes which suggests that a large amount of water was
expelled from the hydrogel matrix. This phenomenon can be used to achieve pulse

release of drug molecules by application of AMF.
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Figure 4.4. AMF triggered de-swelling of nanocomposites. % represents particle loading
by weight in NIPAAM-TEGDMA nanocomposite. F represents application of AMF.

(N=3, +SD)

The rise in temperatures in swollen state is limited due to presence of water. Although
dry discs showed surface temperatures of 69°C, actual temperatures in presence of water
are expected to be much lower. More studies are underway to investigate the heat and
mass transfer implications of field triggered heating and collapse. The nanocomposite
disc exposed to field collapsed faster as compared to disc placed at 45°C. Placing the
discs in 45°C water causes a skin layer to form (surface collapses first), leading to slower
diffusion of water out of gel, and hence slower collapse.[33] Furthermore, the uniform
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heating in nanocomposites is significantly faster process since it internally heats hydrogel
as opposed to raising temperature of the surrounding solution. Since the AMF did not
heat control hydrogels, it is implied that the AMF will induce minimal heating in tissues

when used for implant type of applications.

4.4.4 Reproducibility analysis of AMF triggered collapse

The calculated swelling ratios (q) are plotted in figure 4.5. The plot shows that fast
collapse was observed when AMF is applied, but the recovery of the discs to original
swelling state required significant time. Thus, rapid heating and resulting high
temperatures de-swell the discs rapidly, but the slower dissipation of the heat and
diffusion of water into gel resulted in a relatively slow swelling and recovery process. It
is to be noted that the geometry and thickness of the samples will dictate the kinetics of
the recovery process. Discs of smaller thickness are expected to recover faster due to
faster water diffusion. The discs were subjected to AMF for several cycles, and no
irreversible changes in swelling properties were observed. It is also observed that the disc
eventually came back to its original swelling state. Although these studies were
conducted for 14 hours, similar hydrogel response is expected for longer durations.
Hence, these nanocomposites are feasible for applications in remotely actuated ON-OFF

type devices.
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Figure 4.5. NIPAAM-TEGDMA nanocomposite discs subjected to ON-OFF cycles of

AMF. (N=3, +SD)

445 Drug release studies

4.45.1 Accelerated release with field ON

The release of vitamin By, from hydrogel nanocomposite is plotted as cumulative release
with time in figure 4.6. Continuous application of AMF led to fast release from
nanocomposite. Applied AMF heated and hence collapsed hydrogel disc causing
expulsion of large amounts of the imbibed water, led to an enhancement in the release

rate of the loaded drug. It is speculated that there will be slight enhancement in release
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rates due to increased drug diffusivity at higher temperatures. Hence, the release can be
accelerated by application of AMF. The AMF did not significantly heat the control
hydrogels and hence had minimal effect on release. The control hydrogels thus continued
to release in a Fickian profile. The rise in temperature inside hydrogel needs to be
controlled precisely to ensure stability of drug molecules. It is expected that the rise in
temperature and resulting burst release can be tailored by variation of field exposure

duration, field amplitude, and particle loadings.
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Figure 4.6. Accelerated vitamin Bj, release from nanocomposites in continuous ON
AMF. % represents particle loading by weight in NIPAAmM-TEGDMA nanocomposite. F
represents application of AMF. M represents cumulative mass released at the time. Miq¢
represents cumulative mass released at the time. My represents cumulative mass released

over 48 hours. (N=3, £SD)
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4.4.5.2 Demonstration of pulsatile release

The release rates and cumulative release of vitamin B;, from nanocomposite and control
hydrogels is plotted in figure 4.7. The plot of release rate with time shows that Fickian
release was observed from nanocomposites as well as control hydrogels. When a pulse of
the AMF was applied to the nanocomposite, the system collapsed and a corresponding
burst in the vitamin Bj, release was observed. The enhancement in release rate on
application of AMF was approximately 6 times more than Fickian release rate. Since
AMF was applied only for short durations, the gel recovered slowly back to the swollen
state in the OFF cycle. However, the drug had a reduced diffusivity in the collapsed
network, resulting into slower release rates during the OFF cycle. Hence, a significant
fraction of drug was released during small timeframe when the AMF pulse was applied.
Also, when the network mesh size becomes comparable or less than size of the drug,
release can be “turned OFF”. The drug content of the disc decreased with time and hence
limited actuation was achieved in the later stages. Application in vivo as implantable drug
delivery device typically needs release for weeks to months. It is expected that
modifications in hydrogel network properties, shape of the gel, and procedures for drug

loading can lead to longer release durations.
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Figure 4.7. Vitamin B12 release from nanocomposites on pulsed application of AMF. %
represents particle loading by weight in NIPAAmM-TEGDMA nanocomposite. F
represents application of AMF. Mt represents cumulative mass released at the time. Minf

represents cumulative mass released over 48 hours. (N=3, £SD)
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The cumulative release with time shows that application of AMF pulses had negligible
effect on release profile from control hydrogel discs. Similar to earlier studies, presence
of particles caused a slight reduction in release rate when AMF was not applied.[32] This
is hypothesized to result from hindered diffusion of drug due to the physical presence of
the nanoparticles in the network and also potentially from affinity interactions between
the drug and the nanoparticles. On the other hand, AMF application to nanocomposites
resulted in a stepwise, on-demand release pattern. These remote controlled biomaterials
can hence be used to obtain a continuous Fickian release with time and an additional

pulsed release when desired by application of external AMF pulse.

When discs were placed in 45°C PBS, the release profile followed 25°C release for first 2
hours and it stopped after about 3 hours. Placing in hot bath (>LCST) led to gradual
shrinking of disc as shown in figure 4.3. This effect is significantly different than the
squeezing effect of the uniform heating due to the applied AMF. Here, the surface starts
collapsing first and hence it completely hinders transport of drug from core of the disc to

the outside.*®

Release rates and cumulative release of methylene blue from nanocomposites is plotted in
figure 4.8. For methylene blue the effect of variation of AMF exposure cycles on release

profile was also observed.
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Figure 4.8. Methylene blue release from nanocomposites on pulsed application of AMF.
% represents particle loading by weight in NIPAAM-TEGDMA nanocomposite. F

represents application of AMF. M represents cumulative mass released at the time. Min¢
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represents cumulative mass released over 48 hours. 10-20 indicates AMF cycle of 10

minutes ON and 20 minutes OFF. (N=3, £SD)

Release rate profile of methylene blue on pulse application of AMF is similar to that of
vitamin Bj, and emphasizes that effective modulation in release can be obtained by pulse
application. A significant fraction of methylene blue was released when AMF pulse was
applied. However, methylene blue has an increased diffusivity making the content of the
drug in disc deplete faster. So, the magnitude of burst effect decreased faster with time as

compared to Vitamin Bi,.

Release rates from 10 min ON- 20 min OFF cycles indicate that modulation of release
was limited. Due to smaller OFF durations, the collapsed network did not recover back to
swollen state. Hence the gel stayed mostly in collapsed state, the diffusion became slow,
and the Fickian release rate shifted to lower values. Longer AMF ON durations thus limit
the diffusion of water into hydrogel matrix and can be used to get reduced drug transport

out of gel, as observed in earlier studies.?

The comparison of the timeframe of cumulative release of the two drugs shows that
methylene blue (MW 320) released faster than vitamin B;, (MW 1355). It is expected
that for compounds with comparable hydrophilicity, the smaller molecules will have
greater effective diffusivity and hence will release faster. However, the design of
hydrogel can be modified for smaller drugs by an increased crosslinker density leading to
a smaller mesh size. This will allow prolonged release and effective actuation of the
release of smaller drugs. Since methylene blue has a greater effective diffusivity, it

continued diffusing out in the OFF cycle although the disc was in collapsed state. Hence,
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the methylene blue release profiles of the control and short pulse field applications did
not differ significantly, as opposed to nice stepwise release of vitamin Bi,. The graph of
cumulative release also shows that 10 ON 20 OFF field exposure profile had a stronger
initial burst and reduced overall release. This is because the field squeezed drug faster

initially but later on disc remained mostly in collapsed state, reducing the release rate.

Thus, the data from methylene blue and vitamin B, release suggests that this
nanocomposite system has potential as an implantable drug delivery device. AMF has
potential to penetrate deep regions in body with negligible absorption by tissue. Hence,
this system can potentially be implanted in any part of the body. An essential
modification to the system includes shifting the LCST to above physiological
temperatures (~37°C), which can be achieved by incorporation of hydrophilic
comonomer like acrylamide.[34] Furthermore, tailoring the comonomer and crosslinker
compositions can yield the mesh size desirable for specific therapeutics. This would
control the duration of release and magnitude of actuation. Similarly, manipulating the
magnitude and duration of AMF pulse can tailor the burst release to desired magnitude
and can even result into reduced release with prolonged AMF durations. In addition to
matrix type of drug delivery devices, these nhanocomposites can also be used as a valve in
implantable reservoir types of devices. More studies are underway to demonstrate the

applications of nanocomposites as remotely actuated valves in a drug delivery device.

4.5 Conclusions

Nanocomposite hydrogels have been successfully demonstrated as remote controlled
biomaterials. The application of an AMF selectively heated magnetic particles and led to

a rise in temperature of nanocomposite hydrogel systems. The nanocomposite
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temperature increased above the LCST resulting into accelerated collapse of the gel. The
discs were subjected to AMF for several cycles, and reversibility of the swelling response
was observed. Hence, the nanocomposites are feasible for applications in remotely
actuated ON-OFF type devices, where drug release can be turned ON by application of
AMF. The collapse of the hydrogel discs expelled large amounts of imbibed water,
resulting in drug release at an increased rate. Release profiles of methylene blue and
vitamin Bj, showed effective modulation in release by pulse application of AMF.
Magnetic nanocomposites can thus give pulsed release when needed in addition to
continuous Fickian release profile. These novel intelligent biomaterials promise
numerous potential applications in externally actuated drug delivery systems for release

of drug molecules.
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CHAPTER 5

MAGNETIC HYDROGEL NANOCOMPOSITES AS REMOTE CONTROLLED

MICROFLUIDIC VALVES

This chapter is based on work published as:

N.S. Satarkar, W. Zhang, R. Eitel, J.Z. Hilt, Magnetic hydrogel nanocomposites as

remote controlled microfluidic valves, Lab Chip 9 (2009) 1773-1779.

5.1 Summary

In recent years, hydrogels have attracted attention as active components in microfluidic
devices. Here, we present a demonstration of remote controlled flow regulation in a
microfluidic device using a hydrogel nanocomposite valve. To create the nanocomposite
hydrogel, magnetic nanoparticles were dispersed in temperature responsive N-
isopropylacrylamide (NIPAAm) hydrogels. The swelling and collapse of the resultant
nanocomposite can be remotely controlled by application of alternating magnetic field
(AMF). A ceramic microfluidic device with Y-junction channels was fabricated using
low temperature co-fired ceramic (LTCC) technology. The nanocomposite was
incorporated as a valve in one of the channels of the device. An AMF of frequency 293
kHz was then applied to the device and ON-OFF control on flow was achieved. A
pressure transducer was placed at the inlet of the channel and pressure measurements

were done for multiple AMF ON-OFF cycles to evaluate the reproducibility of the valve.
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Furthermore, the effect of the hydrogel geometry on the response time was characterized
by hydrogels with different dimensions. Magnetic hydrogel nanocomposite films of
different thicknesses (0.5, 1, 1.5 mm) were subjected to AMF and the kinetics of collapse

and recovery were studied.
5.2 Introduction

Microfluidic technology is attractive because of numerous benefits including reduced
reagent consumption, short analysis time, portability, low cost, and high sensitivity.[1]
The current microfluidic technology typically utilizes pneumatically actuated valves with
significant off-chip controls. A promising alternative to this approach is the incorporation
of hydrogels as active materials for a wide range of microfluidic functions. Hydrogels
have been developed as valves, pumps, mixers, and flow sorters for various on-chip
applications as well as for drug delivery devices.[2, 3] However, there has been limited
work on externally actuated hydrogel valves. Here, we present the incorporation of
NIPAAmM based hydrogel nanocomposites as valves in the low temperature co-fired
ceramic (LTCC) microdevice and the demonstration of ON-OFF flow control with the
application of radio frequency alternating magnetic field (AMF). LTCC is a versatile
technique that can be used to conveniently fabricate complex microfluidic geometries. A
brief introduction to LTCC and the commercial fabrication process is discussed in

appendix A.

Hydrogels are hydrophilic polymeric networks with physical or chemical crosslinks.[4, 5]
Stimuli-responsive hydrogels or smart hydrogels are a class of hydrogels that can respond
to changes in external environment and show significant changes in swelling properties.

Stimuli-responsive hydrogels can respond to changes in pH, temperature, light, magnetic
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field, electric field, presence of specific molecules, or a combination of environmental
triggers.[6, 7] The combination of stimuli-responsive hydrogels with nanoparticulates can
lead to a nanocomposite matrix with unique properties including the capability to heat
them remotely.[8] In particular, nanocomposites consisting of temperature responsive
hydrogels and metallic nanoparticles can respond to external stimuli such as light or
magnetic field. This leads to potential applications as remote controlled drug delivery

devices, microfluidic valves, and soft actuators.[9-12]

Stimuli-responsive hydrogels are attractive as components of microfluidic devices
because the swelling response of hydrogel systems is typically diffusion limited, and
thus, hydrogels at the small scales are more efficient (i.e., shorter response times). In
addition, hydrogels are easy to fabricate in microchannels and eliminate the need for
integrated electronics, controls, and power source that are required for active
components. One of the first demonstrations of stimuli responsive hydrogels as
microfluidic valves was by Beebe and colleagues. They showed that pH responsive
hydrogels can act as both a sensor and actuator for flow control.[13, 14] Several
additional studies have demonstrated pH-responsive hydrogels as valves.[15] [16] [17,
18] Similarly, there has been increasing interest in using temperature responsive
hydrogels as microfluidic actuators.[19-24] An important advantage of thermally versus
pH actuated valves is that they do not need contact with a controlling solution (high and
low pH) and hence can be controlled from outside the device. They can also be used over

wide range of pH.

The concept of using external stimuli to actuate temperature-responsive hydrogel valves

has received only limited attention from researchers. Remote controlled valves are
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attractive for applications like pulsatile drug release from an implantable device, where
the dose can be varied easily by variation of external stimuli. Sershen and others
demonstrated that light can be used as stimuli to achieve independent control on
operation of gold-NIPAAmM nanocomposite valves.[10] Chen et al. showed that heating
from the absorption of light directed to NIPAAm plug can open and close it on-demand
with fast kinetics and good repeatability.[25] In another study, a chromophore was
functionalized in NIPAAm valves, and independent control on multiple valves was
demonstrated by local light irradiation.[26] However, light as a stimulus has potential
limitations for actuation of valves in multi-layered devices or in implanted devices. To
the best of our knowledge, this is the very first demonstration on use of magnetic fields to

control microfluidic valves.

Previous chapters presented characterization of the hydrogel nanocomposite system for
optimal heating and collapse on AMF application. Remote controlled (RC) pulsatile drug
delivery with hydrogel nanocomposites has also been demonstrated.[11, 27] The focus of
this chapter is primarily on the demonstration of NIPAAmM based magnetic
nanocomposites as valves in an LTCC microdevice. Figure 5.1 shows the schematic of
the concept for the AMF controlled microfluidic valve. The application of AMF heats the
Fe30,4 nanoparticles by Neel and Brownian relaxations and in turn heats the hydrogel
matrix. As the temperature of matrix goes above the lower critical solution temperature
(LCST), the hydrogel will collapse opening the channel. The valve was demonstrated for
ON-OFF flow control with application of AMF. The characterization of the time needed

for the valve to open/close was also conducted using a pressure sensor. Additionally,
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hydrogel film thickness was varied, and the effect on kinetics of RC collapse and

recovery was studied.

Microfluidic channel

T< LCST

Valveis closed Hydrogel composite

Fe,0, Particle

..........
Pl T

Increase in
temperature

T> LCST : AMF triggered collapse
Valve opens

Decrease in
temperature

T< LCST : Gel swells back
Valve closes

Figure 5.1. Schematic of the concept of remote controlled hydrogel nanocomposite

valves with alternating magnetic field (AMF). Application of AMF results into collapse

of hydrogel, leading to opening of the valve.
5.3 Materials and methods

HeraLock® HL2000 tapes which provide a sintering shrinkage in x, y direction of less

than 0.2% were obtained from W.C. Heraeus Thick Film Materials Division. N-
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Isopropylacrylamide (NIPAAm), ammonium persulfate (APS), and N,N,N’,N’-
tetramethylethylenediamine (TEMED) were obtained from Sigma-Aldrich and used as
received. Tetra (ethylene glycol) dimethacrylate (TEGDMA) was obtained from
Polysciences, Inc. Dispersible iron oxide nanoparticles (FesO4, ~0.2% PVP coated, 25

nm) were obtained from Nanostructured and Amorphous Materials Inc.
5.3.1 Fabrication of ceramic microdevice

The flow system had two straight channels (width 600 um, depth 650 um) with a Y-
shape junction, and a square cavity in the middle of one channel to anchor the hydrogel
valve. The LTCC device assembly consisted of a ceramic microchannel laminate, a
ceramic cover, and a transparent high density polyethylene (HDPE) gasket. The details of

fabrication and assembly process are described in appendix A.

5.3.2 Synthesis of hydrogel nanocomposite

A hydrogel nanocomposite was incorporated as a valve into one channel of the
microdevice. NIPAAmM was used as the monomer while TEGDMA was used as the
crosslinker. The NIPAAmM-TEGDMA ratio was selected to obtain strong swelling
response with change in temperature. The NIPAAm hydrogel system has LCST of about
32°C. Further details of the effect of the hydrogel composition on temperature response
can be found elsewhere.[27] NIPAAmM and TEGDMA were mixed in molar ratio of 99:1
and dissolved in ethanol, which was 50 wt% of monomer and crosslinker. Magnetic
particles were added as 10 wt% of NIPAAm and TEGDMA and dispersed with bath
sonication for 15 minutes. Oxygen present in the pre-polymer solution was removed by

bubbling nitrogen for 10 minutes. The initiator APS was weighed as 0.75 wt% of
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NIPAAmM and TEGDMA, dissolved in 50 pl of deionized water, and added along with
equal weight of accelerator TEMED in a nitrogen environment. The pre-polymer solution
was then injected into clamped glass plates separated by 500 pum spacer. Polymerization
was continued at 25°C for 24 hours. The hydrogel obtained was then inserted in water to
wash out unreacted monomers. The hydrogel was then cut into a disc, with diameter of

4.3 mm, and placed into the valve cavity of the LTCC chip.
5.3.3 AMF heating and flow control using hydrogel valve

The device was assembled and inlets were connected to water of different colors (blue
and yellow) through a syringe pump. The flow rate at both inlets was maintained at 100
pl/min. In order to evaluate the capability of actuating the hydrogel valve remotely, the
microdevice was placed on top of the solenoid of a 3 kW induction heater (Taylor
Winfield Corporation, MMF-3-135/400-2). The applied AMF was 293 kHz with
calculated amplitude of 33.5 kA/m. IR images were collected for heating up to 2 min
(Thermacam S65 HS, FLIR Systems). Images for flow control were recorded using a

digital camera.
5.3.4 Analysis of flow control for multiple ON-OFF cycles

To quantify ON-OFF function, the inlet of the microchannel containing the hydrogel
valve (blue channel) was connected to the syringe pump through a miniature pressure
transducer (Deltran DPT-100, Utah Medical Products, Midvale, UT, USA). The pressure
signals were amplified by an AC source (Model 33220A Agilent Technologies, Palo
Alto, CA, USA) and recorded on a computer using a data recorder (Agilent 34970A Data

Acquisition/Switch Unit, Agilent Technologies, Palo Alto, CA, USA) and a software
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programmed by LabView (National Instruments, Austin, TX, USA). AMF was turned
ON for 2.5 minutes followed by OFF for about 10 minutes. In order to allow accurate
data collection in ON cycles, AMF was turned OFF for 2 seconds every 30 seconds. The

pressure data was collected for 3-4 ON-OFF cycles.
5.3.5 Effect of hydrogel film thickness on kinetics of RC collapse and recovery

NIPAAM:TEGDMA films in a molar ratio of 95:5 with 5 wt% Fe3;O,4 nanoparticles and
equal weight of ethanol as a solvent were synthesized. Different Teflon spacers were used
to get films of 0.5, 1, and 1.5 mm thicknesses. Synthesis was done using polymerization
methods similar to those described in section 5.3.2. The resultant hydrogel
nanocomposites were washed and cut into discs of 15 mm diameter. These were then
allowed to come to equilibrium in phosphate buffered solution (PBS) at 25°C. The discs
were placed in centrifuge tube with 10 ml PBS solution and subjected to AMF (amplitude
59.5 kA/m and frequency 297 kHz). The field was applied for 30 minutes and weight of
the disc measured at regular time intervals. Then, the disc was transferred to a 25°C bath.
The recovery process was characterized by measuring the weight at regular time intervals
until the equilibrium swelling was observed. After analysis was complete, the discs were
dried in air, and the dry weight was obtained. The weight swelling ratio at different time

points was calculated as swollen weight divided by dry weight.

5.4 Results and discussion
5.4.1 Fabrication of ceramic microdevice and incorporation of hydrogel valve

The pictures of assembled microfluidic device are presented in appendix A.
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5.4.2 AMEF heating and flow control using hydrogel valve

The hydrogel valve in the swollen state was subjected to the AMF by placing the device
above the solenoid. Figure 5.2 shows an IR picture of the microdevice after 2 minutes of
heating. Starting from 21°C, the valve temperature reached 27°C. The picture clearly
shows that the hydrogel nancomposite valve heats selectively on exposure to AMF with
no effect on ceramic device. It is also noted that the HDPE gasket is only semi-IR
transparent which may lead to slightly lower temperature readings. If necessary, it is
known that valve heating could be increased by either increasing particle loadings and/or

AMF amplitude. The effect of particle loadings on the resultant heating in AMF has been

discussed elsewhere.[27]
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Figure 5.2. An IR image of the device after exposure to AMF for 2 minutes indicates
localized remote heating of the hydrogel valve (the IR image has been superimposed on a

visible image).
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NIPAAmM hydrogels are negative temperature responsive systems, and the effect of
temperature on swelling has been studied previously.[27] Figure 5.3 shows a series of
images for visual demonstration of ON-OFF control of flow using the hydrogel valve.
After flow was started, swelling of hydrogel blocked upper channel (5.3a) stopping the
flow of the blue stream. Turning ON the AMF selectively heated the magnetic
nanoparticles and in turn the hydrogel nanocomposite. As temperature increased above
LCST, the nanocomposite hydrogel collapsed and opened the upper channel (5.3b)
producing a green color in the outlet channel. When the AMF was turned OFF, the
hydrogel cooled down slowly leading to swelling and a blocked upper channel. Thus, the
nanocomposite hydrogel functioned effectively as a remotely controlled ON-OFF

microfluidic valve.
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(b)

Figure 5.3. Images showing ON-OFF control of flow with the hydrogel valve. In (a) the
valve OFF: swelling of hydrogel blocks upper channel preventing fluid flow. We see only
yellow flowing. In (b) Valve ON: application of AMF opens upper channel allowing the

blue stream to flow, leading to green color as clearly visible in the inset at right.
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5.4.3 Analysis of flow control for multiple ON-OFF cycles

The pressure data was recorded at the inlet of the upper (blue) channel, and figure 5.4
shows the pressure and temperature plot with time for 3-4 ON-OFF cycles. When flow
was turned ON, the valve blocked the upper channel, and the pressure began to increase.
After 10 minutes, the pressure had reached about 0.055 psi. When the AMF was turned
ON, the increase in the temperature caused the collapse of the hydrogel, and the release
of pressure was observed. The continued application of AMF for the next 2.5 minutes
decreased the pressure to about 0.02 psi. When the AMF was turned OFF, the
nanocomposite hydrogel valve swelled slowly, and the pressure in the channel increased
back to over 0.06 psi in about 10 min. This was repeated for a few more cycles with a
good reproducibility. Previous studies have shown that the hydrogel can undergo collapse
and recovery for multiple cycles with similar response every time.[11] Hence, we can

expect that these valves can work as flow regulators for long term applications.
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Figure 5.4. The pressure was recorded at the inlet of the upper (blue) channel and

against time for 3 ON-OFF cycles, the corresponding AMF field state is indicated below.

These valves give fast collapse but need significant time for the recovery process. For
many flow control applications, it is important to obtain a system that can exhibit
instantaneous collapse and fast recovery. The RC collapse and recovery processes are
governed by the transport of heat and water in and out of the system. The kinetics will
hence be strongly influenced by the composition and geometry of the hydrogel system as
well as the capability for heat generation. By increasing the heating capability, there will
be a faster rise in temperatures and hence faster collapse of the valve. A couple of the
possibilities for increasing the heat generation are increasing the nanoparticle loadings
and incorporating nanoparticle systems with a higher heat generation capabilities. The
collapse process consists of squeezing out the water and hence will depend on the

dimensions of the gel. Smaller dimensions would lead to a faster collapse. The recovery
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process comprises of the cooling of the hydrogel matrix and the diffusion of water into
the gel. The kinetics of the recovery process are strongly governed by the hydrogel
geometry. A smaller size would result in a smaller diffusion path and hence faster

recovery.
5.4.4 Effect of hydrogel dimensions on kinetics of RC collapse and recovery

In order to evaluate effect of the hydrogel geometry (i.e. diffusion path) on kinetics of
collapse and recovery, nanocomposite discs of 0.5, 1, and 1.5 mm thickness were studied,
and figure 5.5 shows the swelling ratio with time for these systems. The application of
AMEF for 30 minutes led to the collapse of the gels, and the 0.5 mm hydrogels collapsed
slower than the 1 or 1.5 mm hydrogels. However, no substantial difference was observed
in the collapse kinetics of 1 and 1.5 mm thickness hydrogels. The increased thickness
resulted in a longer diffusion path for water and hence a reduced rate of heat transfer
from the inside the film to outside water. It is thus expected that increased thickness
would result in higher temperatures at the center of the gel, as observed in the case of dry
heating of these nanocomposites.[11] On the contrary, smaller geometries require

stronger heat generation to get fast collapse.

When the magnetic field was turned OFF, hydrogels slowly recovered back to their
equilibrium swelling state and the kinetics of recovery varied dramatically with hydrogel
thickness. Hydrogels with smaller thickness recovered faster. The process of recovery
depends primarily on the transport of heat and water. Gels with smaller thickness lost
heat faster resulting in faster recovery. Also, the smaller diffusion path in case of 500 um
film resulted into faster water transport and hence faster recovery. Preliminary analysis of

the recovery kinetics implies that these systems follow length square dependence and
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more studies are underway to look at heat and mass transfer processes in detail. The
collapse and recovery kinetics can also be influenced by several other factors including

particle loadings, hydrogel composition, and amount of crosslinking.

3.5 1
*
3
3 1 ; 3 g = u
o ¢ N A . =
2 55 sl « °
§ ’ { - L ) ¢0.5mm
o i ¥
= _+ " 1mm
© 2 4 { - L ®1.5mm
& I 5!
- -_{3.‘ L)
< )
2 M3
o 15 13
= %
AMF ON
_I AMF OFF
0 2 4 ) 8 10 12 14 16
Time (h)

Figure 5.5. Effect of hydrogel dimensions on the kinetics of collapse and subsequent
recovery. Nanocomposites of different thicknesses were collapsed by application of AMF

for first 30 minutes and then allowed to swell back.

In summary, presented is a proof of concept demonstration of an RC microfluidic valve
based on a magnetic hydrogel nanocomposite. The present valve geometry was chosen
for the ease of assembly, observation, and characterization. Application specific
optimization will be required to enhance performance of a given device. As demonstrated
in the analysis of nanocomposites of different dimensions (figure 5.5), the dimensions of

the valve can be decreased to significantly enhance the rate of the collapse and recovery
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processes. Further studies are under way to obtain RC valves with rapid response times,

which will be required for many applications.

For many LOC applications, it will be desirable to address and actuate multiple valves
independently. There are several options to modify the present RC microvalve design to
obtain multiple individually addressable RC valves. One of the potential approaches is
using multiple off-chip solenoids of small diameters that are positioned below the
individual nanocomposite valves. The solenoids will generate independent AMF in small
areas, and these could be selectively turned ON to actuate the valves independently.
Another approach is incorporating miniaturized solenoids on-chip at the location of the
nanocomposite valve to generate localized AMF. In recent years, there has been
significant interest in generating magnetic fields on-chip for a variety of applications.[28-
30] In particular, there has been significant progress in fabricating inductors on-chip

including examples in the LTCC platform.[31, 32]
5.5 Conclusions

In this chapter, a magnetic hydrogel nanocomposite valve was used in a microfluidic
device for remote control of the flow using alternating magnetic fields. The flow circuit
consisting of two inlets and one outlet was fabricated in a ceramic microfluidic device
using LTCC technology. Magnetic hydrogel nanocomposites based on NIPAAmM were
synthesized and incorporated as a valve in one of the channels. The application of AMF
led to selective heating of the hydrogel nanocomposite. As the temperature increased
above LCST, the nanocomposite collapsed, leading to opening of the valve. As AMF was
turned OFF, the cooling of hydrogel nanocomposite resulted in recovery leading to

closing of the valve. The application of multiple ON-OFF AMF cycles to the valve along
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with analysis of pressure at the inlet demonstrated that the valve can work for multiple
cycles with good reproducibility. Although the response of this valve is sluggish, it can
be improved by going to smaller valve dimensions. The RC collapse and recovery studies
with hydrogels of different dimensions showed that hydrogels with smaller thickness
exhibit slower collapse but faster recovery. The ON-OFF response of the valve can thus
be precisely controlled by nanocomposite composition and geometry. Hence, magnetic
hydrogel nanocomposites are potentially attractive materials as valves for remote control

of flow in microfluidic devices.
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CHAPTER 6

HYDROGEL-MWCNT NANOCOMPOSITES: SYNTHESIS,

CHARACTERIZATION, AND HEATING WITH RADIOFREQUENCY FIELDS

This chapter is based on work published as:

N.S. Satarkar, D. Johnson, B. Marrs, R. Andrews et al., Synthesis and characterization of
temperature responsive hydrogel-MWCNT nanocomposites, J Appl Polymer Sci, In

Press.

6.1 Summary

Hydrogel nanocomposites are attractive biomaterials for numerous applications including
tissue engineering, drug delivery, cancer treatment, sensors, and actuators. Here, we
present a nanocomposite of multi-walled carbon nanotubes (MWCNTS) and temperature
responsive N-isopropylacrylamide hydrogels. The lower critical solution temperature
(LCST) of the nanocomposites was tailored for physiological applications by the addition
of varying amounts of acrylamide (AAm). The addition of nanotubes contributed to
interesting properties, including tailorability of temperature responsive swelling, and
mechanical strength of the resultant nanocomposites. The mechanical properties of the
nanocomposites were studied over a range of temperatures (25-55°C) to characterize the
effect of nanotube addition. A radiofrequency (RF) field of 13.56 MHz was applied to the

nanocomposite discs, and the resultant heating was characterized using infrared
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thermography. This is the first report on the use of radiofrequency to remotely heat

MWCNT-hydrogel nanocomposites.
6.2 Introduction

Hydrogels are hydrophilic polymeric networks that can imbibe a large amount of
biological fluids including water and can swell several times their dry volume. Hydrogels
have good biocompatibility and applications in medical and pharmaceutical fields
including controlled drug delivery, tissue engineering, diagnostic devices, contact lenses,
and biosensors.[1] Responsive hydrogels are a class of hydrogels with swelling properties
dependent on the surrounding environment such as pH, temperature, the presence of a
particular molecule, or ionic strength. Responsive hydrogels have been demonstrated in
various applications such as sensors, pulsatile drug release devices, and valves for active

flow control in microfluidic devices.[2, 3]

Hydrogel nanocomposites are synthesized by incorporating nanoparticles into a hydrogel
matrix. Nanoparticulates can impart unique properties to the matrix, such as enhanced
mechanical strength, drug release profile, remote actuation capabilities, and biological
interactions. Several researchers have developed hydrogel nanocomposites with different
particulates including clay, gold, silver, iron oxide, carbon nanotubes, hydroxyapetite,
and tricalcium phosphate.[4] Hydrogel nanocomposites have been demonstrated in
numerous biomedical applications such as tissue engineering scaffolds,[5] remote
controlled drug delivery systems,[6] sensors,[7] and actuators.[8, 9] In recent years,

interest in incorporating carbon nanotubes into hydrogel matrices has grown.

Carbon nanotubes (CNTs) are cylindrical graphite hollow tubes with one or more

concentric layers. They have high aspect ratios and unique mechanical, thermal, and
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electrical properties. Superior thermal and electrical properties of CNTs are useful for a
wide range of applications including electrochemical and electronic devices, sensors, and
probes.[10] The high mechanical strength makes them attractive materials for polymer
reinforcement.[11] CNTs have attracted a lot of interest in biological applications
including tissue engineering, biosensors, drug delivery, imaging, and cancer
treatment.[12] Their ease of surface functionalizations allows for the attachment of

desired molecules to enhance solubility, biocompatibility, and applications.[13]

The incorporation of small amounts of CNTs can significantly enhance the properties of
the hydrogel matrix. It was reported that the addition of CNTSs to collagen increased the
electrical conductivity, and the resultant nanocomposite promoted good cell viability.[14]
Bhattacharyya et al reported four-fold increase in the storage and loss moduli of
hyaluronic acid hydrogels by incorporating 0.06 wt% of single-walled carbon nanotubes
(SWCNT).[15] Similarly, a few studies have investigated the addition of CNTs into
chitosan hydrogels for the purpose of mechanical enhancement,[16] and pH and electrical

actuation.[17]

Hydrogel-CNT nanocomposites were also demonstrated for potential applications such as
sensors and actuators. Shi et al. demonstrated actuators based on multi-walled carbon
nanotubes (MWCNTS) and polyvinyl alcohol hydrogels with DC electric field as the
stimulus.[18] Due to the fast electron transfer kinetics of CNTs, hydrogel-CNT
nanocomposites are being pursued in sensor applications for the detection of a variety of
biomolecules including ethanol, glutamate, and glucose.[19, 20] In another study, the
composite films of poly-N-isopropylacrylamide (NIPAAm) and aligned MWCNT arrays

showed fast wetting and dewetting behaviors. The electrical conductance of these films
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was found to be dependent on temperature and water content and, hence, may have

applications as temperature and humidity sensors.[7]

In addition, CNTs can be heated by microwaves,[21] radiofrequency fields,[22] and near-
IR light (700-1100 nm).[23] This property can be used for a variety of applications such
as cancer treatment,[22, 24] antimicrobial agents,[25] and the heating of polymer
nanocomposites to drive the polymer transitions.[26-28] Near-IR light was used to
remotely trigger shape memory transitions of elastomer-CNT composites.[26, 27]
Fujigaya et al. embedded SWCNTSs into temperature responsive NIPAAm hydrogels and
showed that application of a near-IR laser could heat the nanocomposites leading to their
collapse.[28] In another study, Miyako et al. showed the near-IR driven thermal transition
of nanocomposites obtained by incorporating SWCNTs in NIPAAm and agarose
hydrogels.[29] However, to the best of our knowledge, very little work has been reported
so far on the RF heating of CNTs, with no reports on RF heating of CNT-

nanocomposites.

In this chapter, we report synthesis and characterization of the MWCNT nanocomposites
of NIPAAm-acrylamide (AAm). NIPAAmM is a negative temperature responsive
hydrogel, and the addition of AAm to NIPAAm can be used to increase the lower critical
solution temperature (LCST), placing it close to the human body temperature (37°C).[30]
MWCNT were chosen as the nanoparticulate material because of the potential of
enhancements in thermal, electrical, and mechanical properties of the resultant
nanocomposites, as well as the capability to remotely heat them with RF. If the heat
generated by the nanotubes is sufficient to cause a temperature increase above LCST, the

NIPAAmM hydrogel matrix will collapse. It is hence possible to remotely heat and actuate
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the hydrogel-MWCNT nanocomposite. Although there are studies showing toxicity of
MWCNTSs,[31] encapsulation of MWCNTSs in a non-degradable hydrogel matrix can

minimize direct exposure when implanted in vivo and reduce their potential toxicity.

The morphology, swelling behavior, and mechanical properties of the nanocomposites
were characterized to evaluate the effect of adding different amounts of MWCNTS on the
hydrogel properties. Finally, a RF field of 13.56 MHz was applied to the hydrogel
nanocomposite and the heating effect was characterized for different MWCNT loadings.
It is possible to drive the swelling transition of CNT nanocomposites with RF application.
To the best of our knowledge, this is the first report on RF heating of MWCNT hydrogel
nanocomposites. These nanocomposites can be useful for a range of applications
including remote controlled drug delivery, microfluidic valves/pumps, and thermal

therapy.
6.3 Experimental
6.3.1 Hydrogel synthesis

N-isopropylacrylamide (NIPAAm), acrylamide (AAm), and 2,2-Azobisisobutyronitrile
(AIBN) were purchased from Sigma-Aldrich. Tetra (ethylene glycol) dimethacrylate
(TEGDMA) was obtained from Polysciences, Inc. MWCNTSs were a generous donation
from the Center for Applied Energy Research, at the University of Kentucky. MWCNT
had a diameter of 20-30 nm and a length of over 80 um. TEGO Dispers 710 was obtained
from Degussa. All reagents were used as received. Fisher Scientific Sonic Dismembrator
Model 500 was used for the mixing of the prepared monomer solutions. Scanning
electron microscope Hitachi S4300 was used to investigate the morphology of the

nanocomposites.
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For the first set of hydrogels, AAm content was gradually increased to obtain gels with
molar ratios of NIPAAM:AAm as 100:0, 90:10, 80:20, and 70:30. TEGDMA was added
as a crosslinker to obtain 1 mol% (NIPAAmM and AAm combined). Ethanol was used as
the solvent for polymerization and was twice the weight of the combined monomers and
crosslinker. Thermal initiator AIBN was then added as 1 wt % of the combined weight of
monomers and crosslinker. The mixture was sonicated to ensure complete dissolution and
uniformity. The solution was then added to an assembly of clamped glass plates separated
by a 0.75 mm Teflon spacer. The assembly was then placed inside an oven at 60°C for 24

hours.

For the second set of hydrogels, NIPAAm:AAm in molar ratio of 80:20 were mixed and
increasing amounts of MWCNTSs were added to obtain gels with loadings of 0, 1, 2.5, and
5 wt% of the total of monomer and crosslinker. Ethanol and TEGDMA were added as
mentioned above. Surfactant TEGO Dispers 710 was added at 4 times the weight of
MWCNT to enhance their dispersion. Solutions were then sonicated for 5 minutes to
disperse nanotubes uniformly throughout the solution. The initiator was added, and the

solutions were polymerized as described above.

After polymerization, the films were removed and washed in deionized water for a week,

by changing the water every day to remove unreacted components.
6.3.2 Swelling study analysis

After washing, the gels were cut into 15 mm diameter discs and placed in a vacuum oven
until completely dry. The swelling studies were carried out for hydrogels with different

NIPAAM:AAmM ratios and with different MWCNT loadings by methods described in
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appendix D.1.[32] Swelling studies were done in the temperature range of 25-55°C, and

the volume swelling ratio (Q) was calculated.
6.3.3 Dynamic mechanical analysis (DMA)

All mechanical analyses were completed using dynamic mechanical analysis (DMA) (TA
Instruments Q800) in the DMA multi-frequency-Strain mode on a compression plate
setup. The compression plate setup was modified to ensure that gels stay in aqueous
environment throughout the analysis. DMA analysis of the nanocomposites with 0, 1, and
5 wt% MWCNTs was performed in the temperature range of 25-55°C. The
nanocomposites were equilibrated at the set temperature for at least 24 hours, cut in
circular discs of diameter 3 cm, and promptly placed on the compression plates. The
sample chamber of the DMA was heated to the target temperature and held isothermally
throughout the experiment. An amplitude of 25 um was applied to the specimen at a test
frequency of 1 Hz. Values of storage modulus, loss modulus, and tan delta were

collected and averaged over 15 minutes.
6.3.4 Heating in RF fields

After washing, hydrogel films were placed in a 70°C water bath for at least 24 hours to
allow them to equilibrate. Hydrogel films were then cut into 15 mm diameter discs and
dried in a vacuum oven. Dry hydrogel discs with 0-5 wt% of MWCNTSs were subjected to
RF field of 13.56 MHz and power output of 400 W for 4 minutes. RF 5S (RF Power
Products) power source, with a maximum power output of 550 W, connected to a
Variomatch (Dressler) matching network was used to generate the radiofrequency field.
The solenoid had a diameter of 11 cm, and a total of 8 turns. Infrared (IR) camera (SC

4000, FLIR Systems) was used to collect images and record temperatures.
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The surface temperatures of the disc were recorded with the IR camera, and results were
averaged over three samples. The temperature readings were not affected by the changes
in emissivity of samples, because the samples were black in colour (with approximate
emissivity ~1.0). To avoid electrical interference, the IR camera was separately mounted
far enough from the solenoid. The IR imaging technique has been used previously and

proven to be effective in material characterization.[33]
6.4 Results and discussion
6.4.1 Hydrogel characterization

The dispersion of nanocomposites appeared uniform to the naked eye. 0 and 5 wt%
MWCNT loaded hydrogel nanocomposites were freeze fractured and several cross-
sectional SEM pictures were collected. Figure 6.1 shows the representative images. The
5 wt% loaded nanocomposites show a homogeneous MWCNT dispersion. Uniform
dispersion of nanotubes can ensure enhanced mechanical, thermal, and electrical
properties. The optimal dispersion will also ensure homogeneous heating of these

nanocomposites when exposed to RF fields or near-IR light.
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(b)

Figure 6.1. Cross-sectional SEM pictures of NIPAAmM-AAmM hydrogel matrix with (a) 0

and (b) 5 wt% of MWCNTSs.
6.4.2 Swelling study analysis
6.4.2.1 Effect of increasing acrylamide

Swelling studies were performed at varying temperatures to look at the effect of
increasing amounts of AAm on swelling transition of the hydrogel system. The purpose
of varying the NIPAAmM:AAm ratios was to evaluate the effect of AAm on LCST and to

obtain a system with desirable actuation around human physiological conditions (37°C).
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As shown in figure 6.2, increasing the amount of AAm shifted the LCST transition to
higher temperatures. The hydrogel system without AAm collapsed completely at 32°C,
while the system with 30 mol% of AAm collapsed at 55°C. AAm is more hydrophilic
than NIPAAmM, and it is expected that the addition of AAm would increase the extent of
swelling. All systems follow this behavior except NIPAAM:AAm 70:30 system in
temperature range of 25-32°C. More analysis is needed to further understand the reasons
behind this phenomenon. For efficient actuation, it is desirable to have a system that
exhibits large volume changes with small changes in temperature. This is controlled to
some extent by the amount of crosslinker in the hydrogels. The NIPAAM:AAm 80:20
hydrogel with 1 mol% of TEGDMA crosslinker gave significant actuation (AQ) around
physiological temperature (37°C) and hence was chosen for the addition of varying

amounts of MWCNTSs.
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Figure 6.2. Effect of temperature on equilibrium swelling of hydrogels. The numbers
indicate molar ratios of NIPAAM:AAm in hydrogels cross-linked with 1 mol% of

TEGDMA. N=3+SD
6.4.2.2 Effect of MWCNT addition

Figure 6.3 shows the effect of MWCNT addition on the swelling properties of hydrogel
with NIPAAM:AAm in 80:20 molar ratio and 1 mol% of TEGDMA cross-linking. It is
evident that the addition of MWCNTS significantly decreased the swelling ratios, with
the highest effect on addition of 5 wt% of MWCNTSs. This could be attributed to the
hydrophobic nature of MWCNT and is consistent with other reports in the literature that
have looked at the changes in swelling properties due to the addition of MWCNTSs.[15]

On the other hand, the addition of MWCNTs did not affect the LCST transition
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temperature range. The hydrogels were collapsed above 45°C and, hence, there was

minimal effect of temperatures or MWCNT loadings above that point. In particular, the

hydrogels with 5 wt% of MWCNTSs gave a AQ of about 7 between 37 and 45°C, which is

significant from the application point of view.
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Figure 6.3. Effect of temperature on the equilibrium swelling of hydrogels with varying

amounts of MWCNTSs. All systems had NIPAAmM:AAm in the ratio of 80:20 with 1mol%

of TEGDMA as cross-linker. N=3+SD

6.4.3 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed on hydrated gel discs with 3

different amounts of MWCNT loadings to compare the effects of increased nanotubes on

mechanical properties. It is evident from figure 6.4 that for every system, storage
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modulus increased with increasing temperature up to 45°C. The hydrogels collapsed with
increasing temperature, reducing the amount of water inside them, and thus they
exhibited higher mechanical strength. The storage modulus of 0 and 1 wt% of MWCNT
loaded gels peaked at 45°C. This effect was not observed for the 5 wt% of MWCNTS,

and more studies are needed to understand this phenomenon.
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Figure 6.4. Storage modulus vs. temperature for hydrogels with varying MWCNT
loadings. All systems had NIPAAmM:AAmM in ratio of 80:20 with 1 mol% of TEGDMA as

crosslinker.

There was also an obvious enhancement in storage modulus with increasing amounts of
MWCNTSs. Due to addition of 20 mol% of AAm and low crosslinker content (1 mol%),
these hydrogels were highly hydrated at lower temperatures and had low mechanical
strength. The manipulation of mechanical properties is crucial for implant applications.
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MWCNTSs possess high mechanical strength and hence their addition leads to better
mechanical properties. We see about a 5-fold increase in storage moduli with an addition
of 5 wt% of MWCNTSs in temperature range of 25-45°C. In this work, non-functionalized
MWCNT were physically entrapped in the hydrogel matrix. However, it is expected that
the enhancements will be much more if MWCNTSs were functionalized to enhance the
MWCNT-polymer interactions. Favorable nanotube-polymer interfacial interactions can
lead to effective load transfer from polymer to nanotubes.[34] Future studies will be done

to further understand the effect of MWCNT reinforcement.
6.4.4 Heating in RF fields

There are some recent reports on the heating of MWCNT-hydrogel nanocomposites with
near-IR light.[28, 29] Radiofrequency at 13.56 MHz can be used as an alternative for
near-IR, and has been investigated for cancer therapy applications using CNTs.[22] The
main advantage of RF over near-IR light is it can penetrate deeper in microfluidic devices
or in case of in vivo applications. When the MWCNT nanocomposites were subjected to
a RF field of 13.56 MHz, there was a significant increase in temperatures. Metallic
thermocouples can heat in RF fields, hence infrared (IR) thermography was used to
monitor the nanocomposite temperatures. Figure 6.5 shows the IR images of RF heating
of the dry hydrogel nanocomposites containing 2.5 wt% of MWCNTSs. Starting at 25°C,
the surface temperature of the nanocomposite disc increased to about 46°C in 4-minute

RF exposure.
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Figure 6.5. IR images of heating of dry nanocomposites with 2.5 wt% of MWCNT on

RF application, at different time points.

Increase in temperatures (AT) was plotted for dry nanocomposites with 0-5 wt% of
MWCNT loadings and is shown in figure 6.6. The temperature of the hydrogel with 0
wt% of MWCNTSs increased by about 5°C, probably due to resistive heating of polymer.
The heating ability increased by increasing the amount of MWCNTS, with AT of about

35°C in 4 minutes for the samples with 5 wt% of MWCNTSs.

This study indicates a proof of concept that RF can be potentially used for remote heating
of the CNT-hydrogel nanocomposites. The remotely actuated nanocomposites can be

useful for a variety of biological and other applications. For example, previous studies
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have demonstrated that remotely actuated magnetic hydrogel nanocomposites are
attractive materials for drug delivery and for microfluidic flow control.[6, 8] The study of
hydrogel nanocomposite heating in swollen state and the effect of dispersion on heating

performance is underway and will be reported in future publications.
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Figure 6.6. Increase in surface temperatures (AT) of dry hydrogel nanocomposites with

different loadings of MWCNTSs during a 4-minute RF exposure. N=3+SD
6.5 Conclusions

NIPAAM-MWCNT nanocomposites were successfully synthesized. The effect of varying
the amount of AAm and MWCNTSs on temperature responsive swelling properties of
NIPAAmM hydrogels was characterized. The addition of AAm to the hydrogels shifted the
swelling transition (LCST) to higher temperatures, which is critical for physiological
applications. The incorporation of MWCNTSs to the hydrogels decreased the extent of
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swelling due to hydrophobic effects. MWCNTs enhanced mechanical properties of
hydrogels and the enhancement can be tailored by the concentration of MWCNTSs.
Applying a RF field of 13.56 MHz significantly heated the nanocomposites, and the
intensity of resultant heating was dependent on MWCNT loadings. The nanocomposites
showed unique properties and, therefore, they demonstrate great promise for use in
different biomedical applications including tissue engineering, remote controlled drug

delivery devices, and cancer treatment.
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CHAPTER 7

REMOTE ACTUATION OF HYDROGEL NANOCOMPOSITES: HEATING

ANALYSIS, MODELING, AND SIMULATIONS

This chapter is based on work published as:

N.S. Satarkar, S.A. Meenach, K. Anderson, J.Z. Hilt, Remote actuation of hydrogel

nanocomposites: Heating analysis, modeling, and simulations, AIChE J, Accepted.

7.1 Summary

Recently, there has been increasing interest in remote heating of polymer nanocomposites
for applications as actuators, microfluidic valves, drug delivery devices, and in
hyperthermia treatment of cancer. In this study, magnetic hydrogel nanocomposites of
poly (ethylene glycol) (PEG) with varying amounts of iron oxide nanoparticle loadings
were synthesized. The nanocomposites were remotely heated using an alternating
magnetic field (AMF) at three different AMF amplitudes, and the resultant temperatures
were recorded. The rate of the temperature rise and the steady state temperatures were
analyzed with a heat transfer model, and a correlation of heat generation per unit mass
with the nanoparticle loadings was established for different AMF amplitudes. The
temperature rise data of a PEG system with different swelling properties was found to be
accurately predicted by the model. Furthermore, the correlations were used to simulate
the temperatures of the nanocomposite and the surrounding tissue for potential

hyperthermia cancer treatment applications.
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7.2 Introduction

Nanoparticulates such as iron oxide nanoparticles, gold nanorods and nanoshells, and
carbon nanotubes can be remotely heated with the application of specific external stimuli
such as radiofrequency fields or near-infrared light.[1] The incorporation of these
nanoparticulates into a polymer matrix can result in several interesting properties
including improved mechanical, thermal, or electrical behavior,[2] as well as the
capability of remote actuation.[3, 4] In the last few years, there have been several studies
on the remote heating of polymer nanocomposites for a variety of applications such as
actuators,[5-8] microfluidic valves,[9, 10] drug delivery devices,[11-15] and for

hyperthermia cancer treatment.[16-19]

For example, an alternating magnetic field (AMF) has been shown to selectively induce
heating and shape transition in magnetic shape memory polymer nanocomposites.[5, 8]
In another study, Hawkins et al. demonstrated that addition of iron oxide nanoparticles to
a degradable hydrogel matrix can allow heating upon AMF exposure, which was in turn
used to manipulate the rates of degradation and drug release.[14] AMF heating has also
been explored to trigger the collapse of magnetic nanocomposites of N-
isopropylacrylamide (NIPAAm), a temperature responsive hydrogel. Previous chapters
demonstrate the application of this phenomenon in controlled drug release and
microfluidic valve applications.[10, 11, 15] In a recent study, Meenach et al. observed
favorable cell viability of magnetic NIPAAmM nanocomposites with NIH 3T3 murine
fibroblasts and also showed heating on the application of AMF.[18] In all these studies,
heating of the nanocomposites was a key factor, and precise control of the heating would

further enhance the system design.
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Remote heating of nanoparticles and nanocomposites can also potentially be used for
hyperthermia treatment.[16, 17] For example, Wang and co-workers developed a
Bioglass based degradable magnetic composite and demonstrated selective treatment of
lung carcinoma cells by use of an AMF.[19] In another study, Meenach et al. synthesized
magnetic PEG nanocomposites and showed ability to kill glioblastoma cells in vitro with
magnetic nanocomposites exposed to AMF.[20] Hyperthermia is the treatment of cancer
through the application of heat (41 to 44°C) and has been under investigation for several
decades.[21] Recently, technical advancements in selective heating of superficial and
deep-seated tumors has demonstrated significant improvements in the applicability of
hyperthermia.[22] A few researchers have looked at modeling magnetic fluid
hyperthermia to predict most effective treatment options.[23, 24] Additionally,
combination of hyperthermia with other treatments like radiation therapy and/or
chemotherapy can further enhance the treatment success.[25] In addition to those based
on magnetic nanoparticles, there has been significant work with polymer nanocomposites

containing gold nanoparticles,[6, 9, 12] and carbon nanotubes (CNT).[4, 7, 13]

Although there have been several interesting demonstrations of remote heating of
polymer nanocomposites, modeling of the remote heating still remains unexplored to the
best of the author’s knowledge. In this chapter, the analysis of AMF-triggered remote
heating of magnetic hydrogel nanocomposites, development of a predictive heat transfer
model, and in vivo temperature simulations are reported. Poly(ethylene glycol) (PEG)
hydrogels were selected due to their biocompatibility and their applications as
biomaterials, such as in cell encapsulation and controlled therapeutic delivery.[26, 27]

The analysis of PEG nanocomposite heating at different iron oxide particle loadings and
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AMF amplitudes was conducted, and a heat transfer model was developed to predict the
nanocomposite temperatures. Furthermore, this hydrogel system was aimed at
hyperthermia cancer treatment and, hence, COMSOL was used to simulate heating of a

nanocomposite disc implanted in tissue.

7.3 Development of heat transfer problem
7.3.1 A model for AMF induced heating of hydrogel disc

Figure 7.1 shows a small circular disc of a magnetic hydrogel nanocomposite subjected
to AMF and exposed to air. The hydrogel disc in this study was covered in Saran wrap
and suspended on top of the solenoid. At any time, the temperature of the nanocomposite
disc depends on the rate of heat generation due to magnetic particles and the rate of heat
loss to surroundings by convection. The small dimensions of the hydrogel disc coupled
with low temperature differentials result in negligible temperature gradients in the disc.

Hence, the temperature of the entire disc can be assumed equal to that of the surface.

T. q Application h T.
air of AMF ] air ]
(o —
T:Tair \ T>Tair \
AMF OFF AMF ON
Magnetic hydrogel nanocomposite Free convection to air

Figure 7.1. Schematic of a magnetic hydrogel nanocomposite disc subjected to AMF.

Heat generation is by magnetic particles and loss is by convection to surrounding air.

The energy balance on the hydrogel disc is:
d
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where q is the rate of heat generation per unit mass of hydrogel and the surface area of

the disc is defined by:

A = 2IIr? + 200rty, (7.2)
The experimental setup can be designed to minimize the change in the mass of hydrogels
during heating. The heat capacity values for the hydrogel systems under consideration do
not change significantly with temperature (see appendix table B.1). Hence, the analytical

solution to equation (7.1) using separation of variables and subsequent integration is:

T=T +qm 1 hA t 7.3

The value of § depends on the nanoparticle characteristics and loadings, as well as the
AMF properties such as frequency and amplitude. At steady state (t — o), equation (7.3)
reduces to

qm I hA(Tss - Tair)

Tss = Tair + H q m

(7.4)
7.3.2 Formulation of the in vivo heat transfer problem

The q values derived from the analysis of the heat transfer to air can be used for
nanocomposite heating in a different environment, if identical AMF amplitudes are
achieved. The temperatures of the nanocomposite and its surroundings depend on the
heat transfer process and dictate hydrogel performance as an actuator in a microfluidic
device, an implant for drug delivery, or hyperthermia cancer treatment. As an example,
analysis of the nanocomposite disc placed in vivo is discussed here with specific focus on

hyperthermia applications.
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In order to simulate heat transfer between the nanocomposite and surrounding tissue,
finite element modeling software COMSOL3.4 was used with the bioheat equation
application mode. Here, a hydrogel disc implanted at the center of a cylindrical tissue was
considered as the model system (figure 7.2). Application of an AMF will result in

selective heating of the nanocomposite disc, causing the surrounding tissue to heat.

Tissue
e — ——:/
K/
Ol |
Hydrogel
Nanocomposite
—_ I —

Figure 7.2. Schematic of hydrogel nanocomposite disc placed at the center of tissue.

Heat transport in the tissue is primarily by conduction with blood perfusion as the other
contributing mechanism. Researchers have proposed several models for heat transfer in
tissue, and Pennes bioheat equation is the most widely applied and is given below.[28,

29]

oT
pth,t E = V(ktVT) + prp,bWb(Tb -T)+ Qmet T Qext (7.5)

Heat generation from an external source (Qex:) IS absent in the tissue region of the model

system. Temperature (T) was considered as a continuous variable in the nanocomposite
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and the tissue regions of the model. The energy balance for the hydrogel nanocomposite

region is:

oT
pth,hE = V(thT) + Qext (76)

The heat generation term (Qex:) is determined by particle loadings and AMF amplitude.

7.4 Experimental analysis
7.4.1 Synthesis of nanocomposites

Poly(ethylene glycol) (N=200) monomethyl ether monomethacrylate (PEG200MMA),
tetra(ethylene glycol) dimethacrylate (TEGDMA) and poly(ethylene glycol) (N=400)
dimethacrylate (PEG400DMA) were obtained from Polysciences, Inc. (Warrington, PA).
FesO, magnetic nanoparticles (20-30 nm diameter, 0.2% PVP-coated) were obtained
from Nanostructured and Amorphous Materials, Inc. (Los Alamos, NM). Initiator
ammonium persulfate (APS), accelerator N,N,N’ N’-tetramethylethane-1,2-diamine
(TEMED), and phosphate buffered saline (PBS) were obtained from Sigma Aldrich (St.

Louis, MO). All materials were used as received.

Hydrogels were fabricated via redox polymerization using monomer, crosslinkers, and
magnetic particles in varying amounts as indicated in table 7.1. PEG200MMA and
TEGDMA were used in equimolar ratios for the hydrogel D system. Four different
magnetic nanoparticle loadings were added to the hydrogel D system, to look at the effect
of particle loadings on the heating in AMF. Hydrogel C2.5, on the other hand, had lower
amounts of crosslinker, to test the predictive ability of the model. Ethanol was added as

the solvent in 1:1 ratio in terms of total weight of the monomer and crosslinker. Various
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loadings of iron oxide nanoparticles were added in case of hydrogel nanocomposites, and
the prepolymer solution was bath sonicated for 20 minutes to obtain even dispersion.
APS was added at 2% weight ratio and TEMED was added at 4% weight ratio of total
monomer and crosslinker. After combining these materials, the solution was bath
sonicated for an additional 2 minutes, and added to a glass template consisting of 2 glass
plates of size 15x15 cm separated with a 0.5 mm Teflon spacer. The gels were kept in
the template overnight to ensure complete polymerization and then transferred into
deionized water. The water was changed every day for at least one week in order to wash

out any unreacted chemicals.

Table 7.1. The compositions of 5 different types of hydrogels systems.

Abbrev. Monomer Mol% Crosslinker Mol% Fe;0, (Wt%o)
Do PEG200MMA |50 TEGDMA 50 0

D1 PEG200MMA |50 TEGDMA 50 1

D25 PEG200MMA |50 TEGDMA 50 2.5

D5 PEG200MMA |50 TEGDMA 50 5

C25 PEG200MMA |95 PEG400DMA 5 2.5

7.4.2 Estimation of nanocomposite properties

After fabrication, the gels were removed from water, cut into circular discs of about 1.4
cm in diameter, and placed in phosphate buffered saline (PBS) solution. Swelling studies
were conducted at 22 and 37°C to obtain the volume swelling ratio (Q) by previously
described methods (appendix D.1).[18] The volume swelling ratios were also used to
estimate hydrogel density.
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Heat capacity measurements were performed using differential scanning calorimeter
(DSC) (TA Instruments Q200) in the quasi-isothermal modulated DSC mode with data
collection for 45 minutes. Heat capacity values were measured for DO, D5, and C2.5
systems at 22 and 37°C. The hydrogels were equilibrated in PBS at the set temperature

for at least 24 hours and analyzed at respective temperatures.

Thermal diffusivity values were estimated using flash method with a flash light and
controller system (FX 60, Balcar).[30] An infrared camera (SC4000, FLIR Systems) was
used to record the surface temperatures (1500 frames per second). The nanocomposite
discs were imbibed in dark brown ink to make them opaque and ensure efficient light

absorption.

7.4.3 Heating in an alternating magnetic field (AMF)

Hydrogel films were cut into circular discs 8.2 mm in diameter and allowed to equilibrate
in PBS overnight at 22°C. Heating was then administered remotely via AMF generated
by induction power supply (Taylor Winfield, MMF-3-135/400-2) equipped with a
solenoid (1.5 cm diameter, 5 turns). The hydrogel disc was covered in Saran wrap in
order to limit water evaporation and then placed on top of the solenoid for exposure to the
AMF. The hydrogels were exposed to the AMF at about 293 kHz and different AMF
amplitudes calculated as 14.8, 19.5, and 25 kA/m. The surface temperature was recorded
for first three minutes using infrared camera (AGEMA Thermovision 470). The weight
and dimensions of the hydrogel discs were noted before and after heating, and the

average of these values were used for calculations.
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7.4.4 Statistical analysis

All experiments were performed in triplicates. MYSTAT 12 for Windows (12.02.00)
was used for t-tests (paired t-test with unequal variances) to determine any significance in

observed data. A p-value of <0.05 was considered statistically significant.

7.5 Results and discussion
7.5.1 Estimation of nanocomposite properties

Figure 7.3 shows the equilibrium volume swelling ratios (Q) of the hydrogels at 22 and
37°C. Q values decreased slightly at 37°C as compared to 22°C (p<0.05) suggesting a
slight temperature responsive nature of PEG hydrogels. This effect implies that the water
content of the hydrogel systems will change slightly when exposed to 37°C during in vivo
applications. The D systems exhibited less water content than that of the C system,
because of a tighter crosslinked network. Thus, the swelling properties of PEG hydrogels
can be tailored by changing their composition. For the particle loadings under
consideration, the addition of magnetic nanoparticles did not have significant effect

(p>0.05) on swelling properties for the D systems.
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Figure 7.3. Swelling analysis of the PEG hydrogels at 22 and 37°C. N=3+SD

The DSC measurements showed only a slight effect of temperature on the heat capacity
(appendix table B.1). Additionally, there was negligible effect of particle loadings on Cy
values of PEG D hydrogels. The average of DO and D5 was used as C,, for calculations
of all the D systems. The thermal diffusivity values were determined by flash analysis
method (appendix equation B.2). Thermal conductivity values of the hydrogel
nanocomposites were estimated using measured values of density, heat capacity, and
thermal diffusivity (appendix equation B.3). Appendix table B.1 summarizes the thermal

conductivity values of some of the hydrogel systems.

In the calculation of heat transfer coefficients from the hydrogel surface to surrounding
air, the small geometry of the hydrogel disc and low temperature differentials resulted in

low values of Rayleigh numbers (Ra<100). Hence, the correlations derived by Chambers
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et al. for simultaneous convection from top and bottom surfaces of a heated plate were

used (appendix equations B.4, B.5).[31]

The IR camera recorded only the surface temperatures, while the temperature at the
center of the disc could be significantly different. Hence, one of the key steps in the heat
transfer analysis was to determine if temperature gradients exist in the disc. Since ty << d,
the radial temperature gradients were neglected, and the half thickness of the disc was
used as the characteristic length. Using the values of convective heat transfer coefficient,
thermal conductivity of hydrogel, and characteristic length, the Biot number (Bi) was
calculated to be 4.1x10(appendix equation B.6). Thus, lumped parameter analysis (when

Bi <0.1) was applied in this case and temperature gradients in the disc were neglected.

7.5.2 Heating in an alternating magnetic field (AMF)

The recorded rise in temperatures starting around 25°C is plotted in figure 7.4(a-c).
Heating of magnetic particles when exposed to AMF is attributed to Neel and Brownian
relaxations.[32] As expected, increasing the amount of magnetic particles resulted in
higher equilibrium temperatures at the same AMF amplitude. Similarly, increasing AMF
amplitude led to more heating and higher equilibrium temperatures. There was some

resistive heating in the case of gels with no magnetic particles.
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Figure 7.4(a-c). Rise in temperature of D nanocomposites for different particle loadings

and AMF amplitudes, N=3+SD.

7.5.3 Comparison of experimental and predicted temperatures

Using equation (7.4) and the steady state temperature values of the D hydrogel
nanocomposites (figure 7.4), q values at different particle loadings and AMF amplitudes
were obtained. The ¢ values were normalized against volume swelling ratio (Q) of the D
systems at 25°C, in order to allow extension to another temperature or a different
hydrogel system. A linear correlation of q was obtained with the particle loadings at

different AMF amplitudes.

g=aP+ b (7.7)
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The coefficients a and b at different AMF amplitudes are summarized in table 7.2. It is
expected that these correlations will be useful in predicting g and, in turn, predicting

temperatures of the different hydrogel systems.

Table 7.2. Coefficients for g correlations at different AMF amplitudes.

AMF amplitude (KA/m) a b Regression (R?) values
14.8 0.2914 0.0473 0.987
195 0.5144 0.1684 0.991
25 0.6974 0.3474 0.993

A MATLAB program was developed (details presented in appendix B.4) to predict the
hydrogel temperatures at different time points using equation (7.3). g correlations from
equation (7.7) and coefficients in table 7.2 were used along with the measured values of
heat capacities and swelling ratios. Heat transfer coefficients were estimated at every
time point as the disc temperatures changed. Figure 7.5(a-c) shows the comparison of
experimental and predicted temperature rise of D hydrogel systems. The plots at different
AMF amplitudes demonstrate good fits for the temperature rise. The deviations between
the experimental and predicted differentials could be attributed to the loss of water as
hydrogel temperatures increased. In order to simplify the model derivation, hydrogel
mass was assumed constant with time. In spite of short heating times and use of Saran
wrap, weight measurements indicated up to 25% mass loss for the system that was heated
the most. Overall, the heat transfer model demonstrated the capability to predict resultant
temperatures if the hydrogel properties, AMF amplitude, and heat transfer coefficients

are known.
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Figure 7.5(a-c). Comparison of experimental and predicted rise in temperature of D
nanocomposites for different particle loadings and AMF amplitudes, Expt=Experimental

values, Pred= Predicted values.

In order to test the capability of extending the heat transfer model to a different hydrogel
system, temperatures of the C2.5 system at different AMF amplitudes were predicted
using the model. The C hydrogel system was selected because of significant differences
in swelling properties as opposed to the D systems. Higher swelling resulted into lower
temperatures due to higher amount of water content. It should be noted that the g
correlations derived from D hydrogel nanocomposites were used along with the swelling
ratios and heat capacity values of C2.5. The predicted temperature differentials are
plotted along with observed experimental values in figure 7.6. The good agreement

between predicted and observed temperature differentials demonstrate that the heat
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transfer model can be successfully applied to different hydrogel systems. Furthermore,
this model can be applied to different mechanisms of remote heating (near-IR,
radiofrequency) provided that the ¢ values can be predicted or determined

experimentally.
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Figure 7.6. Comparison of experimental and predicted rise in temperature of C2.5
nanocomposites for different AMF amplitudes, Expt=Experimental values, Pred=

Predicted values

7.5.4 Prediction of in vivo temperature profiles

To predict the in vivo temperature profiles using COMSOL (details presented in
appendix B.5), initial temperature was set to be 37°C in all domains. Initially, the
boundaries were set to insulated, and tissue dimensions were chosen large enough to

obtain minimum temperature increase at the boundaries (< 2°C). Tissue boundaries were
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then set to constant temperature of 37°C, and temperatures of the hydrogel
nanocomposites as well as surrounding tissue were predicted. After referring to a number
of articles,[23, 33-35] the following values for constants were chosen for COMSOL
simulations: k; = 0.55 W/m/K, p; = 1000 kg/m®, C, = 4186 J/kg/K, pp = 1000 kg/m?, C;, =
4186 J/kg/K, wp, = 0.0005 s, Ty = 310.15 K, Qme: = 350 W/m?®. The following properties
were estimated experimentally for hydrogel D at 37°C: k, = 0.464 W/m/K, pn = 1112
kg/m®, Cp= 2.375 J/kg/K. Heat generation values (Qey) Were determined for a particular

particle loading and AMF amplitude based on the g correlations.

Figure 7.7(a) shows the simulated steady state temperature at the center of hydrogel
disc(x=0,y=0,z=0) with radius 4 mm and thickness 0.5 mm placed at the center of tissue
with radius 2.5 cm and thickness 4.0 cm. The mesh consisted of 164764 elements. These
hydrogel dimensions were identical to the ones used for in vitro experiments. The
transient analysis showed that the steady state temperatures are reached within the first 5
minutes of AMF exposure. As expected, increasing particle loadings and AMF power
increased the ability to heat the nanocomposites. The predicted temperature increased to
40°C for the highest particle loadings at the highest AMF amplitude. This implies that the
temperatures at the hydrogel edges could be even lower, causing insufficient tissue

heating for hyperthermia.

Nanocomposite temperatures in the tissue environment are lower as compared to
temperatures in air due to greater conduction rate in tissue than in air. Flowrate of blood
in tissue(w,) also plays an important role in the heat transfer process. Simulations in this
study were carried out with blood flowrate value of 0.0005 s™. The factors that can

influence blood flow include tumor type, size, stage, and site of growth.[21, 35]
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Additionally, perfusion in tumors is quite heterogeneous. Researchers have reported that
blood perfusion rates in tumor can vary in the range of 0.0001- 0.01 s™.[36, 37] Hence,
more information about the site of implant is necessary for accurate prediction of

temperatures in specific applications.

Heating can be enhanced by increasing particle loadings, AMF amplitude, or hydrogel
dimensions. The derived q correlations are for a fixed AMF amplitude and different
particle loadings and, hence, they can be extrapolated for higher particle loadings.
Furthermore, we have looked at the effect of hydrogel dimensions on resultant
temperatures. Temperatures were predicted for a disc of radius 5 mm and thickness 2 mm
placed at the center of tissue of radius 2.5 cm and thickness 4 cm. The mesh consisted of
129000 elements. Figure 7.7(b) shows that the steady-state temperature at the center of
hydrogel reached approximately 50°C, for 5 weight% particle loadings and 25 kA/m
AMEF. When hydrogel thickness is increased, the surface area per unit volume decreases,
resuting in higher temperatures at the center. The simulations can be extended to different
types of polymeric systems as potential implants. For example, this temperature rise can
be sufficient to cause volume transition in the case of temperature-responsive

hydrogels,[11] or affect the rate of degradation in the case of degradable polymers.[14]
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Simulated steady state temperatures at the center

of hydrogel

disc(x=0,y=0,z=0) placed at the center of tissue with radius 2.5 cm and thickness 4.0 cm.
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2 mm.
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Figures 7.8, 7.9(a), and 7.9(b) show simulated steady state temperature profiles of a
hydrogel disc (radius 5 mm, thickness 2 mm) with 5 weight% particles and surrounding
tissue (radius 2.5 cm and thickness 4 cm) exposed to AMF at a amplitude of 25 kA/m.
The temperature profile in an x-z plane along y=0 is plotted in figure 7.8. Nanocomposite
heating leads to a symmetrical temperature profile in the surrounding tissue. Tissue
temperatures are highest at the hydrogel interface and then gradually reduce to that of the
body temperature (37°C). Hyperthermia cancer treatment would require heating the tissue
in the range of 41-44°C.[25] Figures 7.9(a) and 7.9(b) are the temperature profiles in x-y
plane (2cm x 2cm) at z=1 and z=6 mm respectively. The model insets highlight z position
of the x-y plane. The tissue temperature profile at the hydrogel surface shows that tissue
temperatures can reach up to 49°C for these specific conditions (7.9(a)). On the other
hand, the temperature profile at 5 mm from the hydrogel surface shows that the tissue can
heat up to 41°C (7.9(b)). The tissue temperatures in x-y plane are higher in the region
closer to the center of the disc. This implies that the hydrogel can effectively heat a
significant amount of tissue to hyperthermia temperatures. The temperature profiles can
be effectively modulated by changing hydrogel geometry or use of multiple hydrogel
discs. AMF amplitude and particle loadings can also be changed to achieve desired

temperatures.
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7.6 Conclusions

Magnetic nanocomposites of PEG hydrogels were synthesized with iron oxide particle
loadings (between 0-5 weight %) and remotely heated in an AMF at approximately 293
kHz. A heat transfer model was proposed for predicting temperature profiles of the
hydrogel disc heated with AMF in air environment. Nanocomposite temperatures were
collected for AMF amplitudes of 14.8, 19.5, and 25 kA/m, and correlations were
established for heat generation (q) dependence on particle loadings. The temperatures
predicted using the model and the q correlations were found to be in good agreement
with experimentally observed values. The model successfully predicted temperatures of a
PEG hydrogel system with different swelling characteristics. For in vivo predictions,
temperature profiles of a hydrogel disc and surrounding tissue were simulated using
COMSOL, for evaluation as an implant. Although in vivo conditions result in lower
hydrogel temperatures, heating profiles can be influenced by hydrogel geometry, particle
loadings, and AMF amplitude. Simulations indicated that the nanocomposite heating can
raise the surrounding tissue to and above hyperthermia temperatures. It is expected that
this study would be helpful for the design of polymer systems heated by various
mechanisms (e.g., AMF, near-IR, radiofrequency) and placed in a variety of heat transfer

environments.

7.7 Notation
A = heat transfer area of the hydrogel disc, m?
Bi = Biot number

C,» = heat capacity of blood, J kg™ K™

Con = heat capacity of hydrogel, J kg" K™
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C,: = heat capacity of tissue, J kg™ K™

h = heat transfer coefficient for convection from hydrogel to air, W m? K™
k, = thermal conductivity of hydrogel, W m™* K*

k. = thermal conductivity of tissue, W m™ K*

I = characteristic length

M = mass of the hydrogel disc, kg

Nu = Nusselt number

P = magnetic particle loadings in hydrogel, wt%

Q.« = heat generation from external sources, W m*

Qmet = metabolic heat generation term, W m™

q = rate of heat generation per unit mass of hydrogel, W kg™
R = radius of the hydrogel disc, m

Ra = Rayleigh number

T = temperature, K

T. = temperature of surrounding air (22°C)

T = temperature of the hydrogel disc at steady state, K

ty, = time required for back surface to reach half of maximum temperature rise, s
t, = thickness of the hydrogel disc, m

Vg = volume of hydrogel in dry state, m®

V, = volume of hydrogel in swollen state, m®

w, = blood perfusion rate in tissue, s™

o =thermal diffusivity of hydrogel, m*s™

pp = density of blood, kg m?
pn = density of hydrogel, kg m™

p. = density of tissue, kg m™
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CHAPTER 8

CONCLUSIONS

This dissertation was focused on development of hydrogel nanocomposites, with the
primary objective of achieving remote actuation. The primary nanocomposite systems
studied were based on superparamagnetic iron oxide (Fe3O,) nanoparticles added to N-
isopropylacrylamide (NIPAAmM), a negative temperature responsive hydrogel. Poly
(ethylene glycol) dimethacrylate crosslinkers with different molecular weights and ratios
were used to tailor the temperature responsive swelling response. An alternating magnetic
field (AMF) around 300 kHz was applied to heat the nanocomposites, and the control on
the heating abilities was achieved by variation of nanoparticle loadings. This method of
heating the nanocomposites is unique because the RF stimulus can be applied from a

distance, resulting into remote actuation.

The AMF caused fast and uniform heating throughout the nanocomposite, resulting into
accelerated collapse as the temperatures increased above lower critical solution
temperature (LCST). The nanoparticle loadings and hydrogel composition were tailored
to obtain a nanocomposite system that exhibited significant change in volume when
exposed to AMF. The mechanism behind this phenomenon and effect of various
parameters on the rate of heating, collapse, and recovery was also studied. The
nanocomposites were subjected to AMF for several cycles, and the reversibility of the
swelling response was observed. A platform for remotely triggering nanocomposite

volume change was successfully established for a variety of applications. The key
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applications targeted with remote actuation capabilities include matrix drug delivery

systems, microfluidic valves, and hyperthermia cancer treatment.

The nanocomposites were loaded with model drugs, and AMF controlled pulsatile drug
release was demonstrated. The collapse of the hydrogel discs expelled large amounts of
imbibed water, resulting in drug release at an increased rate. Drug release was
characterized to understand the effect of different AMF ON-OFF durations as well as
drug molecular weights. The release profiles showed that magnetic nanocomposites can
give pulsed release when needed in addition to continuous Fickian release profile. RC
drug release has promise as a matrix drug delivery system because it can give a unique
benefit of controlling drug release rate after the polymer is implanted in vivo.
Furthermore, this approach can be applied to deep tissue implants and, hence, is

advantageous over light actuated gold-NIPAAmM nanocomposites.

In another application, the ability to remotely collapse nanocomposites was utilized for
microfluidic flow control. A microfluidic device was fabricated using low temperature
co-fired ceramic (LTCC) processing technique. A Y-shaped microfluidic channel was
obtained, and the hydrogel nanocomposite was placed as a valve in one of the channels.
The application of an AMF resulted in the selective heating of the nanocomposite
followed by collapse and hence opening of the hydrogel valve, leading to flow of liquid.
When AMF was turned off, swelling of hydrogel valve stopped the flow through the
channel. The application of multiple ON-OFF AMF cycles to the valve along with
analysis of pressure at the inlet demonstrated that the valve can work for multiple cycles
with good reproducibility. The collapse and recovery analysis of nanocomposites with

different thicknesses showed that response of the hydrogel system can be made faster by
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using a smaller geometry. The ON-OFF response of the valve can thus be precisely
controlled by nanocomposite composition and geometry. Hydrogel valves are an
attractive alternative to pneumatic valves because they can eliminate the need for
complex off-chip controls. Furthermore, the mechanism of AMF control utilizes selective
remote heating and, hence, eliminates the need to heat the solution around the valve. In
addition to lab on chip applications, the valve can also be potentially useful in an

implantable reservoir device.

Apart from magnetic nanoparticles, the addition of multi-walled carbon nanotubes
(MWCNTSs) was also explored. NIPAAM-MWCNT nanocomposites were synthesized
with varying amounts of MWCNTSs. The effect of varying the amount of acrylamide
(AAmM) and MWCNTs on temperature responsive swelling properties of NIPAAmM
hydrogels was characterized. The addition of AAm to the hydrogels shifted the LCST to
higher temperatures, which is critical for physiological applications. The incorporation of
MWCNTSs in the hydrogels decreased the extent of swelling due to hydrophobic nature of
MWCNTs. MWCNTs enhanced the mechanical properties of hydrogels and the
enhancement can be tailored by the concentration of MWCNTSs. The application of a RF
field of 13.56 MHz significantly heated the nanocomposites, and the resultant heating
was dependent on MWCNT loadings. This is the first report on the use of radiofrequency

to remotely heat MWCNT-hydrogel nanocomposites.

In order to design the nanocomposite system for a specific application, it is very
important to understand the RC heating and the resultant changes in the nanocomposite
properties. Magnetic nanocomposites of poly (ethylene glycol) hydrogels were

synthesized with iron oxide nanoparticle loadings (between 0-5 weight%) and remotely
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heated in an AMF. A semi-empirical heat transfer model was proposed for predicting
temperature profiles of the hydrogel disc heated with an AMF in air environment. A
MATLAB program was developed to predict the nanocomposite temperatures. The
temperature rise as well as equilibrium temperatures predicted by the model were found
to be in good agreement with experimentally observed values for different hydrogel
dimensions, swelling properties, nanoparticles loadings, and AMF amplitudes. COMSOL
was used to simulate temperature rise of hydrogel nanocomposite and the surrounding
tissue for hyperthermia cancer treatment application. Although in vivo conditions result in
lower hydrogel temperatures, heating profile can be influenced by hydrogel geometry,
particle loadings, and AMF amplitude. Simulations indicated that the nanocomposite
heating can raise the surrounding tissue to and above hyperthermia temperatures. It is
expected that the modeling approach can be applied to RC hydrogel heating with other

mechanisms (e.g., light), as well as when placed in different environments.

This dissertation discussed hydrogel nanocomposite systems containing magnetic
nanoparticles and carbon nanotubes. The nanocomposites present a unique platform with
the ability to tune their temperature responsive swelling, mechanical properties, and RC
heating. The phenomenon of RC actuation was used to obtain RC pulsatile drug release
and RC microvalves for microfluidics. Furthermore, modeling and simulations indicated
that the RC nanocomposites can be an effective tool for hyperthermia cancer treatment.

Thus, the nanocomposites promise a variety of high interest biomedical applications.
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APPENDIX A

FABRICATION AND ASSEMBLY OF THE MICROFLUIDIC DEVICE FOR RC

VALVE APPLICATIONS

This section is based on work published as:

N.S. Satarkar, W. Zhang, R. Eitel, J.Z. Hilt, Magnetic hydrogel nanocomposites as

remote controlled microfluidic valves, Lab Chip 9 (2009) 1773-1779.

A.1l Introduction

The LTCC manufacturing process which was used to fabricate the fluidic chips in this
study, is a multilayer electronic packaging technology commercially used for
applications requiring high packaging density and high reliability interconnects, including
personal electronics and wireless communication devices.[1] LTCC is currently being
developed for highly integrated microsystems and microfluidic devices for chemical
analysis, materials synthesis, and polymerase chain reaction (PCR).[2-5] LTCC utilizes
a layered assembly process and is compatible with a wide range of metallic and ceramic
materials, making a logical choice for the integration of complex truly three dimensional
structures and multifunctional materials. Since LTCC is a true packaging technology,
LTCC modules are more durable than polymeric substrates and there is no need for
additional protective envelope as when utilizing Si-based MEMS devices. Finally the

layer manufacturing process utilized for LTCC means that design changes can be
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performed on a single layer and rapidly incorporated into the final device leading to short

development time and lower cost production.[6, 7]

The commercial LTCC process begins w/ flexible “green tapes” composed of ceramic
particles, glass frit, and organic binders as shown in figure A.1. LTCC tapes can be
easily patterned in “green” state (before firing) and become rigid once fired. Electronic
components and circuitry are patterned on each layer of the “green” tape either by screen
printing or photolithography. Electrical interconnects between tape layers are made by
punching through holes (vias) and backfilling with a conductive ink. The individual
layers are then aligned, stacked, and laminated at moderate pressure and temperature. A
final high temperature sintering (co-firing) treatment yields a robust monolithic ceramic
package. Additional components can be printed, glued, or soldered to the surface based
on the desired application. Minor modifications to the above LTCC process provide the

possibility to integrate complex 3D structures and microchannels in the final device.
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Figure A.1. Three dimensional microfluidic structures were fabricated by incorporating

an additional physical patterning step (b) into the traditional LTCC process
A.2 Fabrication of the LTCC microfluidic device

The LTCC microfluidic chips were fabricated using a modified LTCC process, as shown
in figure A.1. Starting from the initial CAD design, physical features such as channels
and cavities are patterned on each layer by CNC micromachining or laser ablation.
Individual layers are then aligned and stacked in the correct sequence, laminated and

finally co-fired to form the desired 3D structure.

The flow system consisted of two straight channels of width 600 um and depth 650 pum
with a Y-shape junction. The final 3D structure of microchannel was designed in a CAD
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program. A square cavity in the middle of one channel was used to anchor the hydrogel
valve. Additionally, a side branch between the inlet and hydrogel valve was used for
pressure release once the channel is blocked by closed hydrogel valve. Since a Heralock
® is a “zero shrink” LTCC system no compensation for firing shrinkage (typically ~10%

in the plane of the tape) was required in the design and patterning process.

In this study, the test device was assembled from two individually sintered ceramic
substrates, and a transparent sandwich gasket as illustrated in figure A.2. The cover
layer (LTCC) was patterned from a single four-layer green tape stack (A.2(a). The
transparent polymer (HDPE) gasket was used for channel sealing and optical imaging of
valve operation (A.2(b)). The micro-channel (A.2(c)), valve cavity (A.2(d)), and bottom
layer (A.2(e)) were each patterned from three-layer thick green tape stacks, which were
laminated together and sintered to form the main structure of the microchannel-valve

assembly (LTCC).
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Figure A.2. Five individual layers were used in the final microfluidic chip design; (a) a

El

ceramic cover (LTCC); (b) transparent polymer gasket (HDPE); (c) micro-channel,(d)
valve cavity and (e) bottom layer (all LTCC). The cover layer (a) was patterned from a
single four-layer green tape stack. Layers (c), (d) and (e) were each patterned from three-
layer thick green tape stacks, which were laminated together and sintered to form the

main structure of the microchannel-valve assembly.

A CO; laser (VersalLaser S 3.50, Universal Laser Systems) was used to pattern the design
features, alignment holes, and fiducial marks to the green tapes simultaneously. Laser
parameters were adjusted to achieve uniform features and minimize scalloping of channel
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edges (HDPO optics, speed 30 mm/sec, power 15 Watts). By adjusting laser parameters
and focus it is possible to pattern features as small as 100 pm across with depth control of
~50 um. Alignment of individual layers was implemented using a fixture with five
registration pins and corresponding holes in the corner of each patterned layer. A uniaxial
hydraulic press (3851-0, CARVER®) with heated platens was used for the lamination
process, 200psi for 3 minutes and then 1000psi for 10 minutes at 75°C. Finally, the
laminate was sintered (cofired) at 865°C for 30 minutes on a flat alumina setter in a box
furnace (Isotemp® Programmable Muffle Furnace, Fisher Scientific) in air following the

manufacturer’s recommended firing profile.
A.3 Assembly of the microfluidic device

The patterned gasket was inserted between the ceramic cover and microchannel laminate.
Six sets of nylon screws and nuts (Micro Plastic®) were used to seal the channel. To
complete the assembly of microdevice, luer connectors were attached to the inlet and

outlet ports with cyanoacrylate adhesive.

The final width and depth of the fabricated microchannel were 600 um and 650 pum
respectively, as shown in figure A.3(a). The LTCC fabrication process yielded good
control of device design with crisp fluidic features. Figure A.3(b) shows a picture of the

assembled microdevice containing the hydrogel composite valve in upper channel.
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(b)

Figure A.3. Picture of microfluidic device with hydrogel composite as a valve in the

upper channel, (a) Bottom part of device and (b) Assembled device
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APPENDIX B

SUPPORTING INFORMATION FOR MODELING AND SIMULATIONS OF

NANOCOMPOSITE HEATING

This section is based on work published as:
N.S. Satarkar, S.A. Meenach, K. Anderson, J.Z. Hilt, Remote actuation of hydrogel

nanocomposites: Heating analysis, modeling, and simulations, AIChE J, Accepted.

B.1 Additional equations for determination of model parameters

Volume swelling ratio (Q) is given by

_ Vs

Q=3 (B.1)
Thermal diffusivity(o) was estimated by flash method[1]
ty?
o« = 1.38 = (B.2)
Tty /2
Thermal diffusivity was in turn used to determine thermal conductivity(kp)[1]
kp = ppCpn (B.3)

Heat transfer coefficients for convection from hydrogel disc to air were determined using
following correlations[2]:

For upper surface,

Nu = 0.653Ra%143 (B.4)

For lower surface,
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Nu = 0.979Ra®137 (B.5)

Biot number (Bi) calculations were performed using following equation:

Bi i B.6
1= — .
™ (B.6)
B.2 Thermal properties of hydrogel systems
Table B.1. Heat capacity and thermal conductivity values of the hydrogel systems
System Heat capacity (J kgt K1) x 103 Thermal conductivity (W m! K1)
25°C 37°C 25°C
DO 2.78+0.12 2.34+0.18 0.423+0.03
D5 2.71+0.25 2.41+0.10 0.505+0.12
C25 2.86:0.10 3.10£0.27 0.497+0.08

B.3 References

[1] W.J. Parker, R.J. Jenkins, C.P. Butler, G.L. Abbott, Flash method of determining
thermal diffusivity, heat capacity, and thermal conductivity. J. Appl. Phys. 32(9) (1961)
1679-1684.

[2] B. Chambers, T.-Y.T. Lee, A numerical study of local and average natural
convection Nusselt numbers for simultaneous convection above and below a uniformly
heated horizontal thin plate. J. Heat Transfer 119(1) (1997) 102-108.
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B.4 MATLAB program for nanocomposite temperature prediction

function [T] = heat_q_eqn(part,pwr, Tini,m,A)

Q=2.4;

Cp=2.745;

T(1)=Tini;

%Tinf is bulk air temperature for h calculations

Tinf=22;

%for PEG system diameter 7.5 mm, so L=D/4

L=1.875*10"(-3);

0=9.81;

if ((pwr<16) && (pwr>14))
0=0.2914*part+0.0473,;

end

if((pwr<26) && (pwr>24))
0=0.5144*part+0.1684,

end

if((pwr<4l) && (pwr>39))
0=0.6974*part+0.3474,

end

fort=2:181
%Tav is calculated to get h; and is based on T at t-1
Tav(t)=(Tinf+T(t-1))/2+273;
Time(t) = t;
beta(t)=1/(Tav(t));
v(t)=8.4*10"(-8)*(Tav(t))-8.462*10"(-6);
Gr(t)=g*beta(t)*(T(t-1)-Tinf)*(L"3)/((v(t))"2);
Pr(t)=(-0.133333*Tav(t)+746.53)/1000;
Ra(t)=Gr(t)*Pr(t);
Nuu(t)=0.653*(Ra(t))"0.143;
Nul(t)=0.979*(Ra(t))"0.137;
Nu(t)=(Nuu(t)+Nul(t))/2;
k(t)=7.05*10"(-5)*Tav(t)+0.0054038;
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hu(t)=Nuu(t)*k(t)/L;

h1(t)=Nul(t)*k(t)/L;

h(t)=(hu(t)+hl(t))/2;

T(t) = Tini + g/Q*m/(h(t)*A)*(1-exp(-(h(t)*A)/(m*Cp)*t));
end
%d =[Time' Tav' beta' v' Gr' Ra' Nuu' Nul' Nu' hu' hI'h' TT;
d=[TT;
Time;
T;
xlswrite("Heating Data 7-23-09.xIsx',d,'T pred w q eqn’,’AG5");
%plot(Time, T)
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B.5 COMSOL report for a nanocomposite placed in tissue and subjected to AMF

1. Model Properties

Property Value

Model name Simulations of Nanocomposite Heating In Vivo
Author Nitin Satarkar

Company University of Kentucky

Department Chemical and Materials Engineering
Reference

URL

Saved date Sep 17, 2009 2:38:06 PM

Creation date Aug 22, 2009 1:16:42 PM

COMSOL version | COMSOL 3.5.0.608

File name: /home/hastingslab/Desktop/nitin satarkar/d1_t0.2_d5 t4_SS insu_bc 5 40.mph

1.1. Application modes and modules used in this model:

e Geoml (3D)
e Bioheat Equation (Heat Transfer Module)

2. Geometry

Number of geometries: 1

2.1. Geoml
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2.1.1. Subdomain mode

3. Geoml

Space dimensions: 3D

Independent variables: x, vy, z
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3.1. Mesh

3.1.1. Mesh Statistics

Number of degrees of freedom | 181092

Number of mesh points 24698
Number of elements 128874
Tetrahedral 128874
Prism 0
Hexahedral 0

Number of boundary elements | 6000

Triangular 6000
Quadrilateral 0
Number of edge elements 247
Number of vertex elements 16
Minimum element quality 0.234
Element volume ratio 0.006

3.2. Application Mode: Bioheat Equation (htbh)

Application mode type: Bioheat Equation (Heat Transfer Module)

Application mode name: htbh
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3.2.1. Application Mode Properties

Property Value
Default element type | Lagrange - Quadratic
Analysis type Stationary
Frame Frame (ref)
Weak constraints Off
Constraint type Ideal

3.2.2. Variables

Dependent variables: T

Shape functions: shlag(2,'T")

Interior boundaries not active

3.2.3. Boundary Settings
Boundary 1-4,9,12
Type Temperature

3.2.4. Subdomain Settings

Subdomain 1 2
Thermal conductivity of tissue (k) | W/(m-K) | 0.55 0.464
Density of blood (rhob) kg/m® 1000 |0
Specific heat of blood (Cb) Ji(kg-K) | 4186 |0

Blood perfusion rate (wb) 1/s 0.0005 | O
Metabolic heat source (Qmet) wim? 350 0
Spatial heat source (Qext) wWim? 0 1974805
Subdomain initial value 1 2

Temperature (T) K | 310.15 | 310.15
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4. Solver Settings

Solve using a script: off

Analysis type Stationary
Auto select solver On

Solver Stationary
Solution form Automatic
Symmetric auto

Adaptive mesh refinement | Off

Optimization/Sensitivity | Off

Plot while solving Off

4.1. Conjugate gradients

Solver type: Linear system solver

Parameter Value
Relative tolerance 1.0E-6
Factor in error estimate 400.0
Maximum number of iterations | 10000
Preconditioning Left
4.1.1. Algebraic multigrid
Solver type: Preconditioner
Parameter Value
Number of iterations 2
Multigrid cycle V-cycle

Maximum number of levels 6

Max DOFs at coarsest level 5000

Quality of multigrid hierarchy | 3

41.1.1.

SOR
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Solver type: Presmoother

4.1.1.2. SORU

Parameter Value
Number of iterations 2
Relaxation factor (omega) | 1.0
Blocked version Off
Solver type: Postsmoother
Parameter Value
Number of iterations 2
Relaxation factor (omega) | 1.0
Blocked version Off
4.1.1.3. UMFPACK
Solver type: Coarse solver
Parameter Value
Drop tolerance 0.0
Pivot threshold 0.1
Memory allocation factor | 0.7

4.2. Stationary

Parameter Value
Linearity Automatic
Relative tolerance 1.0E-6
Maximum number of iterations 25
Manual tuning of damping parameters | Off
Highly nonlinear problem Off

Initial damping factor 1.0
Minimum damping factor 1.0E-4
Restriction for step size update 10.0
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4.3. Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Automatic assembly block size On
Assembly block size 5000

Use Hermitian transpose of constraint matrix and in symmetry detection | Off

Use complex functions with real input Off

Stop if error due to undefined operation On

Store solution on file Off

Type of scaling Automatic
Manual scaling

Row equilibration On
Manual control of reassembly Off

Load constant On
Constraint constant On

Mass constant On
Damping (mass) constant On
Jacobian constant On
Constraint Jacobian constant On

5. Postprocessing
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6. Variables

6.1. Boundary

Name Description | Unit Expression
nflux_htbh | Normal heat | W/m”2 | nx_htbh * fluxx_htbh+ny_htbh * fluxy_htbh+nz_htbh
flux * fluxz_htbh
6.2. Subdomain

Name Description Unit Expression

fluxx_htbh | Heat flux, x W/m”2 | -kxx_htbh * Tx-kxy_htbh * Ty-kxz_htbh *
component Tz

fluxy_htbh | Heat flux, y W/m”2 | -kyx_htbh * Tx-kyy_htbh * Ty-kyz_htbh *
component Tz

fluxz_htbh | Heat flux, z W/m”2 | -kzx_htbh * Tx-kzy_htbh * Ty-kzz_htbh *
component Tz

gradT_htbh | Temperature gradient | K/m sri(Tx"2+Ty"2+Tz"2)

flux_htbh Heat flux WIim”2 | sgrt(fluxx_htbh”2+fluxy_htbh"2+fluxz_ht

bh"2)

Qb_htbh Blood perfusion heat W/m”3 | rhob_htbh * Cb_htbh * wh_htbh *
source (Th_htbh-T)

Hb_htbh Blood perfusion heat
transfer

172




APPENDIX C

SYNTHESIS AND CHARACTERIZATION OF MAGNETIC SHAPE MEMORY

POLYMER NANOCOMPOSITES

This section is based on work published as:

C. Yakacki, N.S. Satarkar, K. Gall, R. Likos, J.Z. Hilt, Shape-memory polymer networks
with FezO4 nanoparticles for inductive heating, J Appl Polymer Sci 112 5(2009) 3166-

3176.

C.1 Summary

Shape-memory polymers (SMPs) have recently shown the capacity to actuate by remote
heating via the incorporation of magnetic nanoparticles into the polymer matrix and
exposure to an alternating magnetic field (AMF). In this study, methacrylate-based
thermoset SMP networks were synthesized through free-radical polymerization with
varying amounts of Fe3O4, magnetite (0, 1, and 2.5 wt%). The remote heating of the
networks was shown to be a direct function of the nanoparticle concentration and

independent of the polymer chemistry.

C.2 Introduction

Shape memory polymers (SMPs) are a class of polymers with the ability to go from
temporary shape to permanent shape on application of an external stimulus.[1, 2] Heat is

the most widely studied stimulus to actuate shape memory polymers.[3-5] SMPs are
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being pursued for a variety of applications including minimally invasive surgery,[6-11]

sensors, and actuators.[5, 12]

The shape in which SMPs are synthesized is called their permanent shape. A typical
shape memory cycle begins by heating the SMP above its glass transition temperature
(Tg). A force is then applied in its rubbery state to allow for deformation. The sample is
cooled below its Ty to lock the polymer in the temporary shape. Ideally, it is possible for
the polymer to remain in the temporary shape for long periods of time. Reheating the

polymer through glass transition would lead to recovery to its permanent shape.[13]

In the case of biomedical applications, it may not be possible to deliver heat directly at
the site of implant. One of the ways to achieve remote controlled (RC) SMP heating is
through actuation of embedded nanoparticulate material. In particular, magnetic
nanoparticles can generate heat when exposed to alternating magnetic field (AMF).[14-
16] The goal of this study is to develop a magnetic SMP nanocomposite and achieve
remote shape actuation through application AMF. Figure C.1 is an example of a
remotely heated shape-memory polymer recovering from a flattened strip to a helix

shape.

Figure C.1. Fe304 reinforced shape-memory polymer recovering from a flattened sheet to

a helix using remote heating for activation.
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The following sections describe synthesis, conversion analysis, characterization of
dispersion, and remote heating of magnetic SMP nanocomposites. The details of
thermomechanical characterization are not presented here and can be found in the

published article.

C.3 Materials and methods
C.3.1 Materials

Methyl methacrylate (MMA), poly(ethylene glycol), dimethacrylate (PEGDMA) with a
typical M, of 550, 750, and 1000 g/mol, photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA), and thermal initiator 2,2’-Azobisisobutyronitrile were
ordered from Sigma-Aldrich and used as received. Spherical iron-oxide nanoparticles
(FesO4 magnetite) with a mean diameter of 20-30 nm were purchased from

Nanostructured and Amorphous Materials Inc.

C.3.2 Nanocomposite synthesis

Monomer solutions were created using MMA crosslinked with PEGDMA. The amount
and M, of the PEGDMA was varied to create three polymer networks with similar glass
transition temperatures and varying rubbery modulus values. The networks were
designated 9006, 9011, and 9016 and contain 29.2, 36.2, and 47.0 wt% of PEGDMA
crosslinking monomer, respectively. Ethanol was added 50% by weight and nanoparticles
were added at loadings of 0, 1, and 2.5 wt% of the monomer mixture (0, 0.227, 0.565
vol%, respectively). The particles were dispersed uniformly in the solution by probe
sonication (Fisher Scientific, Sonic Dismembrator Model 500) for 5 minutes followed by

sonication in an ultrasonic bath for 30 minutes. The photoinitiator and thermal initiator
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were added at 1 wt% each of the total monomer mixture and their complete dissolution
was insured by bath sonication. The solutions were then pipetted into a mold of two 15 x
15 cm? glass plates separated by a 500 pm Teflon spacer. The mold was then transferred
to a UV source (LESCO, FEM 1011) with a wavelength 365 nm and intensity 17.5
mW/cm?. Polymerization was carried out for 5 minutes. Uniform intensity on both sides
of the film was ensured during polymerization. The mold was then immediately removed
and placed in an oven at 55°C for 24 hours to increase overall conversion. The polymer
film was then removed from the mold and placed in deionized water. Each
nanocomposite film was washed daily by changing its water until no significant
monomers were observed in wash water. The films were then dried in air followed by

vacuum oven for 24 hours.

C.3.3 Conversion analysis

The conversion of the nanocomposite synthesis was analyzed using attenuated total
reflectance Fourier transformed infrared spectroscopy (FTIR-ATR). First, the IR
spectrum of the monomer solution was collected. After polymerization was complete, the
IR spectrum of the nanocomposite surface was collected on both sides of the
nanocomposite film. The conversion of the monomers were determined by standard
baseline techniques using the peak area of the 1636 cm™ for C=C vibration and the area
of 1716 cm™ for C=0 stretching as reference. The conversion of the double bond was

determined from the following formula:
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e=1- Im (C 1)
Where C is the ratio of peak area of the C=C to the reference peak area of C=0 after

polymerization, and U is the ratio of same peak area of the pre-polymer solution.

C.3.4 SEM analysis

The morphology of nanocomposites and nanoparticle dispersion was analyzed using
scanning electron microscopy (Hitachi, S4300). The samples were freeze-fractured and

cross-sectional images were taken for 0, 1, and 2.5% particle loaded 9016 systems.

C.3.5 Remote heating on exposure to alternating magnetic field(AMF)

The heating response of nanocomposites exposed to an alternating magnetic field (AMF)
was characterized using an induction power supply (Taylor Winfield, MMF-3-135/400-
2). Polymer discs were cut in to 15 mm diameters and placed in a glass Petri dish on top
of the solenoid (15 mm diameter, 5 turns) to get AMF strength of 33x10* T and
frequency 297 kHz. An IR camera (AGEMA, Thermovision 470) was used to record
surface temperatures of the discs. The field heating was continued for 5 minutes and

results were averaged over three samples.

C.4 Results and discussion
C.4.1 Conversion analysis

The method for calculating the conversion is shown in figure C.2(a), which shows the
reduction in absorbance at 1636 cm™ for C=C vibrations in the acrylic double bonds. For
high conversions, the polymerizations showed approximately a complete disappearance

of the absorbance peak at 1636 cm™. The conversions of the polymer networks are shown
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in figure C.2(b). Near complete conversion is reached for the virgin networks containing
no Fe3;O4 nanoparticles. The 9006 networks showed near complete conversion for both
nanoparticle concentrations. The 9011 network dropped to 93 and 91% conversion for the
1 and 2.5 wt% compositions, respectively. In the 9016 networks, a slight drop in
conversion to 92% was seen for the 1 wt% composition, though near complete
conversion was seen in the 2.5 wt% composition. The decrease in conversions can lead to

decrease in the thermomechanical properties of the material.
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Figure C.2. (a) FTIR analysis of the starting monomer solution and final polymer. (b)

Conversion of all 9 polymer networks.

C.4.2 SEM analysis

SEM analysis of the cross-sectional view of the virgin and reinforced polymers are
shown in figure C.3. The bottom set of photographs shows the samples at 10x more
magnification than the top set. The virgin networks containing no FesO4 nanoparticles
show smoother fracture planes as compared to the reinforced networks. The lower

magnification images show the regions with significant particle agglomerations.
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Figure C.3. SEM analysis of 0, 1, and 2.5 wt% Fe3O,4 networks at low (top) and high

(bottom) magnifications.

C.4.3 Remote heating on exposure to alternating magnetic field(AMF)

The heating was assessed via infrared imaging. Figure C.4(a) shows the infrared images
of the 9006 network with 2.5 wt% Fe3O, being heated over a 5 minute period. The
heating profiles of the networks over time are summarized in figure C.4(b). In general,
all of the networks started at room temperature and experienced heating over 5 minutes.
The networks with 2.5 wt% Fe;O,4 experienced the greatest heating and all reached
51.7°C after 5 minutes while the networks with 1.0 wt% Fe3;O,4 reached tempearatures
between 38 and 41°C. As a baseline for comparison, the networks with 0 wt% were
measured and experienced an increase of approximately 7°C above room temperature to

30°C.
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Figure C.4. (a) Image analysis of heating a 2.5 wt% Fe3;O4 sample. (b) Heating profiles

of the 9 networks over time.
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C.5 Conclusions

Methacrylate-based SMP networks were synthesized through free-radical polymerization
with varying amounts of Fe;O, nanoparticles (0, 1, and 2.5 wt%). The analysis of
conversion and particle dispersion was conducted. The heating of the Fe;0, filled SMPs
was directly influenced by the concentration of magnetite and not by the crosslink density

of the networks. Additionally, remotely activated polymer recovery was demonstrated.
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APPENDIX D

SUPPORTING INFORMATION FOR DIFFERENT CHARACTERIZATION

TECHNIQUES
D.1 Buoyancy measurements

Swelling studies were performed by weight measurements of the hydrogel disc in air

(W3) and in n-Heptane (Wp,). Based on the Archimedes’ principle,

W,—W;, = Vpg (D.1)

where V is the volume of the hydrogel disc, p is density of n-Heptane, and g is

acceleration due to gravity.

Volume swelling ratio is the ratio of hydrogel volume in swollen state (Vs) to the volume

in dry state (Vg)

_ Y D.2
Q=g (D.2)
Using equations (D.1) and (D.2), the volume swelling ratio can be expressed as

Ws — W
=— 1 D.3

D.2Calculation of AMF amplitude

Consider a solenoid of certain length (I) and radius (r) carrying given current (i) (Figure

D.1).
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Figure D.1. Schematic of a solenoid generating AMF.

The amplitude of the resultant magnetic field varies with the position. Flux density at
point P along axis of the solenoid is given by[1]

_ WoiN X2 X1

B = - (D. 4)
2l |\/x2+r2  Jx2 +r2

where 1 is permeability constant of air (1.25 x 10° T.m/A), N is the number of turns, x;
and X is the distance of point P from the ends of solenoid. The amplitude at the center of

solenoid is given by

HoiN

B = D.5
1/]2 + I'2 ( )

AMF amplitude (H) is given by

H= B (D.6)
Ho .
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D.3 Heating of magnetic nanoparticles in alternating magnetic fields (AMF)

FesO, particles at very small size (<30 nm) can be superparamagnetic in nature.
Superparamagnetism is a magnetization reversal mechanism driven by thermal energy.
When superparamagnetic nanoparticles are exposed to AMF, the resultant heating is
attributed to Neel and Brownian relaxation processes.[2] Relaxation processes are the
gradual alignment of magnetic moments during magnetization process. The Brownian
relaxation time is given by following equation

3NVy
BT KT

(D.7)

where n is the viscosity of the liquid surrounding particle, Vy is hydrodynamic volume of

the particle, k is a constant, and T is absolute temperature

The Neel relaxation time is given by

KV
™ = ToeXpm (D.8)

where 1, is time constant, Ky is Boltzmann constant, K is anisotropy constant, and V is

the volume of particle core.
The power loss due to Neel and Brownian relaxations is approximately given by

2mft

1+ (2mfr)? (D-9)

P = mpoxoHGf

where po is permeability of vacuum (1.25 x 10° T.m/A), xo is the equilibrium

susceptibility, Ho is the amplitude and f is the frequency of AMF. Both the relaxations
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simultaneously occur in AMF and the fastest process (shortest time) dominates the

resultant relaxation time ().

Fe304 nanoparticles at a bigger size (>20 nm) can be ferromagnetic in nature. The heat
generation on the application of AMF can result from hysteresis losses, in addition to the
relaxation processes. Hysteresis loops for the Fe3O4 nanoparticles used in synthesis of
magnetic hydrogel nanocomposites are presented in figure D.2. Heat generated due to

hysteresis losses is proportional to the area of hysteresis loop and the frequency of

AMF.[3]
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Figure D.2. Hysteresis loops for magnetic nanoparticles obtained using vibrating sample

magnetometry.

D.4Analysis of drug release

Drug release from polymeric systems can be described by the power law model[4]

M
M_ = ktn (D 10)

o)
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where M; and M.. are the absolute cumulative amounts of drug released at time t and
infinite time, respectively; k is a constant incorporating geometric and structural
characteristics of the device; n is the release exponent, indicating mechanism of release.
In case of the slab geometry, n=0.5 indicates diffusion controlled (Case I) transport, while

n=1 indicates swelling controlled (Case Il) transport[5].

For a matrix system with drug uniformly dispersed throughout the system, unsteady state

drug diffusion in slab geometry (figure D.3) is given by Fick’s second law of diffusion

dCa 5 d%C,
dt = dx2

(D.11)

where Ca is the concentration and D is diffusivity of the drug molecule.

| >

Figure D.3. Schematic of a slab geometry with drug uniformly dispersed throughout the

matrix.

For constant diffusivity, infinite sink conditions around the slab, and neglecting edge

effects (aspect ratio>10), the solution of above equation is given by[6]

M, _ —(2n+ 1)2112Dtl (0.12)

= 8
_ 1 — -
M., zo (2n+ D2z P [ 12
n=

where L is the half thickness of the slab. For short time intervals (0< M{/M.. <0.6),

equation (D.12) can be approximated as
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1/2
M, 4(@) (D.13)
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