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The advent of highly sophisticated drugs designed to interfere with specific
cellular functions has created the demand for “intelligent” carriers that can efficiently
deliver therapeutic agents in response to a pathophysiogical condition. Nanoscale
intelligent systems can maximize the efficacy of therapeutic treatments in numerous ways
because they have the ability to rapidly detect and response to disease states directly at
the site and sparing physiologically healthy cells and tissues, thereby improving a
patient’s quality of life. Nanoparticle fabrication has primarily relied on emulsions, selfassembly and micelles based methods which inherently generate polydisperse spherical
particles with little control over particle geometry. Despite significant progress in such
drug delivery systems, critical limitations remain in synthesizing nanocarriers with highly
controllable architecture (size, shape or aspect ratio) that can, at the same time, impart
response-sensitive release mechanisms. These parameters are essential for controlling the
in-vivo transport, bio-distribution, and drug release mechanisms.
viii

The objective of my dissertation is to employ the nanofabrication technique Step
and Flash Imprint Lithography (S-FIL) to synthesize stimuli-responsive nanocarriers of
precise architectures and composition. Applying S-FIL technology, fabrication of
nanocarriers of a variety of shapes and sizes (down to 36nm length scale) that are also
environmentally responsive by incorporating enzymatically-degradable peptides into the
nanocarrier hydrogel matrix, to provide triggered release of encapsulated therapeutic
agents in response to specific pathophysiological conditions, has been accomplished.
Besides disease-responsive release, the two key properties of an effective
nanocarrier are (a) efficient targeting to specific tissues and cells and (b) avoiding rapid
clearance and remaining in circulation in the blood stream for a significant amount of
time to increase particle uptake in target tissues. These two properties are expected to be
dependent on the shape and size of the carriers. Using various shape and size S-FIL
fabricated nanoparticles, the effects of particle geometry on intracellular uptake has also
been evaluated. In this dissertation, I will present the extensive work that has been done
in the fabrication and optimization of the S-FIL nanocarriers, evaluation of the
nanocarrier’s in vitro properties, and evaluation of the effects of nanocarrier geometry on
intracellular uptake.
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CHAPTER ONE
Introduction: Overview and Specific Aims
1.1 INTRODUCTION
In recent years, a series of highly sophisticated drugs, rationally designed
specifically to target various cellular pathways (e.g. signal transduction cascades,
transcription factors, apoptosis etc.) have emerged [1-3]. They range from proteins and
peptides designed to interfere with specific cell functions to DNA, siRNA,
oligonucleotides, and aptamers [1] that produce therapeutic proteins or block
transcription/translation. Most of these drugs interfere with key cellular processes and,
like many of their currently used counterparts, are highly cytotoxic. Therefore, the
ultimate clinical success of these agents lies in our ability to develop efficient and
accurately targeted carrier vehicles that are capable of delivering therapeutic doses of
drugs primarily to the diseased (e.g. tumor) cells while sparing their physiologically
healthy neighbors. Strategies to significantly reduce, if not eliminate, systemic bystander
effects related to anti-cancer therapy while at the same time delivering high doses of
drugs to tumor cells could tremendously improve the high morbidity associated with
these treatments.
For a drug delivery system to be effective at targeting specific diseased cells and
tissues following systemic delivery it is intrinsic that the system be on the nanometer
length scale. Such carriers can enhance the efficacy of therapeutic treatments because
they have the ability to rapidly distribute to pathophysiological sites in the body and can
deliver drugs intracellularly. Because of this, nanotechnology is one of the most
promising avenues for the development of advanced delivery vehicles for diagnostic and
1

therapeutic applications. Classically, the field has focused on synthesizing nanocarriers
based on self assembly or emulsion based compulations. These efforts have led to the
development of several nanoparticle formulations like Doxil and Abraxane that have
been approved for clinical treatment of cancer [4]. A large number of other nanocarrier
formulations, using polymers, lipids, and ampiphilic molecules have been reported in the
literature. Although significant progress has been made in polymeric or liposomal drug
delivery systems, there remain some key fundamental limitations. These include inability
to (a) precisely control shape, aspect ratios, size and polydispersity of the nanocarriers
and (b) integrate a variety of disease-specific triggered release mechanisms into the
nanoparticle design.
Size, material chemistry, and particle-surface characteristics have so far been the
primary variables used to fabricate self assembled or emulsion-based nanocarriers. Until
recently, particle shape remained an unexplored area of research in drug delivery mostly
due to our inability to reliably synthesize such structures. However, recent reports suggest
that particle shape and aspect ratios might play a significant role in the in-vivo
performance of delivery vehicles [5-9]. There are in fact only a few reports describing
fabrication of particles with varying shape, especially at the nanoscale [5, 9-14].
Micro and nano scale intelligent systems can maximize the efficacy of therapeutic
treatments in numerous ways because they have the ability to rapidly detect and response
to disease states, directly at the site, sparing physiologically healthy cells and tissues,
thereby improving a patient’s quality of life. This new class of “intelligent therapeutics”
refers to responsive delivery systems that are designed to perform a variety functions like
detecting, isolating and/or release of therapeutic agent for the treatment of diseased
conditions [15]. To meet these requirements, researchers must be able to interface
synthetic and hybrid materials with dynamic biological systems on the micro and nano
2

length scale. Stimuli responsive biomaterials are one of the most promising avenues for
the development of advanced “intelligent therapeutics.”
A series of environmentally sensitive hydrogel based materials have been
developed for a wide variety of medical and pharmaceutical applications [16]. The
development of pH, temperature, and glucose sensitive, [17] and other biomolecule
sensitive hydrogels [14, 18-25] that can be used for control release of biological agents
have been reported. Hydrogels that are sensitive to light, magnetic field, and ultrasound
have also been developed [19, 26-28].
Although environmentally dependent drug release has been reported from
emulsion or self-assembled nanoparticles, the release of therapeutic (or diagnostic) agents
from most of the current nano-sized carrier systems is inherently diffusive or controlled
by hydrolytic degradation. These methods suffer from the fundamental limitations of
non-linearity and difficulty in predicting or controlling in-vivo release kinetics. “Smart”
nanoparticles that deliver their cargo to target cells primarily in response to diseasespecific environmental signals thereby minimizing delivery to “normal” cells could
significantly improve therapeutic care of a variety of complex diseases, e.g. cancer. Most
chemotherapeutic drugs that are toxic to normal cells would have significantly less
morbidity and mortality, if they can be released only in response to a tumor-specific,
pathological signal. The design of carriers at the nanometer length scale that incorporates
such triggered release mechanisms has mostly remained elusive because of the lack of
flexible fabrication methods that can incorporate responsive bio-molecules within the
nanoparticle matrix.

3

1.2 SPECIFIC AIMS
The objectives of my dissertation is to use top-down, high throughput
nanofabrication technology, specifically a modified Step and Flash Imprint Lithography
(S-FIL) method, to synthesize highly mono-disperse polymer nanocarriers of various
shapes, sizes, and aspect ratios. By incorporating disease-responsive elements (e.g.
peptides) directly into the particle matrix I propose to impart enzyme-responsive release
properties into these nanocarriers such that drugs or contrast agents are released primarily
in response to a tumor-associated signal. To accomplish this goal my research focuses
on the development and optimization of the S-FIL fabricated nanoparticles and the
evaluation of the nanocarriers’ in vitro performance.

1.2.1 Aim 1: Fabrication and characterize tumor-targeted, enzyme responsive
nanocarriers of precise size and geometry (shape and aspect ratio) using a high
throughput, top-down nano-manufacturing process.
I hypothesize that utilization of a nanoimprint lithography techniques (commonly
used in the semiconductor industry) to mold biocompatible/bio-conjugated polymers,
would enable the fabrication of monodisperse drug delivery nanocarriers of precise
shape, size, and aspect ratio for intracellular drug delivery applications. In this aim, a
modified Step and Flash Imprint Lithography (S-FIL) technique is developed and used to
produce nanometer size particles of various sizes, shapes, and aspect ratios. Along with
the modification of the standard S-FIL technique a mild, one step release process is
developed for the removal of the fabricated nanoparticles from the imprinting substrate.
Using these methods nanocarriers composed of the bio-compatible poly(ethylene glycol)
diacrylates (PEGDA) with an acrylated penta-peptide GFLGK-DA, which is degraded by
lysosomal cysteine proteases (e.g. cathepsin B) is accomplished. Cathepsin B is highly
over expressed (and locally secreted) in a variety of cancers including non-small cell lung
4

cancer (NSCLC). Optimization of the PEGDA and peptide-DA crosslink density ensures
minimal release of the encapsulated cargo in the absence of the enzyme stimulus, while
rapid release in the presence of cathepsins. The modified S-FIL process allows for a
while variety of therapeutic and contract agents like siRNAs to be encapsulated within
the nanocarriers. In addition, targeting ligands are conjugated to the surface of the
nanoparticles to create a dual function targeting and responsive drug delivery
nanocarriers. Thus, at the completion of this aim, shape-specific nanocarriers with dual
specificity (tumor targeted as well as microenvironment responsive release), loaded with
therapeutic and contrast agents, is achieved.

1.2.2

Aim 2: In vitro characterization of S-FIL fabricated nanocarriers of various

shape, size and aspect ratio.
In this aim, the S-FIL nanocarriers of specific shape and size will be characterized
and optimized for the development of intracellular drug delivery nanocarriers. I
hypothesize that little variation of particle morphology will be observed since the
nanocarriers are direct replicas of the nanoimprint lithography template made in Aim 1.
Nanoparticles zeta potential is also investigated in Aim 2, since the surface charge will
also affect the nanoparticles in vitro and in vivo performance. Lastly, the hydrogels
swelling properties of bulk hydrogels as well as nanoparticles is evaluated to gain insight
on hydrogel swelling at the nanometer length scale to determine if the hydrogel
nanoparticles remain close to the fabricated nanoparticle size once exposed to aqueous
solutions. To accomplish the last goal, a series of imaging methods are modified and
employed to evaluate nanocarriers in their swollen state.

5

1.2.3

Aim 3: Evaluation of the effects of nanoparticles shape and size on cellular

internalization of nanocarriers.
In this aim, a series of in vitro experiments are conducted to evaluate how particle
geometry affects their endocytosis by cells. I hypothesize that particle size, shape, and
aspect ratio will influence the efficiency of particle internalization. Internalization of
nanocarriers is evaluated qualitatively using fluorescent microscopy. The goal of Aim 3
is to identify nanocarrier geometries exhibit higher degree of internalization by cancer
cells.

1.3 OVERVIEW
In the following chapters of this dissertation the background and significance of
this project with respect to the need to develop intelligent drug delivery nanocarriers and
how the fabrication of shape specific nanocarriers using S-FIL imprinting techniques can
be employed as a potential means to address this need will be presented. Chapter 2 will
discuss the background and current developments in the fields of nanotechnology and
responsive biomaterials, and how these two areas of research can be combined to develop
shape-specific, intelligent, environmentally sensitive nanocarriers. In Chapter 3, the
development of a modified S-FIL process for the fabrication of biocompatible based
biomaterials of specific shape and size will be presented. Chapter 4 will demonstrate how
nanotechnology and responsive biomaterials are united to synthesize environmentally
sensitive drug delivery nanocarriers encapsulated a number of model drugs using S-FIL
technology. Chapter 5 will present characterization of shape and size specific S-FIL
fabricated hydrogel nanocarriers. Chapter 6 will illustrate how nanocarrier shape, size,
and aspect ratio effects in vitro cellular internalization. Lastly, Chapter 7 discusses the
project insight, research, conclusion, and future directions.
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CHAPTER TWO

Background and Significance

2.1 OVERVIEW OF DRUG DELIVERY SYSTEMS RESEARCH FOR CANCER THERAPY
The American Cancer Society estimates that 1.4 million new cancer cases are
diagnosed and 560,000 of Americans die every year from cancer, with lung and bronchus
cancer accounting for 30% of male deaths and 26% of females. Chemotherapy and
radiation has been the main modality of treatment for cancer patients; however, its
success rate remains low. In recent years, a variety of highly sophisticated drugs designed
to target various cellular processes have emerged, creating a demand for the development
of intelligent drug delivery systems (DDS) that can sense and response directly to a
pathophysiogical conditions. The goals associated with designing an ideal DDS have
evolved significantly over the past decades. Initial research efforts were focused on
encapsulating therapeutic agents to protect them from degradation and to control drug
release kinetics. More recently, the challenge has been to improve the effectiveness and
efficiency of drug delivery, and therefore reduce side effects, such that drug carriers are
preferentially releasing therapeutic agents at the site of pathophysiogical condition (i.e.,
diseased or damaged tissues). Ultimately the goal is to have precise control over (a) drug
biodistribution, (b) cell targeting, (c) in vivo drug stability, (d) circulation kinetics, and
(e) drug release mechanisms, such that therapeutic agents are precisely delivered to a
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Figure 2.1: Schematic representation of active and passive tissue targeting
mechanisms. Passive tissue targeting is achieved by extravasation of
nanoparticles (circles) through increased permeability of the tumor vasculature
and ineffective lymphatic drainage (EPR effect). Active cellular targeting can
is achieved by functionalizing the surface of nanoparticles with cell-specific
ligands. Reprinted with permission from Macmillan Publishers Ltd: [Nature
Nanotechnology] 2 (12), copyright (2007).
diseased cell and drug is released primarily in response to a disease-specific or
physiologically relevant signal.
For a drug delivery system to be effective at targeting specific diseased cells and
tissues following systemic delivery it is intrinsic that the system be on the nanoscale.
Such carriers can enhance the efficacy of therapeutic treatments because they have the
ability to rapidly distribute to pathophysiological sites in the body and can deliver drugs
intracellularly. Nanoparticles can passively accumulate in tumors due to the enhanced
permeability of tumor capillaries and are thus well suited for systemic delivery of anti12

cancer drugs as demonstrated in Figure 2.1. In addition, there are many parameters that
have been considered in the development of nanoscale drug delivery platforms that more
effectively target specific diseased cells. The carrier's chemical composition, in particular
surface chemistry, and its size and shape are all properties that are considered influential
in targeted drug delivery.
Classically, drug nanocarriers have been synthesized using self-assembly or
emulsion-based methods. These efforts have led to the development of several
nanoparticle formulations, such as Doxil and Abraxane, which have been approved for
clinical treatment of cancer [1, 2]. A large number of polymer and lipid-based nanocarrier
formulations produced using such "bottom-up" synthesis methods have been widely
reported in the literature [2-8]. However, the inherent nature of these bottom-up processes
produce particles (or nanocomplexes) that are primarily spherical or near spherical in
shape and are mostly polydisperse. Almost all of our current knowledge regarding the in
vivo performance of drug nanocarriers is based on these spherical particles of varying
size and compositions. Although it is widely accepted in the fluid dynamics community
that shape (geometry and aspect ratio) plays a major role in how particles are transported
through a fluid, especially within narrow tubes (as would be the case for drug carriers in
blood capillaries or lymphatics) [9-12], the inability to precisely control carrier geometry
and polydispersity has prevented the experimental validation of this theory. New methods
that allow for finer control over nano and microparticle fabrication now allow drug
delivery researchers to explore how precisely controlled particle shape and size affect
particle transport (i.e., biodistribution, organ and cellular targeting, circulation dynamics)
and drug release kinetics in vitro and in vivo. It is possible that our ability to finely tune
13

particle geometry could provide a critical step in developing the next generation of drug
carriers.
Triggered drug release is another major effort in modern drug delivery research.
To date, most sub-micron to nanoscale drug delivery carriers that have been reported
employ diffusion and/or hydrolysis controlled released systems, primarily due to our long
standing focus on particle synthesis using lipids and hydrolytically degradable polymers.
Diffusion and hydrolysis controlled systems have the potential to release encapsulated
agents outside the target tissue, for instance in systemic circulation, thus exacerbating
side effects. It is also difficult to predict or study in vivo drug release kinetics from these
systems, especially from the routine in vitro assays described in most reports. Despite
progress in surface ligand-based targeting strategies, it is still conceivable that a
significant amount of drug carriers will reach physiologically healthy tissues, and in the
absence of a second release control signal, a large dose of drugs could be released into
these tissues.
Since diseased cells and tissues might express or over express unique surface
markers and proteins it is often possible to selectively target them either through specific
ligand interactions or stimuli-based drug release mechanisms. Stimuli responsive carriers
have been engineered to release their payload in response to local (i.e., physiological or
pathophysiological) cues, including pH and enzymes, or in response to external stimuli,
such as ultrasound, magnetic fields, electromagnetic radiation, and temperature. This
approach is a powerful means for the development of “intelligent therapeutics”. A wide
variety of physiologically sensitive hydrogel-based materials have been developed [13].
However, only a few of these materials (e.g., pH-sensitive materials) have been reported
14

for use in nanoscale carriers. I believe that the integration of particle geometry and
disease-triggered drug release concepts into our existing knowledge of surface ligandbased targeting would result in a quantum change in the efficacy of the next generation
drug carriers.
The following sections will present (a) recent advances in fabricating shapespecific, polymer based nano- and microcarriers that could be utilized for drug delivery,
(b) how particle shape and stimuli-triggered release could affect the performance of drug
nanocarriers, and (c) current progress in triggered-release nanoparticles and how to
incorporate triggered release properties into shape-specific nanoparticles.

2.2 SHAPE AND SIZE SPECIFIC NANOCARRIERS
Besides disease-responsive release, the two key properties of an effective
nanocarrier are (a) efficient targeting to specific tissues and cells [5] and (b) avoiding
rapid clearance (i.e., remaining in circulation) for a significant amount of time to increase
particle accumulation in target tissues [1]. Circulation time, targeting, and the ability to
overcome biological barriers could depend on the shape (e.g., aspect ratio) and size of a
particle since these properties are likely to influence particle transport behavior in the
blood, especially in small capillaries and tumor vasculature, as well as how cells sense
and respond to the particle for endocytosis [9-12, 14-16]. In addition, geometry affects
surface to volume ratio and hence is likely to affect degradation and drug release kinetics
[17, 18]. Before discussing how size and shape affect drug carrier efficacy it is first
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necessary to elaborate on recently developed fabrication methods that permit control over
particle geometry.

2.2.1 Fabrication of Shape and Size Specific Nanocarriers
Over the past several decades, a variety of nanoparticle carriers, synthesized using
mostly "bottom-up" approaches, such as liposomal nanocarriers [7, 8], micellar
formulations [6], solid polymeric nanoparticles [5], and polymer-drug conjugates [19],
have shown promising results as potential drug delivery vehicles. Recently,
advancements in "top-down" approaches, including micro and nano electromechanical
system (MEMS and NEMS)-based fabrication processes have generated the potential for
producing uniform micro- and nanosized particles of precise shape and size [20, 21].
Such top-down fabrication methods could provide precise, pre-designed control over
particle geometry (shape, aspect ratio) and composition, which is often difficult to
achieve using bottom-up approaches that tend to rely on emulsions or self-assembly. This
section, will focus on advancements in fabrication methods for nano- and microscale
drug delivery carriers as well as the advantages and disadvantages of each method.

2.2.1.1 Bottom-Up Synthesis
Extensive research has been devoted to the development of micro- and nanoscale
drug carriers composed of a wide variety of organic and inorganic materials. These
carriers include liposomes, nanoemulsions, solid lipid nanoparticles, micelles,
dendrimers, biodegradable and non-degradable polymeric carriers, as well as inorganic
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Figure 2.2: Different Types of Emulsion Based Nanoparticle Architectures.
Reprinted with permission from Elsevier [Journal of Controlled Release 126
(2008) 187-204]
semiconducting or magnetic nanoparticles [5-8, 19, 22-25]. The basic architecture of
these particles is summarized in Figure 2.2. Most of these carriers are colloidal
molecular assemblies that are largely driven by hydrophobic-hydrophilic interactions, van
der Waals forces, hydrogen bonding, or ionic interactions, which produces spherical or
near spherical particles, often with high polydispersity as demonstrated in Figure 2.3
[26]. The physicochemical characteristics, in vivo drug release profiles, degradation
kinetics, and biotransport properties of these carriers are variable and difficult to evaluate
and reproduce, especially at clinically relevant pharmaceutical scales. In addition,
combining multiple functionalities (i.e., both targeting as well as various stimuli-sensitive
properties like enzyme responsiveness) in a controlled and reproducible manner could be
difficult in self-assembled carrier systems.

2.2.1.2 Top-Down Synthesis
Recent advancements in micro- and nanofabrication techniques have made them
suitable for use with biomedical materials thereby allowing applications in micro- and
17

Figure 2.3: Scanning electron micrograph (SEM) of water-in-oil-in-water emulsion
microparticles. Reprinted with permission from Elsevier [Biomaterils 26 (2005) 6375-6385]

nanoscale drug delivery systems and tissue engineering [20, 21]. Numerous micro- and
nanoimprint lithography processes, including soft lithography [27], thermal embossing
[28-32], step and flash lithography [28, 33, 34], and UV embossing [35-37] have been
reported with nanometer resolution [21]. Representative schematic of these top-down
lithography methods are shown in Figure 2.4. At the micron scale, Desai et al. explored
the use of microfabrication techniques for synthesizing biocapsules for immunoisolation
of "drug" releasing cell transplants [38, 39]. They also studied photolithography for
fabricating shape-specific drug delivery micro-devices and particles [40-43]. For
instance, the group demonstrated the fabrication of multilayered microparticles that can
be released from the substrate by selective etching of a sacrificial layer [41, 43, 44].
Doyle et al. have also developed a unique use of microfabrication techniques, in which
they combine flow-through microfluidic channels with a microscopic projection
photolithography to fabricate shape-specific microparticles and two-faced Janus particles
[45-47]. This method can produce approximately 100 identical, shape-specific particles in
less than 0.1 seconds. Recently, Champion et al.[48] have reviewed fabrication of shape
and size specific microparticles.
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Figure 2.4: Top-Down Lithography Schematics. A) Negative Photolithography Methodology for patterning of microscale features. B) Imprint
Lithography Methodology for patterning of micro- and nanoscale features.

Out of the wide variety of nanofabrication processes, nano-imprint lithography
(NIL), including Step and Flash Imprint Lithography (S-FIL) employed to fabricated the
nanoparticles developed in this dissertation [49], particle replication in non-wetting
templates (PRINT) [50-55], and solvent molding-based fabrication [48, 56], have been
shown to be powerful methods for fabricating polymer nanocarriers of specific shape,
size, and aspect ratio. The following sections discuss these methods in detail.

2.2.1.2.1 Particle Replication in Non-wetting Templates (PRINT)
DeSimone et al. recently demonstrated the ability to form nano-size particles from
various biocompatible polymers as well as proteins, including insulin and albumin, using
19

Figure 2.5: Schematic depiction of the Particle Replication In Non-wetting
Template (PRINT) process. Reprinted with permission from John Wiley

& Sons, Inc. [WIREs Nanomed Nanobiotechnol 2009 1 391–404]

a PRINT fabrication method (Figure 2.5) [55, 57]. The PRINT process utilizes a nonwetting elastomeric fluoropolymer-based flexible mold to form micro- to nanoscale
polymer based features without a residual layer. Using a lamination based process the
mold is filled with a monomer solution by placing it between the patterned mold and
another film. The mold, solution, and counter sheet are then passed through a roller and
as the mold passes under the roller, the counter sheet is peeled away, leaving the patterns
in the mold filled with the solution. The filled mold is then dried to remove residual
solvent in the molding solution or, depending on the molding solution, the mold could
also be exposed to UV irradiation to photopolymerize the solution. Although a residual
20

Figure 2.6: Scanning electron
microscope (SEM) images of
particles produced using the
PRINT process: (a) Hydrogel
rods
containing
antisense
oligonucleotide; (b) crosslinked
degradable
matrix
cubes
containing doxorubicin HCl; (c)
Abraxane
harvested
onto
medical adhesive; (d) Insulin
particles harvested onto a
medical adhesive; (e) Hydrogel
‘boomerangs’ containing 15
wt% iron oxide; (f) Hydrogel
cylinders containing 10 wt%
Omniscan.
Reprinted with
permission from John Wiley &
Sons, Inc. [WIREs Nanomed
Nanobiotechnol 2009 1 391–
404]

layer is avoided, the particles are not readily released from the surface. Rather, they are
harvested from the substrate using physical scraping [52]. Monodisperse particles
(Figure 2.6) can be achieved using the PRINT method, making it a highly versatile
process for fabrication of micro- and nanoparticles for drug delivery applications [52,
58].

As discussed later, studies using these PRINT-fabricated nanoparticles have

demonstrated some unique effects on cellular internalization as a function of carrier shape
and size.

2.2.1.2.2 Solvent Molding Methods
Mitragotri and colleagues have reported unique solvent-based methods (Figure
2.7) to generate polystyrene micro- and nanoparticles of various shapes, such as of
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Figure 2.7: Solvent molding method for manipulation of spherical particles
into non-spherical geometries. Reprinted with permission from The National
Academy of Sciences [PNAS 104 (2007) p11901-11904].

elliptical and circular discs and barrels, as shown in Figure 2.8 [48]. To fabricate these
particles, commercially available spherical polystyrene nano- and microparticles of
various sizes are suspended in an aqueous solution of polyvinyl alcohol and cast into
patterned films. These films are then manipulated in different ways (e.g., stretching) to
generate particles of various shapes and dimensions (submicron to 16 µm). Although this
represents a simple, easily adaptable method, it is likely to be difficult to achieve size
ranges and particle dimensions similar to those achieved by the PRINT and S-FIL
methods.
In one approach (top panel of Figure 2.7), the particles are exposed to an organic
solvent or heat to liquefy the polystyrene and then the film is stretched in one or two
dimensions depending on the desired particle shape. Alternatively, the films are stretched
first and then the polystyrene is liquefied, filling the voids created during stretching
(bottom panel of Figure 2.7). In both approaches, the particles are re-solidified into their
new shape by extracting the solvent or cooling below the glass transition temperature.
The film is then dissolved and the particles collected [48]. Although this technique is
22

Figure 2.8: SEMs of solvent molding method fabricated particles. Panel A: Shapes
made using scheme A (Figure 2.7): (i) Rectangular disks, (ii) Rods, (iii) Elliptical disks,
(iv) “UFOs”. Panel B: Shapes made using scheme B: (i) Barrels, (ii) Bullets, (iii) Pills,
(iv) “Pulleys.” (Scale bars: 2 µm). Reprinted with permission from The National Academy
of Sciences [PNAS 104 (2007) p11901-11904].

limited to materials that can easily undergo phase changes or be solubilized, a wide
variety of micron to sub-micron scale particles of very specific and unique shapes can be
fabricated.

2.2.2 Effects of Shape and Size on the Fluid Dynamics of Nanocarriers
Ultimately, for a nanocarrier to be effective in delivering drugs to a diseased
tissue, it should be able to efficiently interact with the capillary wall and "migrate" to the
target tissue (e.g., tumors) before being cleared away by the reticuloendothelial system or
being filtered by the lungs, liver, and spleen. It has been reported that microparticles
larger than 5 µm are trapped in the capillary beds of the liver, whereas microparticles of
~1−5 µm localize within the liver where they are phagocytosed by Kupffer cells [15, 16].
Nanoparticles that are less than 1 µm and larger then 200 nm are easily filtered out in the
spleen while those smaller than 100 nm remain in blood vessels within fenestrae of the
endothelial lining [12, 15, 16].
23

The geometry of nanocarriers (e.g., shape, aspect ratio, and ratio of particle
dimensions to vessel diameter) directly affects their margination dynamics, i.e., the
lateral drift of particles towards the blood vessel wall [1, 59]. Ferrari and colleagues have
shown, through theoretical modeling, that size can significantly affect how particles
interact with tumor capillaries during transport [60, 61]. Recent reports also suggest a
significant role for particle shape in the in vivo performance of delivery vehicles [48, 62].
Specifically, shape and shape-related form factors like aspect ratio or edge geometry
affects particle transport characteristics, influences cell-particle interactions, and alters
drug release kinetics [48, 63].
Particles flowing in the blood stream experience a number of forces, including
hemodynamic forces, buoyancy, as well as electrostatic forces [64]. These forces govern
particle trajectory and are due to van der Waals interactions, electrical double layers
(EDL), steric interactions, and solvation. As discussed by Decuzzi and colleagues, the
force exerted on a particle is affected by the geometry of the particle [61]. By adjusting
the material properties, geometry, and surface charge of the particles, these governing
forces can be tuned, thus permitting control over particle motion in vivo.
Hemodynamic forces are resistant forces from the fluid, opposing the particle in
motion. Fluid-based resistant opposing the particle motion as being:
6πµRV

(2.1)

where µ is the viscosity of blood, R the particle radius, and V steady velocity which is:
V =

4 3
πR g∆ρ
3
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(2.2)

Figure 2.9: The trajectory of neutrally buoyant spherical and ellipsoidal particles
in an idealized capillary, straight cylindrical tube, under typical capillary
hydrodynamic conditions (the ratio between the spherical particle diameter and
the tube diameter is 5; the ratio between the minor axis of the ellipsoidal particle
and the tube diameter is 10 and the ellipsoidal particle has an aspect ratio of 2).
Reprinted with permission from Springer Science +Business Media, LLC
[Pharmaceutical Research (2008)]

where g is gravity and ∆ρ is the density of the particle relative to blood. From these
equations we see that the hemodynamic drag on the particles is a function of the particles
shape for particles in moderate to high Reynolds number flow. For example, drag forces
on the particle are proportional to its shape in a fluid at moderate to high Reynolds
number. Goldmann et al. have demonstrated that hydrodynamic forces increase as the
radius of a spherical particle increase and no lateral drift is observed unless an external
force (e.g., van der Waals) or electrostatic interactions, are present [65]. However, nonspherical particles could also experience tumbling and rolling due to unequal moments
created from hemodynamic forces. For instance, cuboid shaped particles would have a
larger drag force due to a normal stagnation plane facing the flow and the possible flow
separation at the corners, resulting in a large pressure drag compared to spherical
particles. This phenomenon can be used to control the margination dynamics. Decuzzi et
25

al. demonstrated that ~3.5 µm ellipsoidal particles with an aspect ratio of two (length to
width) drift laterally towards capillary walls due to rotating and tumbling in comparison
to spherical particles, which remain centered in the flow channel as shown in Figure 2.9.
Recently, Discher and co-workers reported that self-assembled, filomicelles (i.e.,
filamentous polymeric micelles) with very high aspect ratios (22−60 nm in diameter, and
2−8 µm in length) remain in the blood stream ten times longer than spherical particles
[62, 63]. Another interesting finding was the significant localization of these filomicelles
in lung tissue [62]. Unfortunately, the micron-size dimension of these particles is not
suitable for intracellular delivery of drugs.
Along with hemodynamic forces, particles in flow also experience buoyancy
forces that are proportional to the particle volume, density differences between the
particle and fluid, and non-specific electrostatic and van der Waals forces. Based on this
the hemodynamic forces can be calculated as:
h( z )v z =

4π 3
R g∆ρ
3

(2.3)

where vz = dz/dt is the velocity component along z at the center of the particle. In these
general equations, the hemodynamic force h(z) does not depend on the rotational velocity
around the particle. This assumption holds for spherical particles, but non-spherical
particles will experience tumbling and rolling due to unequal moment forces [61]. The
torque, drag, and lateral lift forces exerted on the particles by flowing blood will depend
on the size, shape and orientation of the particle. It has been shown that the lateral
drifting velocity, for non-spherical particles is directly related to their aspect ratio.
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Non-specific electromagnetic forces on a particle in motion include van der Waals
forces; the attraction and repulsion forces between two molecules. Computation modeling
has shown that van der Waals are the dominating forces when the nanoparticles are in
close proximity to the endothelium wall [59]. Van der Waals forces on a particle are a
function of the characteristic length and the Hamaker constant A, which depends on the
static dielectric constant of the particle and the two media: fluid (in this case, blood) and
the wall (in this case the endothelium). Based on the Lifshitz theory, the van der Waals
interaction energy between a smale particle in a medium a (in the case the medium is
blood) with the surface of an adjacent medium b (in that case the endothelium wall) can
be explained has:
AR 3
ω vdw (d ) ≅ − 3
3d

(2.4)

where d is the distance of the particle center from the wall (d = z-R). From the energy
equation, the forces exerted on the particle can be obtained by taking the derivative of the
interaction energy with respect to d:
Fvdw = −

∂ω
R3
=A 4
∂d
d

(2.5)

The electrostatic double layer (EDL) interactions are the consequences of charges from
external electric field at the particle surface making it a function of particle shape and
characteristic length. For spherical particles, as the radius of the particle increases the
EDL forces increase.
Through theoretical modeling of spherical particles on the micron to nanometer
scale, Decuzzi et al. demonstrated that buoyancy forces dominate when the particle
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radius is sufficiently large 10000 nm or larger in comparison with the transport vessel,
whereas van der Waals forces between the particle and the blood vessel wall dominate
when the particle radius is sufficiently small:1000 nm-50 nm particle radius [59]. As the
radius of the particle decreases, the time needed for the particle to reach the endothelium
wall increases up to a maximum “critical” radius (around 150 nm); as the radius
decreases past this point, the time to reach the wall decreases. Based on these results,
particles intended for long circulation times within the blood stream should be close to
this critical radius [59]. Due to the balances of the forces acting on the nanocarrier,
including van der Waals forces and the hydrodynamic drag, it has been concluded that
nanocarriers in the 100 nm size range demonstrate a propensity to stay away from the
endothelium, and therefore may not be optimal for drug delivery [1, 59, 66]. Particles
smaller or larger than 100 nm tend to drift to the edge of the blood stream, making them
more advantageous to deliver therapeutic agents to endothelial cells and tumor sites
because these sizes are more likely to be taken up by cells [1]. Although fluid mechanics
concepts and governing equations indicate that particle geometry should significantly
affect their flow characteristics in blood vessels, especially in small capillaries, it is
necessary to study, using both computational and experimental models, how shape, size,
and aspect ratio of non-spherical particles affect in vivo circulation time and
accumulation in diseased tissues (e.g., tumors).
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2.2.3 Effects of Shape and Size on Particle Internalization
Particle geometry can also play a role in intracellular uptake of nanocarriers.
Regardless of the circulation dynamics associated with any given particle (discussed in
section 2.2.2), particles that are 500 nm and larger are generally only successfully
phagocytosed by macrophages and antigen presenting cells. On the other hand, other
somatic cells are capable of endocytosing sub-500 nm particles [48]. For drug
applications, endocytosis of nanocarriers is often necessary for drugs that target
intracellular molecules. It is also imperative to avoid nanocarrier phagocytosis by
macrophages, which leads to rapid clearance of particles from the body. It is generally
accepted that if particle surface properties are favorable, the smaller the particle size, the
more efficient the internalization of the particle in non-phagocytic cells. Surface
curvature, which is dependent on both particle size and shape, could affect interactions
between cell and particle surfaces and thus internalization kinetics and efficacy. In this
section I will highlight recent research that supports the hypothesis that particle
geometry, and more specifically surface curvature, influences cellular internalization.
Chan and colleagues reported that spherical gold nanoparticles have a higher
propensity to be internalized in vitro by HeLa cells compared to rod-shaped particles of
similar dimensions [24, 25]. Spherical nanoparticles with diameters of 14 or 75 nm were
taken up by cells 375−500% more compared to 74 x 14 nm rod-shaped particles. One
potential reason for this disparity in in vitro cell uptake could be the difference in particle
curvature, which affects the particles contact area with the cell membrane. The Chan
group has also shown that cellular uptake is size dependent [24, 25]. Further, Jiang et al.
showed that gold and silver nanoparticles with 2−100 nm size range could modify
29

essential cell signaling processes with, 40 and 50 nm particles having the most impact
[25]. The affects of shape and size of metallic particles on cellular internalization were
also reported by Xu et al. using layered double hydroxide Mg6Al2 nanoparticles with two
distinct particle morphologies: 1) rods that were 30−60 nm in width and 100−200 nm in
length, and 2) hexagonal sheets that were 50−150 nm wide (laterally) and 10−20 nm
thick [67, 68]. The group found that both shapes are quickly taken up by CHO-K1, NIH
3T3, and HEK 293T cell and that rod-like particles specifically target the nucleus while
the sheet-like particles are retained in the cytoplasm [67, 68]. To evaluate the cellular
mechanisms that controlled internalization of these nanoparticles, a series of uptake
inhibitor studies were conducted which showed that internalization of both shapes was
mediated by clathrin-medicated endocytosis [67, 68].
Mitragotri et al have also demonstrated that size and curvature affects how a
particle “interacts” with the cell and consequently how they are internalized. They
demonstrated that in vitro internalization of microscale, solvent-molded non-spherical
particles (as described above), is a function of particle orientation with respect to the cell
membrane (Figure 2.10). Intracellular uptake by macrophages was possible if the cell
interacted with the particle along the “narrower” dimension as opposed to the “longer”
dimension (Figure 2.10 A, B) [48]. These results clearly support the idea that particle
curvature affects cellular internalization, but the mechanism of differential uptake should
be investigated further.
DeSimone et al. have also reported preliminary results on the effects of PRINTfabricated nanoparticle shape and size on in vitro cellular uptake [52]. Internalization of
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Figure 2.10: Colored SEM images of aveolar marcophages (brown) interacting
with different shape polystyrene particles (purple): (A) cell membrane engulfing
the particle; (scale bar = 10µm) (B) cell attaching itself to the flat side of the
elliptical particle (scale bar = 5 µm), and (C) the cell membrane progressing around
a spherical particle (scale bar = 5 µm). Reprinted with permission from The
National Academy of Sciences [PNAS 103 (2006) p 4930-4934].

particles of different sizes and aspect ratios, ranging from 5 µm square (cross section) to
100 x 300 nm rods, were evaluated in HeLa cells. The nanoscale cylindrical particles had
the highest percentage of cellular internalization over time (Figure 2.11 A). Specifically,
nanoparticles with 150 nm diameter and 450 nm height (Figure 2.11 B) exhibited the
highest up-take percentage and were internalized four times faster than symmetrical
particles (aspect ratio of 1, 200 x 200 nm) (Figure 2.11 D). These findings suggest that
particle aspect ratio could play an important role in cellular uptake. However, in the same
experiment, 100 nm diameter particles (Figure 3 C) with the same aspect ratio of 3 had a
lower degree of internalization than the 150 nm particles, which would indicate that the
uptake kinetics is likely a function of both size and shape. The cylindrical shaped
particles (Figure 2.11 E−F) with 500 nm or 1 µm diameters and 1 µm height had reduced
internalization in comparison to smaller particles but showed higher uptake than micronsized square cross-section particles. The internalization profiles of the cylindrical
particles were similar to the profile associated with 2 µm cubic particles (Figure 2.11 G).
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Figure 2.11: Effects of particle shape and size on cellular internalization. (A) Internalization
profile of PRINT fabricated particles in HeLa cells over 4 hours. The legend indiates particle
diameter and volume. (B−I) SEM images of PRINT particles evaluated in the internalization
study shown in panel A (scale bars = 1µm): (B) 150 by 450 nm particles, (C) 100 by 300 nm
particles, (D) 200 by 200 nm particles; (E−F) Cylindrical microparticles that are 1 µm tall but vary
in diameter (scale bars = 1µm): (E) 0.5 µm and (F) 1 µm; (G−I) Cubic microparticles of varying
widths (scale bars = 20 µm): (G) 2 µm, (H) 3 µm, and (I) 5 µm. Reprinted with permission from
The National Academy of Sciences [PNAS 105 (2008) p 11613-11618].

Larger (5 µm and 3 µm cubic particles) (Figure 2.11 H−I) did not show significant
uptake by HeLa cells (Figure 2.11 B−D).
The results summarized above, demonstrate that particle aspect ratio, shape, and
volume all affect cellular internalization of nanoparticles. A more comprehensive
evaluation of uptake as a function of each of these particle characteristics needs to be
performed. It is critical that these experiments are conducted while attempting to hold
other particle properties (i.e., volume, surface area, material composition) constant.
Nevertheless, the theoretical modeling and in vitro studies taken together provide
significant evidence to support the idea that nanoparticle-based drug delivery to target
cells can be “controlled” through rational design of particle geometry.
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2.3 RESPONSIVE NANOCARRIERS FOR TRIGGERED DRUG RELEASE
Although particle geometry can be designed to optimize drug carrier localization
in vivo, it is also critical that additional control on drug release is incorporated within the
carrier design. It is well known that particle composition can be tuned to control the
kinetics and mechanism of payload release. The following section provides an overview
advancements in the development of intelligent biomaterials used in drug carrier design.
Nanocarrier systems in which drug release is triggered by physiological or
pathological cues are generally prepared with materials that are responsive to pH,
oxidation potential, or enzymes [69]. In all cases the physiological stimulus causes some
physical or chemical change to the carrier material, such that the nanocarriers collapse or
degrade, releasing drug either intracellularly or extracellularly. Stimuli responsive
biomaterials are very promising carriers for the development of advanced “intelligent
therapeutics.” A series of environmentally sensitive hydrogel-based materials has been
developed for a wide variety of medical and pharmaceutical applications [70].

2.3.1 Intelligent Biomaterials
Polymers are the preferred materials for biological and life science applications
because of their high adaptability and compatibility with biological molecules and cells.
Numerous microfabrication methods can be used for molding polymers based on the
polymer properties. Controlled drug delivery systems mostly fabricated out of polymers
are used in millions of patients yearly [71]. Numerous controlled release systems for
proteins have been approved for medical use. Particles “decorated” with poly(ethylene
glycol) (PEG) and exhibiting stealth properties have also been approved, showing that
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biomaterials can be used to improve safety, pharmacokinetics, and duration of release of
important therapeutic agents.

“Intelligent”, polymer-based biomaterials have been

developed that have the ability to sense and respond to biomolecule, temperature, or pH
stimuli. Use of responsive polymer hydrogels is on of most promising approaches for
developing intelligent therapeutic systems.

2.3.1.1 Responsive Hydrogels
Polymer-based biomaterials are widely used for medical applications.
Unfortunately, most biomaterials lack functionality to interact and respond to biological
systems. Hydrophilic polymers in their cross-linked form, i.e., hydrogels, allow for
specific functionality to be directly incorporated into their networks. Hydrogels are
attractive materials for biological and medical use because their properties can be
controlled for specific applications, their high affinity for water, and their
biocompatibility.
A wide range of hydrogel-based biomaterials has been developed over the past
several decades that have the ability to molecularly recognize its environment, including
biomolecules, pH, temperature, or a combination of conditions.

By modifying the

molecular structure of the polymers, hydrogel networks have the ability to interact with
their environment in a “intelligent” manner [72]. Figure 2.12 summarizes different
responsive hydrogel networks that have been developed in our laboratories and elsewhere
[73]. Responsive behavior of hydrogels and other biomaterials can be summarized in two
major categories. First, materials acting as carriers “passively” respond to external
conditions due to physicochemical interactions and associated phenomena. Such
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Figure 2.12: Versatility of Hydrogel
Networks: (A) pH sensitive hydrogels:
When the hydrogel is in a low pH
environment, the polymer network
entraps the loaded agents within the
network but once the network is exposed
to a higher pH environment, the polymer
network swells and releases the drug.
(B) Temperature sensitive hydrogels:
When the hydrogel is exposed to a
temperature change, the hydrogel
network will either swell and release
encapsulated agents or shrink to
encapsulate agents. (C) biomolecule
sensitive hydrogels: These gels have a
stimuli
responsive
biomolecule
incorporated directly into their polymer
hydrogel network.
When these
molecules are exposed to the particular
agent they are sensitive to, the
biomolecule will breakdown and in turn
the hydrogel network will degrade and
release the drug that was encapsulated
within the gel.
Reprinted with
permission from Elsevier [Advanced
Drug Delivery Reviews 61 (2009) 13911401]

phenomena can be pH-dependence, temperature-dependence, ionic strength-dependence,
magnetic or electrical dependence and response to thermodynamic compatibility. The
second category includes all materials that exhibit a certain intelligence that provides
their ability to respond to a surrounding compound. These systems include those that can
respond to a biomarker or a bioanalyte in a surrounding medium or materials that are
decorated with functional groups that can provide artificial ligand-receptor interactions.
Let’s examine now these materials behave starting first with the pH-sensitive materials.
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2.3.1.1.1 pH Sensitive Hydrogels
In pH sensitive hydrogel systems, the responsive mechanism lies within the side
chain groups, branches, and crosslinks of a polymer’s chemical structure. In polymer
networks that contain weak acid or base groups, absorption and adsorption of water can
occur simultaneously. The movement of water into the polymer network results in
ionization of the acid and base pendant groups. This phenomenon is controlled by the
solution’s pH, ionic composition and ionic strength. Therefore, hydrogels composed of
ionic polymer networks behave as semi-permeable membranes for counter ions.
The osmotic equilibrium between the external solutions and the hydrogel is
dependent on the ion-ion interactions. The equilibrium degree of swelling for hydrogels
containing weak acid pending groups increases as the pH of the external solution
increases, as demonstrated in Figure 2.12A. In the same respect, the degree of swelling
increases as the pH decreases in the surrounding environment for hydrogels containing
weak basic pendant groups. The swelling behavior of the hydrogel is controlled by
polymer properties, the ionic concentration and the characteristics of the counter ions.
Extensive studies have been conducted on ionic polymers including polyacrylamide
(PAAm), poly(acrylic acid) (PAA), poly(diethyl aminoethyl methacrylate) (PDEAEM),
poly(dimethyl aminoethyl methacrylate) (PDMAEM), and poly(methacrylic acid)
(PMAA) [74-92].
Recently, the Peppas group [76, 77, 93] has demonstrated that insulin release can
be achieved from pH and complexation-sensitive poly(methacrylic acid-grafted-ethylene
glycol)

(P(MAA-g-EG)

and

poly(methacrylic

acid-grafted-ethylene

glycol)

functionalized with wheat germ agglutinin (P(MAA-g-EG) WGA) microparticles.
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Stimuli sensitive hydrogels have also been designed and produced as ‘smart’ drug
delivery systems and biomimetic tissue engineering scaffolds to sense environmental
changes and induce a structural change or degradation [94-103].
pH-Sensitive hydrogels can also be used for site specific delivery. For example,
Carr et. al. [92, 104] demonstrated

that microparticles composed of hydrogels of

copolymers of methacrylic acid (MAA) and N-vinyl-2-pyrrolidone (NVP) were pHresponsive when transported from gastric to intestinal conditions, and could thus be used
for oral protein delivery applications, especially for growth hormones and calcitonin.
This microparticle design would provide protections for sensitive biological agents
loaded within the hydrogels from the acidity conditions of the stomach.

Once the

particles reach the intestines, the hydrogel network will swell and release the loaded
biological agents.

2.3.1.1.2 Temperature Sensitive Hydrogels
Temperature sensitive hydrogels are another type of responsive hydrogels that
have been extensively studied mainly for their ability to undergo a reversible volumephase transition in response to a change in its environmental temperature. Crosslinked
polymers like poly(N-isopropyl acrylamide) (PNIPAAm) experience phase separation as
the system temperature is increased above a critical temperature known as the lower
critical solubility temperature (LCST). Hydrogel networks composed of these polymers
swell when the temperature is lower than the polymer’s LCST and shrink or collapse as
the external temperature is increased above the LCST [82, 105-115]. Temperatureresponsive hydrogels have been widely studied for numerous biological applications
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including drug delivery and tissue engineering. Dual responsive hydrogels have also
been developed by combining pH sensitive polymers and temperature sensitive polymers
[105, 106, 112-114].
The use of such systems has led to a number of great new applications of
nanotechnology. For example, novel intelligent therapeutic nanocomposite systems have
been studied where metal nanoparticles such as gold [116] or SiO2-gold nanoshells [107]
have been incorporated into corresponding temperature-responsive interpenetrating
polymer networks (IPN). The metal nanoparticles or nanoshells absorb light which is
then converted to heat and transmitted locally to the surrounding IPN. As the temperature
increases, the polymer swells and releases any encapsulated beneficial agents within the
polymer network [116], as shown in Figure 2.12B.

2.3.1.1.3 Bioanalyte-Sensitive Hydrogels
Incorporation of well-evolved biological mechanisms such as highly specific,
high affinity binding proteins or highly specific enzymatic cleavable proteins and peptide
into synthetic hydrogels can be used to develop responsive biomaterials. Depending on
the biological molecular, bioanalyte-incorporated into the hydrogels, these conjugate
biomaterials can easily be tailored to respond to different biological conditions. A wide
variety of biohybrid hydrogels has been developed for drug delivery [49, 97, 117] and
tissue engineering [100, 118-127] applications by incorporating proteins, peptides, and
enzymes to polymer networks. An example of a biohybrid biomaterial that has been
created to respond to biomolecules is the incorporation of activated glucose oxidase into
pH-sensitive cationic hydrogels [88, 128]. When these hydrogels are exposed to glucose
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in the body, the glucose oxidase catalyzes the production of gluconic acid, thus lowering
the local environment pH and thereby causing the pH-sensitive hydrogels to swell.
The degradation properties of hydrogels can also be tailored by direct
incorporation of biological linkers into the polymer network; as demonstrated in Figure
2.12C. Numerous degradable PEG-based hydrogels with degradable blocks or protease
within the network have been reported by the groups of Anseth, Hubbell, West, and other
research teams [94-96, 100, 101, 115, 119, 123-126, 129-136]. Enzymatically degradable
polymer carriers are beneficial as drug delivery or tissue engineering scaffolds because
enzymatic cleavage is highly specific and could be tailored for certain diseased tissues
where specific enzymes are up regulated [49].
A series of enzymatically degradable hydrogels, specifically designed to mimic
the extracellular matrix (ECM) in tissue engineering applications have been extensively
reported [94, 96, 100, 102, 119]. These designs contain a peptide linkage either in the
backbone of the polymer or as a crosslinking agent that is degraded by the presence of
tissue specific enzymes (e.g. collagenase, elastase or MMPs). A key relevant finding in
these studies reported by Hubbell and collaborators [123] was the highly specific
enzyme-controlled release of recombinant human bone morphogenetic protein (rhBMP).
West and co-workers [96] showed the differential degradation kinetics of these gels in the
presence of various concentrations of the peptide-specific enzymes (collagenase or
elastase). Their results indicated that the hydrogels do not degrade in the absence of
enzymes while rapid degradation can be achieved by optimizing the enzyme
concentrations.
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The intrinsic properties of polymer-based hydrogels make them easy to fabricate
with a wide variety of properties for specific applications. The inherent mesh network of
hydrogels can be designed to exhibit recognitive micro- and nanovacuoles ranging from
microscale all the way down to angstrom length scale. The mesh architecture of these
hydrogels renders them important agents for controlled release systems for drug delivery
and tissue regeneration applications. The hydrogel networks can protect sensitive agents
from harsh environmental conditions and, in response to a change in environment
conditions, can swell to allow the sensitive agents to diffuse out of the network. More
control over the release kinetics of hydrogels can be achieved by incorporating a
biologically sensitive molecule directly into the polymer network of the hydrogel. When
these hydrogels are exposed to the biological agent that the biomolecule is sensitive to,
the hydrogel network will degrade, releasing the agents encapsulated within the network.
The versatility of hydrogel’s network allows them to be incorporated into macro to nanosystems easily for controlled drug delivery [73].

2.3.1.2 Triggered Released Polymer-Based Carriers
The earliest attempts to direct drug delivery to specific tissues were primarily
relevant to cancer therapy because there is a clear physiological difference between
cancerous tissue and healthy tissue. Many delivery methods rely on the enhanced
permeability and retention (EPR) effect associated with tumors (particle size effects) as
well as the differential pH of the tumor microenvironment (pH sensitive carriers) [22,
137-145]. These have been reviewed by Peer et al. [2]. For pH sensitive carriers, anionic
or cationic materials are often incorporated into block co-polymers with one or two other
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hydrophobic (e.g., poly(lactic acid)) or hydrophilic (e.g., PEG) polymers. Generally, the
key to designing these heteromaterials is that one block must be protonatable at a pH less
than physiological pH (7.4), such that in the presence of the more acidic extracellular
environment (pH 6.5−7), associated with tumors and other diseased tissues, sections of
these materials can undergo a change in hydrophobicity. This results in swelling,
shrinking, or collapse of the nanocarrier resulting in drug release. Alternatively, materials
can be selected that degrade (i.e., hydrolyze) rapidly with pH change [137, 138, 144,
146]. Following hydrolysis of acid-labile subunits the hydrophobic portion of the
nanocarrier is either exposed to the aqueous environment or degraded into hydrophilic
products resulting in drug release [69, 146].
Other pH sensitive nanocarriers have been developed that can also be classified as
ligand-triggered drug release systems. These nanocarriers respond to pH similarly to
those systems described above. However, drug release is triggered by a more dramatic
pH decrease that results from ligand binding to, and breakdown by, nanoparticleimmobilized enzyme. This has been applied to insulin delivery [142, 147]. A significant
limitation of pH triggered release, as a means of targeted drug delivery, is that it is not
specific to diseased tissues, since there are healthy tissues and cells that could also have
an acidic extracellular environment. For physiological triggered release to be effective, a
highly specific disease-related trigger needs to be used. Enzyme sensitive biopolymers
could allow such disease-induced drug delivery.
In most pathophysiological conditions, there are specific enzymes and proteins
that are up regulated to meet the needs of the diseased tissue. For instance, enzymes and
proteins usually associated with rapidly growing cells are up-regulated in cancer cells and
41

tissues. Development of biomaterials that are sensitive to these specific enzymes or
proteins allows for fabrication of highly specific triggered release systems. These
delivery systems are designed to be crosslinked by peptide sequences or other ligands
that are recognized and broken down by a particular enzyme that is expressed in a
specific diseased environment or cell. Therefore, in the presence of the appropriate
enzyme the ligand linkers are cleaved and the nanocarriers’ contents are released.
Although enzyme-responsive drug delivery and tissue engineering platforms have been
widely explored in the macroscale [148, 149], there have been few reports on the
development of enzyme-degradable nanocarriers. Examples of enzyme-triggered drug
releasing nanoparticles include those responsive to elastase [150], trypsin [151],
(phospho)lipase [152, 153], metalloproteinase [154, 155], proteinase K [156], pronase E
[157], and quinone reductases.[158]
Nanoparticles that are sensitive to changes in oxidation potential have also been
developed. These take advantage of the more reductive intracellular environment as
compared to the extracellular fluid. There are two typical approaches to synthesize these
nanoparticles, both involving disulfide linkages. In one approach, lipid-polymer
conjugates are created by tethering a hydrophobic lipid to a hydrophilic polymer via
disulfide bonds [143, 159, 160]. The hydrophilic shell stabilizes the liposomes in the
extracellular environment, but once within a cell the shell is lost because the disulfide
bonds are susceptible to cleavage by reductive substances, such as glutathione. The loss
of the hydrophilic coating destabilizes the liposomes and results in drug release. A similar
destabilization of nanocarrier integrity is achieved in the cellular milieu when disulfide
linkers are used to crosslink the core of polyplex-micelles [161].
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Although nanocarriers that are sensitive to internal triggers require no additional
external regulation or guidance, most of the internal triggers that these systems rely on
are hardly unique to diseased tissues. If nanoparticles are non-specifically taken up by
healthy tissues the acidic pH associated with endosomes and lysozomes and the reductive
intracellular environment will trigger drug release from pH-sensitive and redox-sensitive
drug carriers, respectively. Therefore, tissue-specific delivery is not optimal. While the
EPR effect will bias nanocarrier accumulation to most diseased tissues, uptake by healthy
tissues is usually unavoidable because the aforementioned nanoparticles are not actually
targeted to any particular tissue. Also, the EPR effect is not necessarily a feature of all
diseased or damaged tissues. Enzyme sensitive nanocarrier systems are, however,
considered advantageous compared to redox- and pH-sensitive systems because drug
release depends on the presence of a particular enzyme, which if only present in the
diseased cells will limit drug release to the target cells. Regardless, during circulation and
once near or inside healthy tissues these types of nanocarriers, like most drug carriers
sensitive to physiological stimuli, are still prone to drug release (even if it is at a slower
rate). This is due to the fact that even healthy cells express, to some extent, most of the
enzymes that are over-expressed in diseased tissues. It will be critical for future research
in this area to “tune” the enzyme-triggered degradation to the local concentration of the
enzyme (i.e., incorporate threshold-based degradation).
In addition to physiological or pathophysiological triggers, there are a vast array
of nanocarrier systems that are responsive to external physical cues [162], such as light
[69, 163-165], temperature [116, 166-169], ultrasound [170-174], and magnetic fields
[175]. In all these cases, time must be allowed for nanoparticle uptake into diseased
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tissues prior to the application of external stimuli. Nanocarriers that are designed to
respond to these external triggers, in theory only release carrier contents at the location of
the stimulus application. Most light responsive nanoparticles conceptually function like
many pH- and redox-sensitive carriers, in that the destabilization of nanocarriers is
achieved upon irreversible photo-degradation of an outer hydrophilic layer [164] or
cleavage (photolysis in this case) of labile polar head groups from hydrophobic “tails”
[163]. On the other hand, temperature sensitive nanocarriers are designed from polymers
that have a phase transition [166, 167] or a positive swelling transition [168] at
biologically acceptable temperatures (35−42°C). The change in physical properties (e.g.,
liquification, swelling) that accompanies such material transitions causes drug release
from the carriers. For further information on these types of nanoparticles the reader is
referred to a review written by Needham and Dewhirst on the application of
hyperthermia-responsive liposomes for drug delivery to solid tumors [176]. Alternatively,
ultrasound responsive nanocarriers, including pluronic micelles [22, 170-172, 177-179]
and DNA-polycation polyplexes [180] have been shown to give rise to improved delivery
in the presence of ultrasonic irradiation.
Despite the fact that externally triggered drug release from nanocarrier systems
generally permits improved site-specific drug delivery, and therefore, requires lower drug
doses compared to systems that are designed to respond to physiological stimuli, the cost
of treatment would be higher and patient compliance would likely be reduced. In
addition, the majority of the external trigger is restricted to superficial tissues and is not
applicable to internal organs or tumors.
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2.4 INCORPORATION OF TRIGGERED-RELEASE INTO SHAPE-SPECIFIC DRUG
NANOCARRIERS
In the prior sections the advantages of fabricating shape and size specific
nanoparticles, as well as the advantages of disease-responsive nanoparticles has been
presented.

Incorporating enzymatically degradable biomaterials into shape and size

specific nanoparticles combines both these concepts and could provide an interesting
approach for the development of “intelligent” drug nanocarriers. My research objective
is to use top-down, high throughput nanofabrication technology, specifically a modified
Step and Flash Imprint Lithography (S-FIL) method, to synthesize highly mono disperse
polymer nanocarriers of various shapes, sizes, and aspect ratios. By incorporating
disease-responsive elements (e.g. peptides) directly into the particle matrix I propose to
impart enzyme-responsive release properties into these nanocarriers such that drugs or
contrast agents are released primarily in response to a tumor-associated signal. The
advantages of using a modified S-FIL process combined with stimuli-responsive
hydrogels in comparison to methods presented in sections 2.2 and 2.3 will be highlighted
in the following sections.

2.4.1 Overview of Step and Flash Imprint Lithography (S-FIL)
Several recent advancements in nano manufacturing methods [28, 181-184] could
provide new approaches for top down, high-throughput, large-scale fabrication of
nanoparticles for drug delivery applications. One of the most promising nanoimprinting
techniques is Step and Flash Imprint Lithography (S-FIL) method that was invented by
Wilson and colleagues at UT Austin [28, 184-192]. The detailed S-FIL process is shown
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Figure 2.13: Step and Flash Imprint
Lithography (S-FIL) Methodology. (A)
Schematic diagram of S-FIL imprinting
process. (B) Schematic of S-FIL step and
repeat process (www.molecularimprints.com).

in Figure 2.13A. S-FIL is essentially a nano-molding process in which the topography of
a template defines the patterns created on a substrate. It is based on a very low-viscosity
liquid imprinting material that is UV-curable. The resolution of S-FIL is primarily a
function of the electron-beam (E-beam) patterned template. The smallest line widths that
have been printed, to date, is ~20 nm since this is the minimum trench width fabricated
on a template. In addition, three-dimensional (3D) structures can also be replicated by the
S-FIL process, and patterns can be imprinted on top of existing topography by using an
appropriate planarization material. The ability for 3D patterning is particularly useful for
fabricating nanocarriers for drug delivery. In addition, monodisperse particles of various
shapes and sizes can be produced with little to no uniformity variations. S-FIL’s ability to
step and repeat fabrication as shown in Figure 2.13B allows for large scale production of
nanocarriers. Table 2.1 summarizes the number of different sized square particles that
can be produced with one imprint from a 10 mm x 10mm quartz template, as well as the
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Table 2.1: Mass production values of different size square particles using S-FIL.

number of particles that could be produced on a 4 inch and 8 inch wafer. Since the height
of the nanoparticles is defined by template which is determined by the etch time of the
quartz, the force applied during imprinting, and the volume of imprinting solution;
particles of different geometry (cross sectional shapes) and aspect ratios can also be mass
produced.

2.4.2 Overview of Stimuli Responsive Hydrogel Network
As summarized in section 2.3.1.1, hydrogels have become a useful biomaterial
and pharmaceutical applications. Stimuli sensitive hydrogels have been developed as
‘smart’ drug delivery systems and biomimetic tissue engineering scaffolds to sense
environmental changes and induce a structural change or degradation [95-99, 101, 193195]. Temperature and pH sensitive hydrogels can be used for site specific delivery.
Biomolecule-sensitive hydrogels have been used to deliver drugs when in contact with
glucose or specific antigens [98, 99]. There are also hydrogels that are sensitive to light,
magnetic field, and ultrasound [97, 99]. However, stimuli-responsive gels (except for pH
responsiveness), although widely studied for macro and microscale applications, have not
been incorporated into nanoparticles until now.
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For a bolus dose at a target location, e.g. for cancer therapy, an enzymatically
degradable polymer carrier could be advantageous. This is because enzymatic cleavage is
highly specific and could be tailored for certain diseased tissues where specific enzymes
are up regulated. A series of enzymatically degradable hydrogels, specifically designed to
mimic the extracellular matrix (ECM) in tissue engineering application, have been
extensively reported [96, 193-195]. These designs contain a peptide linkage either in the
backbone of the polymer or as a cross linking agent that is degraded by the presence of
tissue specific enzymes (e.g. collagenase, elastase or MMPs). A key relevant finding in
these studies, reported by Hubbell and colleagues [195], was the highly specific enzymecontrolled release of recombinant human bone morphogenetic protein (rhBMP). West
and co-workers [196] showed the differential degradation kinetics of these gels in the
presence of various concentrations of the peptide-specific enzymes (collagenase or
elastase). Their results indicated that the hydrogels do not degrade in the absence of
enzymes while rapid degradation can be achieved by optimizing the enzyme
concentrations. These demonstrate the possibility that similar peptide-based hydrogels
could be used to control drug release from nanoscale carrier. However, such
enzymatically degradable nanosize carriers for the site-specific release of drugs are yet to
be reported.
To create a stimuli responsive hydrogel network that is sensitive to cancer,
specifically lung cancer GFLG an enzymatically degradable peptide can be incorporated
directly into the polymer matrix of S-FIL imprinted nanocarriers as illustrated in Figure
2.14. GFLG is a tetra-peptide sequence that has been widely used in tumor targeted
polymer drug conjugates [197-199]. This peptide spacer is designed to degrade in
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Figure 2.14: Disease Specific Responsive Hydrogel
presence of lysosomal proteases (e.g. cathepsins). GFLG has been shown to degrade in
rat tritosomes and specifically by cathepsins C, H, L, and B. The spacers have also been
shown to have different degradation rates based on their size and amino acid sequence
[199-201]. It was found that the sequence, GFLG was especially sensitive to Cathepsin B,
a protease that has been shown to be over-expressed in tumor cells. Specifically,
Cathepsin B levels in tumor cells and tissues of patients with lung cancer, especially
NSCLC, is significantly elevated and has been directly related to their prognosis [202213].
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CHAPTER THREE
Development of Nanoimprint Lithography Techniques for Fabrication
of Shape and Size Specific Nanocarriers
3.1 INTRODUCTION
Nanotechnology is one of the most promising avenues for the development of
advanced delivery vehicles for diagnostic and therapeutic applications. Classically, the
field has focused on synthesizing nanocarriers based on self assembly or emulsion based
concepts. A large number of nanocarrier formulations, using polymers, lipids, and
ampiphilic molecules have been reported in the literature. Although significant progress
has been made in polymeric or liposomal drug delivery systems, there remain some key
fundamental limitations. These include inability to (a) precisely control shape, aspect
ratios, size and polydispersity of the nanocarriers and (b) integrate a variety of diseasespecific triggered release mechanisms into the nanoparticle design.
Size, material chemistry, and particle-surface characteristics have so far been the
primary variables used to fabricate self assembled or emulsion-based nanocarriers. Until
recently, particle shape remained an unexplored area of research in drug delivery mostly
due to our inability to reliably synthesize such structures. However, recent reports suggest
that particle shape and aspect ratios might play significant role in the in-vivo performance
of delivery vehicles [3-7] as presented in chapter 2 (sections 2.2). There are in fact only a
few reports describing fabrication of particles with varying shape, especially at the
nanoscale [8-11].
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For intelligent therapeutic systems to be capable of responding to biological
systems at the molecular level within the body, these systems need to mimic natural
biosystems in their structure and size and therefore will need to be fabricated using
advanced nanofabrication techniques. Recent advancements have made micro and
nanofabrication an important tool for modern science and technology. Microstructures
provide researchers the ability to interact with cells on the cellular level, providing the
opportunity to study basic scientific phenomena that occur at the micron dimension.
There are numerous microfabrication techniques for preparation of microstructures for
various biomaterials. Microfabrication of polymer materials can be replicated using
micro-molding and embossing techniques that have lower cost. There has been a great
deal of development in UV and thermal nano-imprinting lithography (NIL) techniques
for polymers that can now achieve sub 50 nanometer resolution [12].

3.1.1 Step and Flash Imprint Lithography
Step and Flash Imprint Lithography (S-FIL) is a UV-NIL method that has
numerous advantages over other nanofabrication methods presented in Chapter 2
(Sections 2.2.1.2).

In the S-FIL process as highlighted in Figure 3.1, the photo-

polymerizable polymer is dispensed as nanoliter droplets onto a substrate, instead of
being spun-on, thereby, minimizing the amount of solution required [13]. A pre-patterned
transparent quartz mold is pressed into the polymer droplets, causing it to spread, and fill
the features in the mold. The polymer is then exposed to a short UV light pulse to cure
the polymer. The quartz mold is then removed revealing the desired nanostructures. S81

Figure 3.1: Schematic diagram of Step and
Flash Imprint Lithography (S-FIL).
FIL utilizes a patterned quartz template, which allows optical alignment of the patterned
template with pre-existing patterns on a substrate. The patterned quartz templates are reusable and also enable sub-100nm alignment of nano-features. S-FIL does not use
reduction lenses like conventional photolithography methods; therefore its resolution is
not limited like other methods.

Using S-FIL, imprint patterns are defined by the

topography of the quartz template [14]. Therefore, the imprint feature resolution is
dependent on the resolution of electron-beam lithography which is sub-25 nm. Sub-50
nm features have been achieved using S-FIL.
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S-FIL is very flexible method for forming a wide range of sizes and pattern
imprints with a variety of different photo-curable solutions. Recently, S-FIL has been
utilized to create nanopatterned surfaces for studying cell behavior on nano feature
surfaces [15]. The versatile S-FIL methods allows for nanoscale features of specific
shape and size to be fabricated out of UV cross-linkable biomaterials. S-FIL is also a
promising alternative for fabrication of DNA and protein microarrays for genomics and
proteomics [13].
In the studies presented here, S-FIL process was modified to fabricate monodisperse shape and size specific nanoparticles composed of the biocompatible polymer
poly (ethylene glycol) diacrylate (PEGDA). The development and modification of the
fabrication method including the design and fabrication of the patterned quartz imprinting
templates, the creation of an imprinting substrate that facilitates mild release of
nanoparticles, the characterization of biocompatible imprinting solutions, and the
optimization of nano imprinting process, using the Imprio 100 imprinting tool by
Molecular Imprints (Austin Tx), etching, and release of shape and size specific
nanoparticles will be summarized in the following sections.

3.2 MATERIALS AND METHODS
3.2.1 Fabrication Process Materials
Blank quartz templates were purchased from Canadian National Research Center
or from the National Nanotechnology Infrastructure Network (NNIN) through the
University of Texas at Austin’s Microelectronic Research Center (MRC). Four inch and
eight inch p-type <100>, double-side polished, prime silicon wafers with an epitaxial
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layer of silicon on one side were purchased from Montco Silicon Technologies.
Chromium (98% pure) for electron deposition was purchased from Williams Advanced
Materials. Electron beam lithrography (EBL) resist ZEP 520A and Zedn50 developer
(ZEON Corp.) were provided by the NNIN and MRC at The University of Texas Pickle
Research Center along with standard cleanroom processing chemicals: Isopropyl Alcohol
(IPA), Acetone, Methanol, N-Methyl Pyrrolidone (NMP) and Toluene. Bottom Anti
Reflectant Coating (BARC) material Transpin HE 0600 (BT-20) (Molecular Imprints)
solution was provided by NNIN at MRC or directly from Molecular Imprints.
Tridecafluoro-1,1,2,2-Tetra-Hydrooctyl Dimethylchloro-silane was purchased from
Gelest Inc.

3.2.2 Polymers and Reagents
Poly(ethylene glycol) diacrylate (PEGDA, MW 700) was purchased from Sigma
Aldrich and poly(ethylene glycol) dimethylacrylate (PEGDMA, MW 1000) was
purchased from Polysciences.

The ultraviolet (UV) photoinitiator, 2-hydroxy-1-[4-

(hydroxyethoxy) phenyl]-2-methyl-1 propanone (I2959) was purchased from Ciba Geigy.
Fluorescein-o-acrylate monomer (97%), poly(vinyl alcohol) (PVA, MW 31000) (Fluka)
and dimethyl sulfoxide (DMSO) was purchased from Sigma Aldrich. Glass viscometer
tubes (size 100: viscosity range: 1 – 30 cSt and 200: 20 to 100 cSt) was purchased from
Fisher Scientific. Cye 3 labeled Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
small interfering RNA (siRNA), was provided by Ambion.
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3.2.3 S-FIL Template Fabrication Process
S-FIL allows for UV sensitive polymers to be molded into shapes and size
features that are pre-defined by electron beam lithography (EBL) patterned quartz
templates. Therefore, feature resolution is only limited by EBL resolution. For highthroughput fabrication of uniform, monodisperse nanoparticles; large scale, densely
patterned S-FIL quartz templates need to be fabricated first. In this section I will report
the fabrication of quartz templates containing various shape and size features as well as
large scale patterning of 10mm by 10mm quartz template mesa for large scale particle
synthesis.
Prior to patterning the quartz template (shown in Figure 3.2), the desired
patterned features and layout are pre-defined using a standard computer-aided design
(CAD) program Ledit (Tanner EDA) and converted for patterning with the JEOL JBX6000 FS/E electron beam lithography tool. For precise patterning of nanoscale features
into quartz glass, chromium is used as an etching mask for reactive ion etching (RIE) as
well as serves as a conductive layer to reduce electron charging during the patterning
process. The template preparation, patterning and etching process is demonstrated in
Figure 3.2. To prepare the quartz templates for patterning, the templates are first
thoroughly cleaning using a 1 hour piranha clean (1:2 ratio solution of hydrogen peroxide
to sulfuric acid). A 15 nm layer of chromium (Williams Advanced Materials) is then
slowly evaporated on the surface of a 2 inch square quartz template using an electron
beam evaporator (CHA Industries). The template is then spin coated with a positive
electron beam resist ZEP 520A (ZEON Corp.) (3000 rpm for 60 secs) and post-baked in
an oven at 180oC for 10 mins. Nanoscale features of varying sizes (50-800 nm) and
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Figure 3.2: Schematic
representation of EBL and
RIE of nanoscale features
patterning process for the
fabrication of S-FIL quartz
templates.
shapes (square, pentagonal, rectangles, and triangles) is then patterned in the resist using
e-beam lithography (EBL) (JEOL JBX-6000FS/E) using writing parameters that were
optimized prior to patterning with dose test. The electron beam exposure level/dose was
60 to -60 for aperture 1, 50 kV power, and 100pA. After patterning the features are
developed in ZED n50 (ZEON Corp.) (60 secs), and rinsed with isopropyl alcohol (IPA)
(90 secs) to remove the electron ablated regions to reveal the desired features in the resist.
The chromium layer that is now exposed is then dry etched using a Trion RIE followed
by dry etching of the quartz template in the same tool. To etch the chromium layer: first a
descuming process was preformed to remove any residual ZEP520 at a pressure of 35
mTorr, 20 Watts of power, and with the following gases: O2 (2 sccm) and He (70 sccm)
for 90 seconds; immediately after the descum step, the chromium was etched at a
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pressure of 30 mTorr, 80 Watts of power with the following gases: O2 (10 sccm), He (70
sccm) for 200 seconds. Subsequently, the quartz layer was dry etched to desired etch
depth using at a chamber pressure of 15 mTorr and chamber power of 130 Watts with the
following gases: CF4 (15 sccm), and He (40 sccm) for time ranging from 400 to 1000
seconds depending on desired depth. Etching depth is verified after each etching step
using atomic force microscopy (AFM). The chromium layer is used as a mask for the
final quartz etching step in order to create the well defined nano features in the quartz
template. After RIE is complete residual EBL resist is removed with a 30 min piranha
clean. Lastly, the residual chromium layer is removed with a heated chromium wet etch
(chromium etchant 1020, Transene) at 40oC for several minutes.

3.2.4 Preparation of Quartz Template for S-FIL
To prepare the EBL patterned quartz template for imprinting, the template is
thoroughly cleaned with a 30 min piranha clean, followed by rinsing with filtered DH2O
and dried with nitrogen air. To make sure all moisture has completely dried within the
nano features, the template is allowed to air dry for 24 hours. To prevent adhesion of the
imprinting solution to the quartz template, the template is treated with a fluoriated self
assembled monolayer (FSAM) to make the quartz surface hydrophobic. The template is
incubated for 1 hour in a 0.5% (v/v) solution of (Tridecafluoro-1,1,2,2-Tetra-Hydrooctyl)
Dimethylchloro-silane (Gelest Inc,) in toluene to create a hydrophobic surface that will
repel the hydrophilic imprinting solution. The template is removed and dried with
nitrogen air and then allowed to air dry for at least 12 hours before using for imprinting.
Contact angle measurements of FSAM treated template were take using a goniometer
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(First Ten Angstroms (FTA)) to see the difference in wettability of the FSAM treated
template in comparison to the Molecular Imprints recommended template coating:
Relmat.

3.2.5 Development of Imprinting Substrate that Facilitates Easy Release of
Nanoparticles
Current nano-imprint lithography based systems like S-FIL utilize silicon wafers
as the imprinting substrate.

For the development of nano-imprint fabricated drug

delivery nanocarriers, a surface treatment for the imprinting substrate (Si wafer) needs to
be developed. The surface treatment needs to first promote spreading of the imprinting
solution over the imprinting area and then promote strong adhesion of the imprint to the
substrate. Lastly, the layer needs to be soluble in aqueous solutions or will dissolve by
varying the environmental conditions like pH, temperature or salt concentrations, so that
the layer can be dissolved using a mild process to release the nanoparticles from the
imprinting substrate. A mild process that does not expose the particles to harsh organic
solvents, high temperatures, high shear forces or physical scrapping is imperative for
keeping sensitive biological agents loading within the nanocarriers intact.
There are numerous polymers that fit the criteria listed above, but few form a
uniform film which is necessary for the imprinting substrate. Polyvinyl alcohol (PVA) is
a water soluble, synthetic polymer that meets these requirements. PVA is known for it
excellent film formation and adhesive properties, while also being nontoxic. Because of
this, it is readily used in paints, paper coatings, release liners, and glues. Guan et. al.
demonstrated that PVA could be used as a release layer of soft-lithography techniques on
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the microscale [16], where the substrate was first dipped into a PVA solution prior to
patterning.
To develop a uniform, release layer coating for the S-FIL substrate, various
concentrations of PVA (MW 31,000) was prepared, and spin coated onto 4in wafers at
various spinning parameters. The thickness and uniformity of the PVA coatings over the
entire wafer was measured using the JJ Woollam M-3000 Ellipsometer.

Lastly,

imprinting was conducted with different concentration PVA coated wafers to evaluate the
performance of the coating, as highlight in the sections below.

3.2.5.1 Preparation of PVA Solutions
PVA is a temperature sensitive polymer whose Tg is ~80o. To dissolve the PVA
stock power, DH2O is first heated (while stirring) in a water bath to 85oC, different
concentrations of PVA (1, 2, and 5% (w/v)) was slowly added to the heated water while
stirring. Once all of the PVA was dissolved, the solution was removed from heat and
allowed to stir for 12 hours. The PVA solution was then filtered with a 0.22 µm Teflon
filter in a cleanroom environment to minimize particulates in the solution. The solution
was allowed to sit overnight to allow for air bubbles formed in the solution during
filtration to release before using for spin coating. The viscosity of the different percent
polymer concentrations were measured using a Canon-Fenske Routine glass viscometer.
The refractive index of each PVA concentration was also measured using the JJ Woollam
M-3000 Ellipsometer.
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3.2.5.2 Spin coating of PVA on Imprinting Substrate
Prior to spin coating, 4 inch silicon wafers were cleaned for 30 minute with a
piranha solution clean and then rinse with a 5 cycle DH2O run. The wafers were then
cleaned for 10 minute in buffered oxide etch (BOE) and then rinse thoroughly again with
a 5 cycle DH2O rinse. Lastly, the wafers were spun dry for 3.5 minutes. ~650 µL of
Transpin HE 0600 (BT-20) was spun coated on the wafer at 2500 RPM for 25 seconds
and post baked at 180˚C for 1 minute, to create a primary adhesion layer for the PVA to
the wafer, as well as the Transpin also serves as a bottom anti-reflectant coating (BARC)
on the wafer to reduce back scattering of UV light off of the wafer surface during the
polymerization step. The wafer was then allowed to sit for approximately 20-30 minutes
to allow the wafer to cool. ~5,000 µL polyvinyl alcohol solution (PVA) was dispensed
onto the enter surface of the wafer. The wafer was allowed to sit for 1 minute and was
then spun for 60 seconds of various speeds: 1000 RPM, 2000 RPM, 3000 RPM and 4000
RPM. Afterwards, the film thicknesses and uniformity was measured using a JJ Woollam
M-3000 Ellipsometer.

3.2.6 Optimization of Biocompatible Imprinting Solutions
Molding of UV cross-linkable polymers into nanoscale features using S-FIL is
possible if the polymer solution has a relatively low viscosity (below 100 cP) so that the
solution will fill the nanoscale features patterned on the quartz template by means of
capillary forces [17]. Imprinting solution’s dynamic viscosity is an important factor for
dispensing of the imprinting solution in the Imprio 100 systems, as well as formation of
nanoscale features. For drug delivery purposes, the biocompatibility of the imprinting
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solution is also essential. As highlighted in chapter 2, hydrogel materials are beneficial
for controlled drug release applications.
Poly (ethylene glycol) and its derivatives are widely used polymers because of
their biocompatibility and cell and protein resistance properties. PEG has been used as a
component in drug delivery and related biomaterial systems as a non-immunogenic factor
for the last twenty years [18]. Numerous successful drug delivery systems on the market
and a significant amount under investigation today contain various lengths of grafted or
incorporated PEG chains in order to render biocompatible properties to the system.
Poly(ethylene glycol diacrylate) PEGDA and poly(ethylene glycol dimethacrylate)
PEGDMA, are photocurable PEG polymers, are polymers that has shown promising
results for micro and nano imprinting biological applications [19, 20]. Lastly, PEGDA
and PEGDMA polymers are readily commercially available in a wide variety of
molecular weights making it very useful for developing hydrogel networks with specific
properties (cross-linking density and mesa/pore size) while also easily adjusting the
viscosity properties of the solution required for nano-molding.
Since the viscosity of the imprinting solution is the main limiting factor of the
solution’s performance, the viscosity of different percent polymer solutions of PEGDA
and PEGDMA needed to be tested for dispensing of the solution as well as filling the
quartz template features. Low molecular weight PEG’s were focused on since, as the
molecular weight of the polymer increases the viscosity of the solution will also increase
therefore requiring the concentration of the polymer to be reduced- ultimately reducing
the cross-linking density and increasing the pore size of the hydrogel network.
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The viscosity of PEGDMA MW 1000 (neat polymer is a wax) and PEGDA MW
700 (neat polymer is liquid) was tested using a Canon-Fenske Routine glass viscometer
for various percent polymer solutions. Various weight per volume percent solutions of
PEGDMA (100-70% w/v) and a range of percent volume solutions of PEGDA (100-25%
v/v) were prepared in DH2O and their kinematic viscosity was measured. Canon-Fenske
Routine calibrated glass viscometers of size 100 (viscosity range 1-30cSt) and size 200
(viscosity range 20-100cSt) were respectively used to measure viscosity by first adding 5
mL of the polymer solution into the measuring area of the glass viscometer. Pressure
from a blub section was removed, and the polymer solution was allowed to flow through
the capillary (of a specific size depending on the size viscometer) and the flow rate
measured. The kinematic viscosity was then determined by multiplying the time it takes
the polymer solution to flow through the capillary by the intrinsic constant of the
viscometer (0.015 cSt/sec for the size 100 viscometer and 0.10 cSt/sec for the size 200
viscometer). Finally the dynamic viscosity is calculated by multiplying the kinematic
viscosity by the density of the imprinting solution.
Imprinting solutions of various PEGDA 700 or PEGDMA 1000, percent
concentrations were prepared in DH2O with 0.07% (w/v) Irgacure, (I2959, Ciba Geigy), a
biocompatible photo initiator [21] used to initiate photo polymerization. PEGDA 700
imprinting solution (33% and 50% (v)) containing 2% (w/v) fluorescein-o-acrylate was
prepared in 20%(v) total solution of dimethyl sulfoxide (DMSO) in DH2O, and 0.07%
(w/v) I2959. Imprinting solutions containing siRNA was prepared using Ribonuclease
(RNase) free water. Prior to imprinting, the imprinting solution was filtered with 0.02-0.1
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µm Anotop low protein bonding, chemical resistant filters (Whatman) to minimize
particulates in the dispensing system.

3.2.7 Optimization of Step and Flash Imprinting Lithography Process
To fabricate biocompatible nanoparticles of specific shape and size for drug
delivery applications, modification of the standard S-FIL process (that was originally
developed for the semiconductor industry) needed to be accomplished. The optimization
of the fabrication method includes the design and fabrication of the patterned quartz
imprinting template (as summarized in section 3.2.3 and 3.2.4), the development of an
imprinting substrate that facilitates mild release of nanoparticles (as summarized in
section 3.2.5), the characterization of biocompatible imprinting solutions (as summarized
in section 3.2.6) , and lastly the optimization of nano imprinting process, using the Imprio
100 (I100) imprinting tool by Molecular Imprints (Austin Tx). In this section a
description of the I100 tool and optimization parameters required for successful
imprinting with PEG base solutions will be presented.

3.2.7.1 Imprio 100 S-FIL System
The I100 is an automated imprinting system for performing S-FIL. To precisely
control the imprinting process, the tool shown in Figure 3.3 A contains a motorized zhead column (Figure 3.3 F) that also houses the mercury arc lamp for UV
polymerization, a fluid dispensing system with single jet dispensing tips (Figure 3.3 G),
an automated wafer leveling system that can support 2, 4, and 8’’ wafers (Figure 3.3 D
and E), and a motorized stage (Figure 3.3 C), all controlled through the I100 software.
93

Figure 3.3 Imprio 100 S-FIL tool: (A) Interior view of I100 system including the: C)
automated “floating” stage, D) wafer chunk, E) wafer loaded in the system, F) Z-head, and
G) fluid dispensing tips; (B) Interior Schematic of Z-head, template location, and wafer
location during the imprinting process. The dots represent mechanical degrees of freedom
[1].
The hardware and software of the I100 allows for the imprinting substrate to be leveled
with respect to the quartz template that is housed in the z-head column during the
imprinting process as shown in Figure 3.3 B. The automated stage of the tool allows the
imprinting substrate to move between the dispensing system and the z-head column so
that imprinting solution can be dispensed onto the wafer and then directly moved under
the Z head column for contact with the template.
One of the advantages of the I100 system is it fully automated dispense-ondemand jetting system that allows imprinting resist to be dispensed in nanoliters (single
jet dispensing) droplets directly onto the imprinting substrate in a user defined droplet
recipe. This system minimizes loss of materials and eliminates defects associated with
spin coating. The drop-on-demand dispensing system eliminates the need for additional
spin-coating steps for deposition of the imprinting resist. The drop-on-demand dispensing
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also enables imprinting of variable feature sizes, aspect-ratios and pattern densities while
still producing very thin and uniform residual layer thicknesses. One of the most
important advantages of using the drop-on-demand dispensing system is it facilitates zero
imprinting material waste; which is vital for keeping production cost low, especially
when incorporating expensive biological agents into the nano-features. The dispensing
tips shown in Figure 3.3 A are single jet tips that contain an 80 µm glass tip orifice that is
surrounded by a piezoelectric actuator. The tips are connected to a fluid line that leads to
the solution storage vial. For dispensing of the solution, the software applies a voltage to
the piezoelectric actuator causing the tip orifice to contract and using gravitational forces
the solution is dispensed. The volume dispensed is directly proportional to the length of
the voltage pulse applied. For accurate dispensing of a known volume of solution, each
single jet dispenser needs to be calibrated with the specific imprinting solution. For this
system to work, the solution vials need to be positioned lower than the tips, and since the
stage needs to be able to move freely under the tips, the solutions vials have to be
mounted away from the tip, make the starting volume of solution required for dispensing
to be least 2.5 mL.
Uniformed imprints using the I100 system can be reproduced accurately for a
given imprinting solution, patterned template, and imprinting substrate once the
imprinting recipe has been optimized for those specific components. The user can define
and optimize the following imprinting parameters: the dispensing parameters: volume per
droplet of solution, the total imprint volume, and the droplet pattern; the imprinting force
(the force applied to the template during the imprinting step to force the solution into the
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Figure 3.4: Schematic of modified S-FIL process: (1) PEG solution is dispensed
onto silicon wafer spin coated PVA; (2) electron beam lithography patterned quartz
template is pressed into PEG solution and exposed to UV light; (3) quartz template is
removed to reveal particles with residual layer; (4) oxygen plasma etch is performed to
remove residual layer to produce mono-disperse particles; (5) imprints are exposed to
water dissolving the PVA, releasing the nanoparticles from the silicon wafer.
patterns on the template), the pre-exposure delay (time in which the solution is allowed to
fill the template features), and the UV exposure.

3.2.7.2 Imprinting Process
Prior to imprinting, nanoscale features of varying sizes and shapes were patterned
and etched into quartz templates as presented in section 3.2.3. The template was then
coated with a self-assembled monolayer FSAM to create a non-adhesive surfaces suitable
for imprinting as summarized in section 3.2.4. S-FIL was performed using the I100 with
a range of PEGDA based polymer solutions (summarized in section 3.2.6). To test the
versatility of using S-FIL to create drug delivery nanocarriers, various biological and/or
contrast agents were introduced into the imprinting solution prior to UV-polymerization.
Contrast agents like fluorescein-o-acrylate or model drugs: DNA, antibodies, and siRNA,
was added to PEGDA MW 700 imprinting solution which was then dispensed through
the I100 automated dispenser onto 4 or 8 inch EPI silicon wafers pre-coated with a
BARC and adhesion layer Transpin HE 0600 and the PVA release layer (as summarized
in section 3.2.5). Imprinting forces ranging from 12-30N and pre-delay imprinting times
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Figure 3.5: I100 panels: (A) template leveling panel for adjusting the x and y macrometers
of the z-head; (B) wafer imprinting field map panel where the imprinting field or fields of
interest can be selected for imprinting (shown here for a 4 in wafer); (C) droplet layout
panel where the user can pre-define the volume per imprint and the location of the droplets
to be dispensed onto the imprinting field.
from 120-600 seconds (both dependent on the patterned quartz template and the
imprinting solution properties) were used to mold various shaped nano-features.
The modified S-FIL process is summarized in Figure 3.4. The imprinting process
first requires the template to be loaded in the template chuck beneath the z-head and is
held under constant vacuum. The template is aligned and leveled by adjusted the x and y
z-head marcometers (Figure 3.5 A). The wafer is then loaded into the tool and is leveled
with relation to the quartz template. To initiate imprinting, the user can select the
imprinting field of interest (Figure 3.5 B) the stage then moves the wafer under the
dispensing tips and the pre-defined drop pattern (Figure 3.5 C) is dispensed onto the
selected imprinting field. The stage then moves the wafer under the z-head and aligns the
selected imprinting field with the mesa of the quartz template. The z-head then lowers
the template into the imprinting solution at a constant force. After the solution is allowed
spread and fill the template features (as shown in Figure 3.6) over the pre-defined predelay time the solution is exposed to a short pulse of UV (at 365 nm wavelength) for the

97

Figure 3.6: Spreading of imprinting solution (50% (v) PEGDA 700 with 2%(w/v)
fluorescein-o-acrylate) over the pre-delay imprinting time. Images obtained using
the I100D S-FIL system at Molecular Imprints.
user defined UV exposure time. The entire imprinting process is done under Helium gas
to displace oxygen so that the solution will fully photopolymerize. After polymerization,
the template is removed from the imprint. The entire process can be “step and repeated”
over the entire area of the wafer.

3.2.7.3 Isolation and Harvesting of S-FIL Fabricated Nanoparticles
In order to create monodisperse nanoparticles released from the imprinting
substrate, the residual layer between the particles needs to be removed first. The residual
layer of the imprints is first measured using NanoSpec AFT and/or SEM. A low power
(50 Watts) oxygen plasma etch (Plasma Therm 790 Series Reactive Ion Etcher (RIE))
was preformed at a pressure of 180 mTorr with O2 (18 sccm) for 20-60 seconds
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depending on the residual thickness. AFM was used to verify that the imprinted particles
retained their structure and shape after etching.
After removal of the residual layer the particles are easily harvested off of the
imprinting substrate by exposing the sacrificial, water soluble PVA layer that was spin
coated onto the wafer prior to imprinting, to filter DH2O. SEM and fluorescent
microscopy (for large, fluorescently tagged particles) was used to verify that the particles
maintain their structural integrity and encapsulated agents remain within the network
after release.

3.3 RESULTS
3.3.1 S-FIL EBL Patterned Templates
To evaluate the effects of particle bio-distribution as a function of shape and size
(Aim 3), numerous, fully patterned quartz templates needed to be fabricated. Schematics
of all templates fabricated as well as the patterned features specifications is given in
Figure 3.7. A proof of concept template containing four different features sizes was
fabricated with the final layout shown in Figure 3.7A. To create different particles with
different height dimensions, EBL and etching of the quartz for the 400 nm and 200 nm
features were done first and then the 100 nm and 50 nm features were patterned and
etched. The 400 nm and 200 nm patterning areas were not correctly positioned on the
template mesa due to inaccurate offset values for the center of the mesa positions in the
EBL patterning file in comparison to the actual center position of the mesa. The final
patterned feature dimensions were verified by AFM as shown in Figure 3.8.
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Figure 3.7: Layout of Patterned Quartz Templates: (A) proof of concept template; (B-E) fully
patterned 10mm by 10mm template mesa.
Fully patterned 10 mm by 10 mm mesa templates were fabricated containing 100
nm squares, 260 nm by 260 nm by 400 nm rectangles, 400 nm by 100 nm by 100 nm
rectangles, or 800 nm by 100 nm by 100 nm rectangles features as presented in Figure
3.7 B-E. During the EBL patterning the electron beam writes from left to right over the
entire pattern area which is moved by the EBL stage (therefore 8-9mm). The larger the
pattern area is the more the stage has to move leading to more drift in the patterned
features. Due to major drift problems that occur with long EBL write times on the JEOL
JBX-6000 FS/E tool; the pattern area of the 100 nm square features was an 8 mm by 8
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Figure 3.8: AFM of proof of concept template features: (A) 400nm by 400nm by
525nm features (5µm scan size), (B) 200nm by 200nm by 200nm features, (C)
100nm by 100nm by 120nm features, and (D) 50nm by 50nm by 120nm features.
Scan size = 2.5µm for B-D. Image 1 (all panels) is a 3-dimension view of the
template, Image 2 (all panels) is the retrace scan in the x-direction, and Image 3 (all
panels) is the retrace scan in the y-direction.
mm area, with 1µm streets between every 50 µm2 array of features. The larger features
were patterned over a 9 mm by 9 mm pattern area. The 800 nm and the 400 nm features
with 100 nm cross-sections were patterned in four separate quadrants with 5 µm streets
between them to decrease the EBL write time (and therefore decreasing the drift
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Figure 3.9: AFM of fully patterned templates’ features: (A) 100nm by 100nm
by 120nm feature template (2.5µm scan size), (B) 260nm by 260nm by 400nm
feature template, (C) 400nm by 100nm by 120nm feature template, and (D)
800nm by 100nm by 120nm feature template. Scan size = 5µm for B-D. Image 1
(all panels) is a 3-dimension view of the template, Image 2 (all panels) is the
retrace scan in the x-direction, and Image 3 (all panels) is the retrace scan in the ydirection.
problems). AFM scans over numerous areas of the fully patterned templates were
conducted after patterning and etching to verify pattern feature dimensions and
uniformity over the mesa (Figure 3.9). The smaller features (<100nm) have more
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Table 3.1: Contact angle measurements for template release layers.

noticeably rounded edges due to the resolution limitation of the e-beam process and do
not maintain their square geometry (Figure 3.8 C-D, Figure 3.9 A). The fully patterned
200nm feature template (Figure 3.9 B) also experienced some charging or over exposure
effects during the EBL process leading to the pre-defined 200 nm by 200 nm square
features being etched as ~260 nm diameter cylinders/pillars into the quartz. Rounding
effects of 100 nm feature dimensions also occurred on the 800 nm and 400 nm rectangles
with 100 nm cross-sections (Figure 3.9 C-D).

3.3.2 S-FIL Templates Release Layer Optimization
Contact angle measurements were conducted to evaluate the effectiveness of the
non-wetting FSAM template treatment versus the recommended Molecular Imprints’
Relmat template treatment, for preventing adhesion of the imprinting solution onto the
surface of the template. The contact angle measurements presented in Table 3.1 shows
that the contact angle of the Relmat was approximately 92.9o over the template pattern
area and 92.0o on blank template areas. In comparison, the contact angle measurements
values of the FSAM treatment were slightly larger with 108.43o over patterned areas and
98.3o over blank template areas. These results suggest that the FSAM is a slightly better
non-wetting surface treatment. Since a self-assembled monolayer is being created over
the entire surface of the template with the FSAM treatment, the integrity of treatment
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layer is strong and can be used to fabricate over 100 imprints before the template needs to
be reclaimed (cleaned and re-treated with the FSAM).

3.3.3 Development of Release Layer for Pre-Coating the Imprinting Substrate
A critical aspect of using an imprinting technique to generate nanocarriers is the
ability to efficiently and easily harvest intact particles from the silicon wafer. Using a
release layer-based approach, a one step release of imprinted particles in aqueous
solutions could be achieved. The layer needs to be uniform and reproducible so that it can
be integrated seamlessly into the imprinting process. To optimize a release layer
composed of PVA MW 31,000 different percent polymer (1,2, and 5% (w/v)) solutions
were tested to evaluate which solution formed the most uniform layer and facilitates
release of the particles. As the percent (w/v) of the polymer increased, the viscosity and
refractive index increased proportionally, as shown in Table 3.2. Higher percent polymer
solutions yielded higher average thicknesses at all speeds. An exponential trend was
found when examining increasing spin speeds and thicknesses as shown in Figure 3.10.
The 5% PVA polymer had the thickest layers; however, the high concentration of PVA in
the solution increased the amount of air bubbles to form causing multiple imperfections
in the substrate. The 1% polymer had such a low viscosity that its average thickness
ranged from 250 to 300Ả (25 to 30nm) regardless of spin speed. Although the substrate
was consistently the most uniform and had the least imperfections, the PVA layer was not
substantial enough to facilitate release of the particles. The layer formed with the 2%
solution was also uniform and its thickness was high enough at speeds of 1000 to 2000
RPM to create a uniform, reproducible substrate that was substantial enough to dissolve
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Table 3.2: PVA solution properties: solution viscosity and refractive
index.

Figure 3.10: PVA spin coating results for optimization of release
layer.

completely when exposed to aqueous solutions. Thus, the 2% polymer, spun at 2000
RPMs was found to be the most ideal concentration and speed to use.

3.3.4 Optimization of Imprinting Solution
The viscosity of different percent polymer PEGDA 700 and PEGDMA 1000
hydrogel solutions were evaluated to determine which solutions properties work best for
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A

B
%v/v PEGDA
75
60
55
50
33.3

Viscosity cP
40.6112
18.33
15.87
13.92
4.7712

25

2.0552

% w/v PEGDMA
100
75
70

Viscosity cP
70.55
12.93
12.4

Table 3.3: PEG base solutions viscosity results: (A) different percent volume PEGDA
700 solutions; (B) different percent weight by volume PEGDMA 1000 solutions

imprinting and dispensing using the dispense on demand system in the I100 S-FIL
system. Table 3.3 presents the viscosity measurement results taken for the different
PEGDA and PEGDMA percent solutions. The viscosity of the solution increases and the
percent polymer increases. The viscosities for the PEGDA 700 solutions ranged from
40.6 cP for the 75%(v) solution down to 2.055 cP for 25% (v) solution. The viscosities of
the PEGDMA 1000 solution ranged from 70.55 cP for 100% (w/v) solution down to12.4
cP for the 70% (w/v) solution. The lower the viscosity the easier the solution will spread
and fill the template features. Imprinting solutions with sub 20 cP viscosities was focused
on for fabrication ease.

3.3.5 S-FIL Fabrication of PEG-Based Drug Delivery Nanoparticles
In order to fabricate biocompatible nanopaticles using the I100 (and the I100D
tool at Molecular Imprints, Austin Tx) the dispensing parameters, imprinting force,
exposure time and pre-exposure delay was optimized for each template as a function of
the imprinting solution. Figure 3.11 shows the optimized drop pattern for each specific
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Figure 3.11: Optimized droplet pattern for S-FIL templates. (A) fabricated S-FIL
templates and the droplet patterns used in the MER I100 tool and the MII I100D tool for the
800nm by 100nm by 100nm and 400nm by 100nm by 100nm patterned templates. (B)
template layout and droplet pattern for 25mm by 25mm template with 100nm pillar features
provided by Molecular Imprints.
template fabricated, as well as a 25 mm by 25 mm template contained 100 nm diameter
pillars provided by Molecular Imprints. As the density of features increased on the mesa,
the amount of solution needed to fill the pattern increased. The fully patterned templates
produced more uniform imprints will thinner residual layers. As the viscosity of the
imprinting solution increased, the force and the amount of solution dispensed also
increased. Figure 3.12 demonstrates the variety of shapes, size, and polymer composition
that can be produced using S-FIL [2]. Three-dimensional, nanoscalee, squares, triangles,
pentagons, and rectangles ranging for 50 nm to 800 nm were successfully fabricated with
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G

H

Figure 3.12: SEM images of S-FIL fabricated PEGDA particles (A) 50nm squares
composed of 75%(v) PEGDA 700, 100nm scale bar; (B) 100nm squares composed of
33%(v) PEGDA 700, 200nm scale bar;, (C) 200nm squares composed of 100%(w/v)
PEGDA 3400, 300nm scale bar; (D) 200nm triangles composed of 100%(w/v) PEGDMA
1000, 200nm scale bar; (E) 400nm triangles composed of 100%(w/v) PEGDMA 1000,
300nm scale bar; (F) 400nm pentagons composed of 100%(w/v) PEGDA 3400, 200nm
scale bar; (G) 100nm squares composed of 75%(v) PEGDA 700, at 52o angle, 200nm scale
bar; (H) 200nm squares composed of 75%(v) PEGDA 700, at 52o angle, 500nm scale bar.
A-F[2] reprinted with permission from Elsevier.
little to no structural variation (using proof of concept template patterned by Luz Cristal
Glangchai and Marylene Palard, NNIN director). The various panels underscore the
power of this method in generating highly monodisperse nanoparticles of precise sizes
and geometries. As shown, particles with square (a, b, c), triangular (d, e) and pentagonal
(f) profiles can be easily generated using nanoimprinting. In addition, particles of specific
lateral dimensions, 50 nm (a), 100 nm (b), 200 nm (c, d) and 400 nm (e, f) were
fabricated. The heights of the features can be controlled by the drop pattern, volume of
the macromer, the imprint force, and the etching depth of the template. Figure 3.12 G-H
shows high aspect ratio particles imprinted with a template that has deeper etched
squares. As shown, the nanoparticles have very well-defined geometry and appear
uniform and reproducible. Feature’s sizes larger than 100nm showed a variation of ±
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Figure 3.13: Various percent polymer PEGDA 700 400 nm square
feature imprints: (A) 5% (v) PEGDA 700, (B) 10% (v) PEGDA 700, (C)
33.3% (v) PEGDA 700, and (D) 50% (v) PEGDA 700.
0.2nm, while the 50nm features showed a variation of ± 1.5nm based on SEM images
analyzed using Image J. Larger feature’s sizes has more precise and sharp corners, while
the smaller features had rounded corners which was also observed in AFM images of the
template (Figures 3.8 and 3.9). Nanoparticles composed of 75% (v) all the way down to
5% (v) PEGDA 700 solutions were successfully formed as shown in Figure 3.13. The
SEM images of the different polymer imprints show lower percent polymer imprints are
softer (they bend very easily) and do not have as sharp of features (rounded corners) in
comparison to the 50% (v) imprints (Figure 3.13 D). Due to the high concentration of
water in the 5 and 10% (v) hydrogels, the samples charged more easily.
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3.3.6 Isolation and Release of S-FIL Fabricated Nanoparticles
In order to isolate and release the imprinted nanoparticles, the residual layer
between the particles needs to be first removed. Optimized droplet patterns for the fully
patterned templates (using the MER I100 tool) produced residual layers with thicknesses
of 15-35nm were etched with short 20-30 seconds, low power oxygen plasma etch,
without alteration to the particle geometries verified with AFM The droplet patterns used
on the MII I100D system for the 800 nm by 100 nm by 100 nm and the 400 nm by 100
nm by 100 nm produced thicker residual layers of 45-60 nm which requires longer etches
of 50-60 seconds, leading to more rounding of the features tops. The 25 mm by 25 mm
template containing the 100 nm pillar features produced residuals layers ranging from 2550 nms that required 20-40 seconds of etching, without alteration to the particle
dimensions as should in Figure 3.14. The height increased by approximately 5
nanometers after etching, probably due to slower etching of the particles in comparison to
etching rating of residual layer.
After removal of the residual layer, imprints are exposed 0.22 µm filtered DH2O,
dissolving the PVA release layer, to facilitate mild release of the nanoparticles. Since the
PVA release layer dissolves in water while the cross linked polymer particles do not, this
process allows for efficient, one step release of particles directly into aqueous buffers
suitable for biological studies. Figure 3.15 shows 50, 100, and 400 nm square particles
and 800 nm by 100 nm rectangles after release in water. Fluorescent microscopy of
released 400 nm squares (Figure 3.15 E) and 800 nm by 100 nm rectangles (Figure 3.15
H) demonstrates that model drugs (Alexa Fluor 594 labeled IgG antibody) and contrast
agents (fluorescein-o-acrylated) can be successfully incorporated into the nanoparticles
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Figure 3.14: AFM Scan Profile of 100 nm Particles Before and After Etching Residual
Layer. (A) 2.5 by 2.5 µm scan of 50% (v) PEGDA 700 before exposure to oxygen plasma
etch. (B) Line profile of AFM before etch scan. (C) 2.5 by 2.5 µm scan of 50% (v) PEGDA
700 after exposure to oxygen plasma etch., and (D) Line profile of AFM after etch scan.
hydrogel network. This release process could also be beneficial since it is mild and
allows for the presence of PVA in the particle suspension.
Using S-FIL dual loaded nanoparticles can also be fabricated. Prior to imprinting
2%(w/v) fluorescein-o-acrylate and 10 µg/mL of Cye 3 labeled GAPDH siRNA
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Figure 3.15: Released S-FIL particles. (A-D) SEM images: (A) 33% (v) PEGDA 700,
100nm particles, scale bar = 1µm; (B) 75% (v) 400nm squares, scale bar = 2 µm; (C) 50%
(v) PEGDA 700, 800nm by 100nm rectangles, scale bar = 1µm; (D) 75% (v) PEGDA
700, 50nm squares, scale bar = 200nm; (E-F) Fluorescent microscopy images: (E) 75%
(v) PEGDA 700, 400nm particles with encapsulated fluorescently labeled goat anti-mouse
IgG, 10µm scale bar; and (F) 50% (v) PEGDA 700 with 2% (w/v) fluorescein-o-acrylate,
scale bar = 2 µm.

(Ambion, Austin Tx) was added to 50% (v) PEGDA 700 filtered solution. The
fluorescein-o-acrylate cross-links into the hydrogel network upon UV polymerization
while the siRNA becomes entrapped within the network. Imprinting, etching, and release
were performed as reported above. Fluorescent imaging of imprints after etching and
released particles was conducted using the Zeiss Axiovert fluorescent microscope to
verify encapsulating (Figure 3.16). Fluorescent images of the imprint prior to release (top
panel of Figure 3.16) demonstrates that the encapsulation of the siRNA is no completely
uniform over the imprint field in comparison to the smaller molecule fluorescein. The
released particles (imaged in water) does show that siRNA remains loaded in the particles
during the release process (lower panels of Figure 3.16).
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Figure 3.16: Dual-Loaded 800 nm by 100 nm by 100 nm Rectangles: particles containing
fluorescein cross-linked into the hydrogel network and Cye 3 labeled GAPDH siRNA
encapsulated into the hydrogel, before and after release from the substrate.

3.4 DISCUSSION
The overall objective of Aim 1 of my research was to develop and optimize S-FIL
techniques to create uniform, monodisperse, shape and size specific, biocompatible
nanoparticles for the potential controlled drug release nanocarriers. S-FIL utilizes quartz
templates for direct patterning transfer process; therefore, the fabrication of uniform,
densely-patterned templates is a critical aspect of the entire process. Numerous parallel
processing techniques are required to create well-defined, nanoscale features patterned
templates. S-FIL templates with such features as demonstrated in Figure 3.8 and 3.9
were successfully fabricated. The sub 100 nm features experienced rounding of the
corners. This is especially apparent in the 50 nm features (Figure 3.15 D) however this
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could be beneficial for drug delivery applications. The rounding is due to the resolution
limitations of the e-beam lithography process. The spot size of the beam, the exposure
time, beam current, the recipe dose, the beam writing direction, and the electron beam
resist, all contribute to the resolution of the patterned features. Special consideration was
also taken for the electron beam drift, which for the JEOL JBX 600 at MER has been
measured to be 100 nm every 6 hours. During the EBL patterning the electron beam
writes from left to right over the entire pattern area (therefore 8-9mm). The larger the
pattern area is, the more drift in the patterned features will occur. Due to major drift
problems that occur with long EBL write times on the JEOL JBX-6000 FS/E tool; the
pattern area of the 100nm square features was an 8 mm by 8 mm area, with 1 µm streets
between every 50 µm2 array of features. The larger features were patterned over a 9 mm
by 9 mm pattern area. The 800 nm and the 400 nm features with 100 nm cross-sections
were patterned in four separate quadrants with 5 µm streets between them to decrease the
EBL write time (and therefore decreasing the drift problems). Writing the features in 4
quadrants one at a time cut the writing time almost in half (from 64 hours to 36 hours)
and no feature drift or over-writing was experienced. Even though the patterned area
contains approximately 5 µm streets between the quadrants more particles were patterned
onto the template then if spacing for drift (over a 64 hour write) was compensated
between the individual features.
Once features were patterned into the electron beam sensitive resist, reactive ion
etching (RIE) was employed to etch the EBL patterned nano-features into the quartz
templates. The etch rate, selectivity, anisotropy, and features size are all parameters for
the etching. Etch recipes for nanoscale features of various sizes was first optimized using
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the Trion RIE. Figure 3.8 and 3.9 shows that successful etching of the nanoscale features
were accomplished using the optimized etching recipe.
Successful imprints were fabricated with S-FIL utilizing the EBL patterned quartz
templates pre-treated with the non-wetting FSAM treatment , release layer coated 4’’ and
8’’ double sided polished (DSP) wafers with an epitaxial layer, and various PEGDA 700
percent polymer solutions. Each one of these components had to be characterized and
optimized together for successful formation of imprints.
Contact angle measurements were conducted to evaluate the effectiveness of the
non-wetting fluorinated self-assembled monolayer FSAM template treatment versus the
recommended Molecular Imprints’ Relmat template treatment, for preventing adhesion of
the imprinting solution onto the surface of the template. The contact angle measurements
presented in Table 3.1 shows that the FSAM is a slightly better non-wetting surface
treatment. Since a self-assembled monolayer is being created over the entire surface of
the template with the FSAM treatment, the integrity of treatment layer is strong and can
be used to fabricate over 100 imprints before the template needs to be reclaimed (cleaned
and re-treated with the FSAM).

Even thought the FSAM was sufficient at preventing

adhesion of the imprinting solution for approximately 100 imprints, this is not adequate
for high throughput, large scale production of imprints. Considering that one 8’’ wafer
can contain up to 259, 10 mm by 10 mm imprints, the FSAM treated template would
need to be clean at least twice to fill one entire 8’’ wafer. Further optimization of the
template treatment with relation to the chemical composition of the imprinting solution
and the imprinting substrate is necessary for large scale production of the particles.
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The imprinting substrate is another critical factor for successful creation of
uniform imprints. Variations or defects in the Si wafer and the pre-treatment coatings will
cause non-uniformity and variations in the imprints. Depending on the severity of the
defects on the substrate, imprinting can be completely hinder as well as causing sticking
of the imprinting solution to the template. Through the spin coating test of the different
percent PVA solutions, the release layer was optimized to create a uniform coating on the
Si wafers that didn’t impede imprint while allowing for one step harvesting of the
particles from the substrate. Due to the nature of the PVA coating, it is sensitive to
humidity, moisture, and water (which is also present in the imprinting solution). For the
small amount of water (nanoliters) that is being dispensed onto the PVA coating during
the imprinting step, it does not appear to be enough to cause the PVA to dissolve; but
what is occurring at the surface level between the imprinting solution and the PVA layer
is unknown.
Re-designing of the release layer so that it will dissolve in the presents of an
environmental cue (other that just an aqueous solution) like pH or temperature would be
more beneficial. One option would be to compose the release layer out of EUGRAGIT®
(Evonik Industries) enteric formulations which are well established, pH sensitive polymer
coatings used in the pharmaceutical industry. Numerous EUGRAGIT® copolymer
formulations are commercial available that are designed to dissolve in aqueous solutions
at pHs above 5.5, above 6 or above pH 7. EUGRAGIT® contains an anionic copolymer
based on methacrylic acid and ethyl acrylate, both of which our PEGDA will chemically
cross-link to during UV polymerization, therefore making this layer a very effective
adhesion layer. Unfortunately, preliminary spin coating test with EUGRAGIT® L 100
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and S 100 solutions, with and without a significant amount of plastizer, in various organic
solvents (as recommended by EUGRAGIT technical support) produced insufficient, nonuniformed coatings, mainly due to the high crystallinity of the copolymer.
The last critical aspect for successful fabrication of imprints is the imprinting
polymer solution. Since the viscosity of the solution is inversely proportional to the
filling rate of the template features by means of capillary forces [22], lower viscosity
solutions are desirable. The viscosity of the solution is also inversely proportional to the
polymer concentration (Table 3.3). Imprinting with a wide variety of percent polymer
PEGDA solutions (5, 10, 15, 20, 25, 33, 50, and 75% (v)) showed that nanoscale feature
imprints could be formed with as low as 5%(v) PEGDA but that the feature resolution
was better for higher percent polymers (33.3% (v) and above) as shown in Figure 3.13.
The corners of the 33.3 and 50% (v) 400 nm square features are more well-defined then
those of the 5 and 10% (v) 400nm square features. The viscosities of the PEGDA 33 and
50% (v) solutions are still within the optimal sub 20 cP viscosity range, therefore making
them the optimal imprinting solutions.
Imprinting parameters were optimized for each template, and imprinting solution
on PVA treated wafers. Sub- 20 nm residual layers were achieved with the fully patterned
templates. As the volume of the features, and the number of features increased on the
templates, the volume and pre-delay increased. The droplet volume and total volume
dispensed by the tool was optimized for each solution as a function of the template and
the dispensing tip. As mentioned above, the I100D dispense on demand system uses
single jet tips that are controlled by a piezoelectric actuator. Since the material properties
will vary from tip to tip, each tip should be calibrated by Molecular Imprints, for a
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specific imprinting solution. Since numerous single jet tips were used for dispensing a
wide variety of imprinting solutions (of different viscosity properties), each tips was not
calibrated for each solutions used (due to time and support limitations). Because of this,
the exact volume of solution being dispensed is unknown.
Uniform particles of various shapes and sizes were produced as highlighted in
Figure 3.12. Mild etching and release procedures were developed that do not
compromise the particles structure as shown in Figure 3.15. Encapsulation of model
contrast agents and drugs into the nanoparticle was achieved as demonstrated in Figure
3.16. Unfortunately, the encapsulation of the siRNA within the hydrogels is not uniform
and monodisperse in comparison to the small molecule contrast agent fluorescein. This
could be due to mild phase separation of the siRNA in solution. In comparison to other
biological agents (DNA, proteins, antibodies, etc) siRNA is relatively small. More phase
separation may occur with larger biological molecule or more hydrophobic molecules.
The phase separation could be occurring while the solution is being dispensed or during
the actually imprinting process. These problems could potentially be resolved with
alternation of the template coating or the dispensing system. Quantification of the amount
of fluorescein and siRNA being encapsulated into the hydrogel nanoparticles still needs
to be determined. The main limitation of these experiments is the detection limit of most
fluorescent plate readers is lower then the theoretical maximum amount fluorescents that
can be loaded within an imprint. Because of this, a large quantity of particles is needed
for the fluorescents to even be within the detection limit of the plate readers. Preliminary
fluorescein plate measurements on ~8.06 x 106 particles/well up to ~7.0 x 107
particles/well, of 100nm square particles loaded with Alexa Fluor 594, did not detect any
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fluorescent signal while fluorescent imaging of the particles still on imprints did show
fluorescents but due to the size limitations of optical microcopy, individual particles were
not visible.
The research presented here demonstrates that S-FIL can be successfully
employed to fabricate uniform, mono-disperse, biocompatible nanoparticles of specific
shape and sizes, that can be used to evaluate the effects of size and shape on in vitro and
in vivo bio-distribution. Integration of biomolecule sensitive hydrogels into these shape
and size specific nanoparticles be could used to create stimuli-responsive drug delivery
systems. The fabricated nanoparticles can also be functionalized with specific targeting
ligands to create dual targeting and disease responsive release “intelligent” drug delivery
nanocarriers. Chapter 4 will present the design and development of the biomolecule
sensitive hydrogel network and incorporation of the network into the S-FIL fabrication
process.
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CHAPTER FOUR

Development of Stimuli-Responsive Hydrogel Network for the
Fabrication of Intelligent Drug Delivery Nanocarriers

4.1 INTRODUCTION
In recent years, numerous proteinic and other drugs designed to target various
cellular processes have emerged, creating a demand for the development of intelligent
drug delivery systems (DDS) that can sense and respond directly to a pathophysiogical
conditions. Micro and nano scale intelligent systems can maximize the efficacy of
therapeutic treatments in numerous ways because they have the ability to rapidly detect
and respond to disease states directly at the site, sparing physiologically healthy cells and
tissues and thereby improving a patient’s quality of life. This new class of “intelligent
therapeutics” refers to intelligent and responsive delivery systems that are designed to
perform various functions like detection, isolation and/or release of therapeutic agent for
the treatment of diseased conditions [1]. To meet these requirements, researchers must be
able to interface synthetic and hybrid materials with dynamic biological systems on the
micro and nano length scale.
Stimuli responsive biomaterials are very promising carriers for the development
of advanced “intelligent therapeutics.” A series of environmentally sensitive hydrogelbased materials has been developed for a wide variety of medical and pharmaceutical
applications [2]. The development of pH, temperature, and glucose sensitive, [3-13, 14]
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and other biomolecule sensitive hydrogels [15-21] that can be used for control release of
biological agents has been reported. Hydrogels that are sensitive to light, magnetic field,
and ultrasound have also been developed [4, 12, 16, 22].
Polymers are the preferred materials for biological and life science applications
because of their high adaptability and compatibility with biological molecules and cells.
Numerous microfabrication methods can be used for molding polymers based on the
polymer properties. Controlled drug delivery systems mostly fabricated out of polymers
are used in millions of patients yearly [23]. Numerous controlled release systems for
proteins have been approved for medical use. Particles “decorated” with poly(ethylene
glycol) (PEG) and exhibiting stealth properties have also been approved, showing that
biomaterials can be used to improve safety, pharmacokinetics, and duration of release of
important therapeutic agents. “Intelligent”, polymer-based biomaterials have been
developed that have the ability to sense and respond to biomolecule, temperature, or pH
stimuli. Use of responsive polymer hydrogels is one of the most promising approaches
for developing intelligent therapeutic systems.
Polymer-based biomaterials are widely used for medical applications.
Unfortunately, most biomaterials lack functionality to interact and respond to biological
systems. Hydrophilic polymers in their cross-linked form, i.e., hydrogels, allow for
specific functionality to be directly incorporated into their networks. Hydrogels are
attractive materials for biological and medical use because their properties can be
controlled for specific applications, their high affinity for water, and their
biocompatibility.
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A wide range of hydrogel-based biomaterials has been developed over the past
several decades that have the ability to molecularly recognize its environment, including
biomolecules, pH, temperature, or a combination of conditions. By modifying the
molecular structure of the polymers, hydrogel networks have the ability to interact with
their environment in an “intelligent” manner [24]. Responsive behavior of hydrogels and
other biomaterials can be summarized in two major categories. First, materials acting as
carriers “passively” respond to external conditions due to physicochemical interactions
and associated phenomena. Such phenomena can be pH-dependence, temperaturedependence, ionic strength-dependence, magnetic or electrical dependence and response
to thermodynamic compatibility. The second category includes all materials that exhibit a
certain intelligence that provides their ability to respond to a surrounding compound.
These systems include those that can respond to a biomarker or a bioanalyte in a
surrounding medium or materials that are decorated with functional groups that can
provide artificial ligand-receptor interactions.
Incorporation of well-evolved biological mechanisms such as highly specific,
high affinity binding proteins or highly specific enzymatic cleavable proteins and peptide
into synthetic hydrogels can be used to develop responsive biomaterials. Depending on
the biological molecular, bioanalyte-incorporated into the hydrogels, these conjugate
biomaterials can easily be tailored to respond to different biological conditions. A wide
variety of biohybrid hydrogels has been developed for drug delivery [4, 21, 25] and tissue
engineering [17, 19, 26-33] applications by incorporating proteins, peptides, and enzymes
to polymer networks.
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The degradation properties of hydrogels can also be tailored by direct
incorporation of biological linkers into the polymer network. Numerous degradable PEGbased hydrogels with degradable blocks or protease within the network have been
reported by the groups of Anseth, Hubbell, West, and other research teams [17-20, 30,
32, 34-45]. Enzymatically degradable polymer carriers are beneficial as drug delivery or
tissue engineering scaffolds because enzymatic cleavage is highly specific and could be
tailored for certain diseased tissues where specific enzymes are up-regulated.
A series of enzymatically degradable hydrogels, specifically designed to mimic
the extracellular matrix (ECM) in tissue engineering applications have been extensively
reported [17-20, 30]. These designs contain a peptide linkage either in the backbone of
the polymer or as a crosslinking agent that is degraded by the presence of tissue specific
enzymes (e.g. collagenase, elastase or MMPs). A key relevant finding in these studies
reported by Hubbell and collaborators [17] was the highly specific enzyme-controlled
release of recombinant human bone morphogenetic protein (rhBMP). West and coworkers [18] showed the differential degradation kinetics of these gels in the presence of
various concentrations of the peptide-specific enzymes (collagenase or elastase). Their
results indicated that the hydrogels do not degrade in the absence of enzymes while rapid
degradation can be achieved by optimizing the enzyme concentrations.
For a bolus dose at a target location, e.g. for cancer therapy, an enzymatically
degradable polymer carrier could be advantageous. This is because enzymatic cleavage is
highly specific and could be tailored for certain diseased tissues where specific enzymes
are up regulated. To utilize the selectivity of enzymatically cleavage, I proposed to use
GFLG as an enzymatically degradable peptide directly incorporated into the polymer
127

matrix of S-FIL imprinted nanocarriers. GFLG is a tetra-peptide sequence that has been
widely used in tumor targeted polymer drug conjugates [46-48]. This peptide spacer is
designed to degrade in presence of lysosomal proteases (e.g. cathepsins). GFLG has been
shown to degrade in rat tritosomes and specifically by cathepsins C, H, L, and B. The
spacers have also been shown to have different degradation rates based on their size and
amino acid sequence [48-50]. It was found that the sequence, GFLG was especially
sensitive to cathepsin B, a protease that has been shown to be over-expressed in tumor
cells. Specifically, cathepsin B levels in tumor cells and tissues of patients with lung
cancer, especially NSCLC, is significantly elevated and has been directly related to their
prognosis [51-62].
In the studies reported here, the design and development of the biomolecule
sensitive hydrogel network will be presented, along with the incorporation of the
response sensitive network into the S-FIL fabrication process to produce stimuli
responsive, shape and size specific drug delivery nanocarriers. Degradation and release
studies were conducted to verify the effectiveness of the developed enzymatic
degradability hydrogels. Preliminary bioactivity studies were performed to determine if
sensitive bio-molecules like siRNA remain active throughout the fabrication process.
Lastly, preliminary results demonstrate that the surface of these nanocarriers can be
easily modified to attach targeting ligands to create dual targeting and stimuli responsive
nanocarriers.
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4.2 MATERIALS AND METHODS
4.2.1 Materials and Reagents
The peptide sequence Glycine-Phenylalanine-Leucine-Glycine-Lysine (GFLGK)
(MW 520.6) was purchase from Bachem and Chi Scientific. Acrylic acid, triethylamine,
dimethylacetamide, acryloyl chloride, 2-(N-morpholino)ethanesulfonic acid (MES) buffer
methacrylic acid (MAA), cathepsin B from bovine spleen, poly(vinyl alcohol) (PVA,
MW 31000) (Fluka), and poly(ethylene glycol) diacrylate (PEGDA) MW 700 were
purchased

from

Sigma-Aldrich.

1-Ethyl-3-[3-dimethylaminopropyl]carbodimide

Hydrochloride (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) were purchased from
Piece Biotechnology (Thermo Scientific). The ultraviolet (UV) photoinitiator, 2-hydroxy1-[4-(hydroxyethoxy) phenyl]-2-methyl-1 propanone (I2959) was purchased from Ciba
Geigy. Plasmid DNA, pgWiz β-galactosidase (8500 bps) was purchased from Aldevron.
Picogreen assay and Alexa Fluor 594 labeled goat anti–mouse IgG, were purchased from
Invitrogen. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) small interfering RNA
(siRNA), siPORT Amine, and KDalert assay kits were purchased from Ambion. HEK
293T cells were purchased from ATCC and all cell culture supplies were purchased from
Invitrogen.

4.2.2

Functionalization of GFLGK Peptide for Integration into UV CrossLinkable PEGDA based Hydrogels
In order to incorporate the cancer sensitive peptide GFLGK into the photo-

polymerized hydrogel PEGDA network, the amine groups on the glycine and lysine need
to be functionalized with acrylate group first. Two methods were explored for acrylation
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of the peptide. The first acrylate method was adapted from a previously reported
acrylation method from Healy and colleagues for a different peptide sequence. Due to the
complexity of this method, there is numerous steps that peptide could be lost leading to a
lower yield of acrylated peptide. The second method was developed to reduce reaction
time, complexity and therefore increase the yield of acrylated peptide.

4.2.2.1 Acrylation Method of GFLGK
Diacrylation of the peptide sequence GFLGK (MW 527, Bachem) was based on
previously described method reported by Healy and colleagues [63] which is shown in
Figure 4.1. The objective of this acrylation method is to react the amine groups on the
glycine and lysine residues of the peptide sequence with acrylol chloride. This produces
an amide linkage between the peptide and the acrylic group, to produce: Acry-GFLGKAcry. Triethylamine is introduced into the reaction to react with the HCl by-product. 25
to 100 mgs of GFLGK powder was dissolved into 2 mL of dimethylacetamide and placed
on ice. Ten molar access of triethylamine and acryloyl chloride was added drop-wise to
the dissolved peptide solution while stirring. The reaction was kept under nitrogen gas at
0-5oC for 4 hours, while stirring; and then 20 hours at room temperature, protected from
light. The solvent was then evaporated using a rotary evaporator (rotovap) with the water
bath at 37oC and the system condensing chamber at -4oC. Once the solvent had been
removed, the acrylated peptide was re-dissolved in filtered DH2O.

The solution was

dialyzed for 48 hours in DH2O using a 500 MW cut-off cellulose ester membrane,
Spectra/Por Float- A-Lyzer (Spectum Labs) and freeze dried lyophilized over night.
Degree of acrylation was analyzed using proton 1H NMR.
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Figure 4.1: Chemical Synthesis Schematic of GFLGK Acrylation Process.

4.2.2.2 Acrylation Method of GFLGK using EDC Chemistry
The second acrylation approach is to covalently attach acrylate groups from
acrylic acid to the amine groups on the glycine and lysine residues of the peptide
sequence to create a diacrylate peptide sequence. First, the carboxyl group on acrylic
acid was activated with EDC and stabilities with Sulfo-NHS to create an amine reactive
compound. The peptide GFLGK was then added to the activated acrylic acid. In this
way the acrylic acid will covalently bond to the amine termini of the glycine and lysine as
shown in Figure 4.2. To drive the reaction, 4 molar access of activated acrylic acid is
needed. To activate the acrylic acid, a 2-molar access of EDC/Sulfo-NHS was added to
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Figure 4.2: Chemical Synthesis Schematic of GFLGK Acrylation Process Using
EDC Chemistry.

acrylic acid in MES buffer at pH 6.5, and incubated under constant rotation for 3 hours.
After the 3hour incubation, the activated acrylic acid solution is titrated to pH 8 to
deactivate the EDC so it will not be present in the reaction, potentially leading to the
activation the carboxylic acid group on the peptide. GLFGK peptide is dissolved in 500
µL of sodium bicarbonate buffer at pH 10. The GLFGK is then added to the activated
acrylic acid solution. The solution is incubated for 2 hours while rotating. The solution
was dialyzed for 24 hours in DH2O using a 500 MW cut-off cellulose ester membrane,
Spectra/Por Float- A-Lyzer (Spectum Labs) and freeze dried lyophilized over night.
Degree of acrylation was analyzed using proton 1H NMR. High performance liquid
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choromatography (HPLC) was conducted to verify that acrylated peptide still remains
sensitive to cathepsin B.

4.2.3 Synthesis of Stimuli Responsive Nanocarriers using S-FIL
To fabricate stimuli responsive nanocarriers, 75% (v) PEGDA MW 700 with a 1:1
molar ratio of diacrylated GFLGK MW 628.7 was prepared and 0.07% (w/v) I2959 was
added immediately prior to S-FIL. The I100 was used to imprint the PEG-Peptide
solution as reported in Chapter 3 onto Transpin HE 0600 coated wafers [21]. The
imprints formed were subsequently incubated in to 25U/mL cathepsin B (Sigma-Aldrich)
in PBS pH 5, at 37o for various time points. SEM images were taken on individual
imprints after 30 min, 2 hrs, 4 hrs, 8 hrs, 12 hrs and 48 hours of enzyme exposure (SEMs
imaging was performed by Luz Cristal Glangchi). A control sample was incubated in
PBS at pH 5 for 48 hrs to evaluate if any degradation occurs in the absence of the
enzyme.

4.2.4 Degradation and Drug Release Studies
The enzyme-triggered release kinetics of encapsulated plasmid DNA (gWiz Betagal, Aldevron Inc.) from imprinted PEGDA-GFLGK-DA hydrogel nanocarriers (1:1
molar ratio) (75% (v) PEGDA MW 700) was evaluated in vitro. The experiment was
performed in triplicate in 0.01M PBS solution (pH 7.4) with 0.16% (w/w of polymer)
plasmid DNA. 0.174 µL of the macromer-DNA mixture was hand dispensed onto the
imprinting substrate and imprinted with the I100 (as presented in Chapter 3). The
imprints were subsequently exposed to oxygen plasma etching and rinsed in 0.01 M PBS
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for 30 minutes, placed in 500 µL PBS and incubated at 37oC. At various time intervals (4
hrs, 8 hrs, 12 hrs, 24 hrs), buffer samples were collected and replaced with fresh solution.
At 24 hrs, the entire buffer was removed and a 500 µL solution of Cathepsin B (20U/mL
in PBS pH 5) was added to each sample except control samples which were incubated in
PBS pH 5. Samples were returned to the incubator and at various intervals (4 hrs, 8 hrs,
12 hrs, 24 hrs, and 48 hrs), buffer was collected. The amount of plasmid DNA released
into the buffer was measured using a Picogreen Assay.
The stimuli-responsive release of encapsulated antibodies (0.075% (w/w)) of the
PEG macromer; Alexa Fluor 594 labeled goat anti–mouse IgG, (Invitrogen) from
imprinted PEGDA-GFLGK-DA (75% (v) imprints was evaluated in 0.01M PBS solution
(pH 7.4). Release samples were collected in exactly the same manner as DNA release
described above. The amount of antibody released over time before and after addition of
cathepsin B was measured using a fluorescence plate reader.

4.2.5 Evaluation of Bioactivity of Biological Agents Encapsulated in S-FIL Imprints
To determine if biological agents remain bioactive throughout the imprinting and
etching process, Silencer GAPDH siRNA was encapsulated in low percent polymer
hydrogels imprints. 15% (v) PEGDA 700 imprinting solution with and without GAPDH
siRNA was hand dispensed onto the imprinting substrate to produce imprints containing
0.4 µgs siRNA and control PEGDA 700 imprints. Some of the imprints were exposed to
60 seconds of oxygen plasma etching (with the same parameters as highlighted in
Chapter 3) to evaluate if the low power oxygen plasma etch would damage the siRNA.
The imprints were then removed from the substrate by dissolving the PVA release layer,
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Figure 4.3: Chemical Synthesis Schematic of Surface Modification of S-FIL
Nanoparticles Using EDC Chemistry to Attach Surface Targeting Ligands.
Representative schematic is not drawn to scale.
and then incubated at 37oC in RNAse free PBS for 120 hours to give the siRNA time to
diffuse out of the hydrogel network. Extracted siRNA or fresh (unprocessed) GAPDH
siRNA (positive control) was complexed with siPORT Amine transfection agent
(Ambion) in OptiMEM medium (Invitrogen) as per manufacturer’s protocol maintain the
final siRNA concentration of 20nmol/l per well. The complexed GAPDH siRNA were
transfected into HEK 293T cells (passage 18 – 60,000cells/well for 48 hours at 37 oC in
10% fetal bovine serum medium. After 48 hour incubation, cells were lysed with KDalert
Lysis Buffer (Ambion) and lysates were analyzed for levels of GAPDH enzyme activity
using KDalert Assay Kits (Ambion). The kinetic difference was measured using
fluorescent plate reader (Tecan US).
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4.2.6 Surface Functionalization of S-FIL Nanoparticles
Fabrication of nanocarriers that have the ability to target specific cells required
the attachment of cell specific targeting ligands to the surface of the nanoparticles. My
approach to surface modified the S-FIL nanoparticles, is to add methacrylic acid (MAA)
(1:4 PEGDA:MAA) to create carboxyl groups on the surface of the nanoparticles. As a
proof of concept, PEGDA:MAA nanoparticles were fabricated using S-FIL. The residual
layer was then etched and the imprints were rinsed 3 times in DH2O. The imprints were
incubated for 24 hours (solution changed every 8 hours) in 0.1 M MES buffer pH 6.5.
The carboxyl groups were then activated with EDC chemistry to make the particle
surface amine reactive as demonstrated in Figure 4.3. 10 molar access of EDC and SulfoNHS was added to 3 imprints and were incubated for 4 hours while shaking. Imprints and
control imprints were then incubated for 12 hours with streptavidin-FITC. Imprints were
rinsed 5 times with 15 minute incubation in PBS pH 7 to remove un-bonded streptavidin.
Attachment of streptavidin was observed with fluorescence microscopy using the Zeiss
Axiovert fluorescent microscope.

4.3 RESULTS
4.3.1 Synthesis of GFLGK-DA
4.3.1.1 Acrylation of GFLGK
1

H NMR data presented in Figure 4.4 of GFLGK-DA in comparison to GFLGK

peptide NMR shows successful acrylation of the peptide sequence. The acrylate groups
present on the GFLGK peptide pecks are at 5.3-6.2ppm range as highlighted in Figure
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Figure 4.4: 1H NMR Characterization of GFLGK peptide acrylation. (A) Unmodified peptide and (B)
Diacrylated peptide. As shown in (B) the signal from the acryl groups are clearly identifiable in the NMR
spectrum. As discussed in results, quantitative analysis of the spectrum revealed approximately 2 acrylate
groups per peptide molecule. Reprinted with permission from Elsevier.
4.4 B. To determine the degree of acrylation, the ratio of protons were calculated by
comparing the area under the isopropyl group, which has 6 protons (present in the sample
buffer) and the area under the acrylate curves (3 protons). From the NMR spectra the
ratio of protons tells us there there are 1.899, ~2 acrylate groups per GFLGK molecule,
therefore demonstrating successful diacrylation of the peptide. The yield of acrylated
peptide ranged from ~46 TO 89.96%.

4.3.1.2 Acrylation of GFLGK using EDC Chemistry
1

H NMR data of GFLGK-DA shown in Figure 4.5 confirms successful acrylation

of the peptide sequence using EDC chemistry. The acrylate groups present on the
GFLGK peptide pecks are at 5.3-6.2ppm range as highlighted. To determine the degree
of acrylation, the ratio of protons were calculated by comparing the area under the
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isopropyl group, which has 6 protons (present in the sample buffer) and the area under

Figure 4.5: 1H NMR characterization of GFLGK peptide acrylation using EDC
chemistry. The signal from the acryl groups are clearly identifiable in the NMR
spectrum. As discussed in results, quantitative analysis of the spectrum revealed
approximately 2 acrylate groups per peptide molecule.
the acrylate curves (3 protons). From the NMR spectra the ratio of protons tells us there
there are ~2 acrylate groups per GFLGK molecule, therefore demonstrating successful
diacrylation of the peptide. The yield of acrylated peptide ranged from 85.6- 97.2 %.
To evaluate if the acrylate peptide remains sensitive to cathepsin B, acrylate peptide and
acrylate peptide exposed to (10U/mL) of cathepsin B, were flown through a HPLC
column. The acrylated peptide cleared the column within12-16 minutes, as shown by the
nice peak in Figure 4.6 A. Peptide was then exposed to cathepsin B and flown through
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Figure 4.6: Chromatogram of Acrylated Peptide. (A) diacrylated GFLGK and
(B) diacrylated GFLGK exposed to Cathepsin B.
the same column. No peptide was observed leaving the column, concluding that the
peptide had been degraded by the cathepsin B. Unfortunately, the molecular weight of the
peptide degraded fragments are too small to be detected clearing the column.

4.3.2 Fabrication and Degradation of GFLFK-DA: PEGDA S-FIL Imprints
S-FIL nanocarrier imprints composed for PEGDA:GFLGK-DA (1:1 molar ratio)
cross-linked hydrogel network were fabricated to demonstrated disease-responsive
degradation of the imprints. Fabricated imprints were incubated for various time points
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Figure 4.7: Enzymatic Degradation of 75% (v) PEGDA:GFLGK-DA Imprints
(n=3): (A) SEM images of control particles at 48 hours in PBS without Cathepsin B
(scale bar=2 µm), (B) Nanoparticles after 30 min in Cathepsin B (25 U/mL) (scale bar=2
µm), (C) After 12 h in Cathepsin B (25 U/mL) (scale bar=10 µm), (D) After 48 h in
Cathepsin B (25 U/mL) (scale bar=2 µm). Reprinted with permission from Elsevier.
In either PBS or PBS containing cathepsin B. SEM images of the imprints shown in
Figure 4.7 demonstrates that nanoparticles begin to degrade within 30 minutes (Figure
4.7 B) of exposure to Cathepsin B, and over 48 hours the particles are completely
degraded (Figure 4.7 D). Imprints only exposed to PBS did not degrade (Figure 4.7 A).

4.3.3 Controlled Drug Release from GFLGK-DA : PEGDA Hydrogels
To evaluate if the degradable particles were effective at encapsulating biological
agents and releasing them in response to and disease-specific cue, a series of imprints
were fabricated composed of the 75%(v) PEGDA MW 700 with 1:1molar ratio of
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Figure 4.8: Controlled Drug Release Profiles for 75%(v) PEGDA: GFLGK-DA Imprints:
Graphs showing stimuli-responsive release of biological agents encapsulated within imprinted
PEGDA GFLGK-DA particles in response to 20 U/mL Cathepsin B over time: (A) release profile
of plasmid DNA encapsulated imprints (n=3), and (B) fluorescently labeled goat anti-mouse IgG
encapsulated imprints (n=3). Reprinted with permission from Elsevier.
responsive peptide GFLGK-DA, containing either plasmid DNA or Alexa Fluor 594
labeled goat anti–mouse IgG. Encapsulation of the fluorescently labeled IgG was verified
with fluorescent microcopy of released particles (Figure 3.15 E). Release of the
encapsulated agents was evaluated over time to acquire the controlled release profiles of
each agent, shown in Figure 4.8. Efficient enzyme-triggered release was observed. A
minimal amount of antibody (~1 %) and some DNA (~11%) was released prior to
exposure to cathepsin B indicates some baseline DNA leakage from the hydrogel matrix.
This is likely due to the highly hydrophilic nature of DNA compared to fluorescently
labeled antibody. Despite the baseline leakages, the majority of the release of
encapsulated agents does not occur until exposure to the enzyme.

4.3.4 Bioactivity of Encapsulated GAPDH siRNA
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Figure 4.9: Bioactivity Studies of Gene Silencing with GAPDH siRNA Released from
S-FIL Imprints. Data are presented as mean ± mean standard error of n = 3. *P <0.0001
indicates significant differences between sample and untreated cells, determined with
student t-test.
To determine if biological agents remain bioactive throughout the imprinting and
etching process, a model siRNA, targeting GAPDH siRNA was encapsulated in low
percent polymer hydrogels imprints. The siRNA was allowed to diffuse out of the
hydrogel network and was then transfected into cells to evaluate its effectiveness at
protein knockdown. The results shown in Figure 4.9 indicate efficient knockdown (P<
0.0001) of GAPDH protein expression in cells transfected with GAPDH siRNA
encapsulated in S-FIL imprints, and S-FIL imprints that were exposed to oxygen plasma
etching. No significant difference in gene knockdown levels was observed between the
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Figure 4.10: Fluorescent Microscopy of 400nm PEGDA:MAA Imprints: (A) etched
imprints exposed to EDC Sulfo-NHS, then incubated with FITC labeled streptavidin and (B)
imprints exposed to streptavidin without being activated by EDC.
etched and non-etched imprints. No significant difference in gene knockdown levels was
observed between untreated cells and control PEGDA imprints either. The positive
controls also did not shown significant knockdown of GAPDH protein expression, this
could be because of the majority of the cells in the positive control wells were dead after
the 48 hour transfection incubation, potentially from incubation with pure siRNA.

4.3.5 Surface Functionalization of S-FIL Nanoparticles
The surface of the nanocarriers were efficiently modified to covalently conjugate
streptavidin using EDC/Sulfo-NHS chemistry on carboxylic acid functionalized particles
as shown in Figure 4.10. Prior to imprinting, methacrylic acid (MAA) was added to the
PEGDA macromer solution at a 1:4 ratio to create carboxylic acid groups on the surface
of the particles. The carboxylic acid groups of the MAA tethered from the surface of the
nanoparticles were the successfully activated by 1-ethyl-3-(3-dimethylaminopropyl)
(EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS). Figure 4.10 A clearly indicates
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Figure 4.11: SEMs of 200 nm by 525 nm particles randomly bending after exposure
to water. Scale bars = 1 µm.
that streptavidin was covalently bonded to the surface of the particles. To verify that the
streptavidin was not being just localized the hydrogel network, PEG:MAA imprints not
activated with EDC were also incubated in FITC labeled streptavidin and rinsed under
the same conditions as the activated imprints. Fluorescent microscopy of the not activated
imprints did not produce a fluorescent signal, as shown in Figure 4.10. The surface
modified 400nm by 525nm aspect ratio nanoparticles structures look irregular in the
fluorescent images. This is due to surface tension between the particles when water is
dried on the surface of the particles leads to the particles bending. A better look at this
phenomenon was observed when imprints adhered to the imprinting substrate was
incubated in water and then imaged with SEM as shown in Figure 4.11.

4.4

DISCUSSION
As presented above, I’ve investigated the use of S-FIL based fabrication of

nanocarriers using a series of biodegradable PEG diacrylates to fabricate stimuli
responsive drug delivery nanocarriers. PEG and PEG derivatives are biocompatible
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macromers that are being widely used in biomedical applications. PEG-based materials
are also non-fouling and prevent protein adsorption to material or carrier surfaces [64,
65]. In drug delivery, PEG-conjugation to nanoparticle surfaces (e.g. liposomes) has been
shown to protect against particle clearance in blood thus generating long-circulating
carriers [66, 67].
To fabricate enzyme-responsive, biodegradable particles, a combination of
PEGDA and an acrylated, enzymatically degradable peptide: diacrylate, GFLGK-DA
were used. Figure 4.4 shows the 1H NMR data of unmodified GFLGK and the acrylated
peptide. As shown, successful acrylation was achieved using the method described in
Figure 4.1. To determine the degree of acrylation, the ratio of protons were calculated by
comparing the area under the isopropyl group (which is known to have 6 protons – H)
and the area under the acrylate curve (3 protons per acrylate group) Ratio of protons
demonstrates that ~2 acrylate groups are present per peptide. The yield of the acrylated
peptide was approximately 46 to 89%. The yield decreased as the starting amount of
peptide being acrylated was increased. Given the number of steps involved in the
acrylation method, especially the rotary evaporation step, a significant amount of
electrostatic peptide like GFLGK-DA can be lost. Because of this, acrylation of the
peptide using EDC chemistry was employed. 1H NMR of acrylated peptide using EDC as
shown in Figure 4.5 also indicates successful acrylation of the peptide. This process is
mild, less time consuming, and doesn’t involve a long rotary evaporation step in
comparison to the first acrylation method. The only limitation of this process is EDC is
sensitive to atmosphere so special care needs to be taken to keep the EDC activated
during the activation of the acrylic acid step. Before introduction of the peptide the EDC
145

needs to be inactivated or the C-terminal of the GFLGK sequence will also become
amine reactive leading to covalent bonding of the peptide molecules which each other.
GFLG is a tetra-peptide sequence that has been widely used as a spacer in tumortargeted polymer-drug conjugates [48, 49, 68]. This peptide cross linker can degrade in
the presence of several lysosomal thiol proteases, especially cysteine proteases such as
cathepsins B, H, L, and C [69-72]. Of the 11 cysteine cathepsins in the human genome,
cathepsins B, L, and H are by far the most abundant [73-75]. GFLG is particularly
sensitive to cathepsin B [70, 72, 76], which is over-expressed in lung, ovarian and
colorectal tumor cells and is present extracellularly in tumor tissues [68, 77, 78]. HPLC
studied demonstrated that the acrylated peptide still remains sensitive to cathepsin B as
highlighted in Figure 4.6.
Cathepsin B levels in tumor cells and tissues of patients with lung cancer are
significantly elevated and have been directly related to their prognosis [77, 79, 80]. In
addition, based on information from the ExPASy (Expert Protein Analysis System)
proteomics server of the Swiss Institute of Bioinformatics (SIB), the other major human
enzymes that can degrade GFLG include digestive enzymes such as chymotrypsin,
trypsin, or pepsin. These digestive enzymes are not encountered in intravenous,
parenteral or intranasal delivery; thus the sequence should be highly specific for cysteine
cathepsins.
A major milestone in creating nanoscale, intravenously injectable delivery
systems is the incorporation of triggered release features. Although stimuli-responsive
release mechanisms are well established for macroscale devices and hydrogels, reports on
nanocarriers incorporating environmental- or disease-triggered release of drugs are
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limited to only pH-responsive systems [81]. If the encapsulated cargo can be released
preferentially at a particular diseased tissue or cell or inside a specific cellular
compartment, it could provide significant improvement in patient compliance, especially
for highly toxic chemotherapeutic drugs or for molecules with short half-life.
In order to demonstrate disease-responsive release, we fabricated imprinted
nanoparticles using an equimolar mixture of PEGDA (75% w/v, MW 700) and GFLGKDA. This creates a particle matrix cross-linked by the degradable peptide. Enzymetriggered degradation kinetics of these imprinted PEGDA-GFLGK-DA nanoparticles
using SEM at various time points following addition of cathepsin B was evaluated. As
shown in Figure 4.7 B-D, the nanoparticles begin to degrade within 30 minutes and
between 24 and 48 hours all particles were fully degraded. Particles that are exposed to
phosphate-buffered saline (PBS) without cathepsin remain intact during this period
(Figure 4.7 A).
To further studied how such enzyme-mediated degradation provides triggered
release of encapsulated model drugs, fluorescently labeled antibodies (Alexa Fluor 594
labeled IgG, Invitrogen) and plasmid DNA, encoding for beta galactosidase, (gWiz Betagal, Aldevron Inc.) were successfully incorporated during S-FIL into PEGDA-GFLGKDA nanoparticles. Antibody and DNA release from the imprinted nanoparticles, prior to
and following addition of Cathepsin B, were monitored over time (see methods). As
shown in Figure 4.8, efficient enzyme triggered release was achieved. A minimal amount
of antibody (~1%) and some amount of DNA (~11%) was released prior to Cathepsin
addition indicating some baseline DNA leakage from the matrix. This is likely due to the
highly hydrophilic nature of DNA compared to the antibody. However, most of the
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encapsulated cargo was released only after exposure to the enzyme indicating possible
means to achieve highly controlled, disease responsive or intracellular release of drugs
and contrast agents.
The results reporting here demonstrate that model biological drugs can be
successfully incorporated within S-FIL nanocarriers during the imprinting process by
simply mixing them with the macromer solution. As a proof of concept, release of
antibody and protein encapsulation within the nanoimprinted particles was evaluated. The
maximum UV exposure time used was ~30 seconds. The UV lamp of the imprinting
setup has a wavelength of 365 nm and an energy rating of 10 mW/cm2. These parameters
have been previously reported to be DNA and cell compatible [27, 82]. As shown in
Chapter 3, fluorescently labeled antibodies and GAPDH siRNA were successfully
entrapped within nanocarriers and the particles were efficiently released from the wafer
following etching. It is worth noting here that following the imprinting and etching the
final particles remained intact and the encapsulated protein retained its fluorescence
indicating that the process does not degrade the encapsulant.
Previously, we reported that encapsulated streptavidin retained its biotin-binding
capability following photopolymerization and etching [21]. To further investigate if
sensitive biological agents remain active after going through the S-FIL and etching
process a series of bioactivity studies using GAPDH was conducted. The results from
this study (Figure 4.9) demonstrates efficient knockdown (P< 0.0001) of GAPDH
protein expression in cells transfected with GAPDH siRNA encapsulated in S-FIL
imprints, and S-FIL imprints that were exposed to oxygen plasma etching. No significant
difference in gene knockdown levels was observed between the etched and non-etched
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imprints. No significant difference in gene knockdown levels was observed between
untreated cells and control PEGDA imprints either. The positive controls also did not
shown significant knockdown of GAPDH protein expression, this could be because of the
majority of the cells in the positive control wells were dead after the 48 hour transfection
incubation.
Based on the results presented here, PEGDA:GFLGK-DA hydrogel design should
allow the nanoimprinted particles to degrade in the presence of Cathepsin B and release
the encapsulated drug preferentially inside particular cellular compartments (lysosomes)
or inside tumor tissues. A key feature of this design is the ability to vary the crosslink
density and composition of the particle matrix using different macromers, macromer
concentrations, macromer to peptide ratio and peptides of varying degradation kinetics.
It is easily conceivable that incorporation of different peptide sequences, specific
for particular tissue targets or pathophysiological conditions, should allow for other
disease or tissue specific carrier designs. For example, Cathepsin D is highly overexpressed in breast cancer and has been related to its prognosis [83], and matrix
metalloproteinase (MMP) over-expression has been correlated with tumor metastasis [84]
and a host of inflammatory and vascular diseases [85, 86]. Incorporation of peptides
specific for these enzymes within the particle matrix, as described here, could provide
highly specific, disease-triggered drug nanocarriers. Similar enzymatically degradable
macroscale matrices have been reported for controlled release and tissue engineering
applications [87, 88].
These particles can then be surface modified with disease-specific targeting
ligands to create dual targeting and disease responsive nanocarriers. Successful
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modification of the surface of nanocarriers (still on the imprinting surface for processing
simplicity) is demonstrated in Figure 4.10. Using this surface modification approach, any
biological agents containing amine groups can be attached to the surface of the particles.
In conclusion, results presented here demonstrate successful fabrication of
enzymatically-triggered nanocarriers of precise sizes and shapes for drug and contrast
agent delivery. Material chemistry used here is also conducive of readily attaching
specific ligands to the particle surface thus providing opportunities of cell targeted,
disease-triggered delivery of drugs and imaging agents. The particle composition
designed here essentially generates nanosized hydrogels as drug carriers. The pore size
(ξ) and molecular weight between crosslinks (Mc) of these nanoparticles would dictate
whether a certain drug can be entrapped without significant diffusive leaching prior to an
environmental trigger. In Chapter 5, the hydrogel characteristics of bulk and nanoscale
S-FIL hydrogels will be evaluated to gain insight on the pore size and swelling ratio of
the PEG-based particles.
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CHAPTER FIVE

In vitro Characterization of S-FIL Fabricated Hydrogel Nanocarriers

5.1 INTRODUCTION
The goal of this research is to create a new class of size and shape-specific
nanoparticles that have the ability to target tumor cells and then in response to the tumor
microenvironment, release encapsulated therapeutic or diagnostic agents. The ability to
nano-fabricate uniform, highly monodisperse, hydrogel, drug nanocarriers of various
geometries, would give us the ability to study their in vivo transport and bio-distribution
as a function of size and geometry. Since these nanoparticles are composed of PEG-based
hydrogel network, these particles will also swell or shrink, depending on the
environment.
A significant amount of research has been conducted on the development of
hydrogel-based micro- and nano- drug delivery particles that have the ability to swell or
shrink in the presences of different environmental cues; but little characterization of the
hydrogel material dynamics at the micro- and nanoscale has been reported. Hydrogel
based materials are preferred material for numerous biomedical applications due to their
biocompatibility characteristics and there ability to be easily tailored for specific
applications [1]. Hydrogel materials are being utilized in many medical applications
including biosensors, biomembranes, ophthalmological, and intelligent controlled
released drug delivery carriers [2].
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5.1.1 Hydrogel Structural Properties
Hydrogel materials are water-swollen polymeric networks composed of chemical
or physical cross-links. Hydrogels can be composed of hydrophilic homopolymers or
copolymers covalently bonded into a mesh network.

Physical cross-links may be

entanglements, crytallites, or weak associations including hydrogen bonds and van der
Waals interactions or a combination of these [2]. The network morphology can be
amorphous or semicrystalline, and the network structure may contain macropores,
micropores, or nanopores. Due to the mesh like network, hydrogels have the ability to
swell or shrink, altering the overall structure of the hydrogel.
Three important parameters are used to define the structure of hydrogels: the
polymer volume fraction in the swollen state, ν2,s, the number average molecular weight
between cross-links, M

C

and the correlation length also know as the network pore (or

mesh) size, ξ [3]. The equilibrium polymer volume fraction in the gel, ν2,s, is the ratio of
the volume of the polymer Vp, to the volume of the swollen gel, Vgel and the reciprocal of
the volume swelling ratio Q:
v 2, s =

Vp
V gel

= Q −1

(5.1)

where:

Q=

V polymer + V solvent
V polymer

165

=

V swollen
V dry

(5.2)

which can be determined through equilibrium swelling experiments [4]. The numberaverage molecular weight between cross-links, M

C

and the pore size ξ can also be

determined through swelling studies.

5.1.2 Hydrogel Swelling Behavior
The swelling behavior of hydrogels in aqueous solutions can be explained by a
variety of non-ideal thermodynamic models. The ultimate objective of these theoretical
models is to predict the swelling behavior of the gel to determine the mesh size for solute
diffusion, and related parameters. Due to the non-ideal thermodynamic behavior of
polymer networks in electrolyte solutions and variations that arise from hydrogel
composition, no theory can exactly predict the behavior. Using a modified Flory-Rehner
analysis, Merrill and Peppas developed a theoretical framework that has significant
success in describe the hydrogel swelling behavior [5, 6].
When a biopolymer network is exposed to biological fluids or aqueous solutions,
the network will start to swell due to the thermodynamic compatibility of the polymer
chains and water molecules. The force of the gel swelling is counterbalanced by the
retractive forces induced by the polymer cross-links of the network.

The swelling

reaches equilibrium when these two forces are equal. The competing driving forces
determine the total swelling:

∆Gtotal = ∆G mix + ∆G gel

or

µ1 = ∆µ mix + ∆µ elastic

(5.3)

where ∆Gtotal is the total Gibbs free energy (in this case chemical potential µ1) in the
system. ∆Gmix is the swelling driving force. The swelling of the gel is driven by the gain
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in entropy (S) of the system by the mixing of the solvent and polymer. The favorable
contacts between the system pressure (P) and entropy (S) also aids in the swelling of the
polymer network. ∆Ggel is the forces resisting the swelling due to the loss of entropy in
the network chains as they stretch as the gel swells.
The chemical potential difference ∆Gmix can be determined from the
thermodynamics of the polymer-water mixing process. Applying the Flory/Huggins
lattice model for polymers the enthalpy of mixing of the hydrogel network can be
evaluated. The lattice model states that the lattice can either be occupied by solvent
molecules or polymer segment. Using this model the chemical potential of mixing is
derived to be:

[

∆µ mix = K B T ln (1 − v 2, s ) + v 2, s + χ 1 v 22, s

]

(5.4)

where KB is the Boltzman constant, T is the absolute temperature (Kelvins), ν2,s is the
volume fraction of polymer in swollen gel, and χ1 is the polymer-water interaction
parameter that is specific to the polymer used to form the hydrogel. The ∆Ggel parameter
can be derived by applying the rubber elasticity theory to be:

∆µ elastic =

K B TV1
vM c

⎛ 2M c
⎜1 −
⎜
Mn
⎝

⎞⎛ 1 / 3 v 2, s ⎞
⎟⎜ v 2, s −
⎟
⎟
⎟⎜
2
⎠
⎠⎝

(5.5)

where V1 is the molar volume of water, v is the specific volume of the polymer, ν2,s is
the volume fraction of the swollen gel, M

between the cross-links, and M

n

C

is the number-average molecular weight

is the molecular weight of the linear polymer chains

before cross-links.
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Inputting the full equations of ∆µmix (equation 5.4) and ∆µelastic (equation 5.5) into
the total free energy equation leads to the expression for M

C

for a non ionized hydrogel

to be:

[

⎛ v ⎞
⎜⎜ ⎟⎟ ln (1 − v 2, s ) + v 2, s + χ 1 v 12,/s3
1
2
⎝ V1 ⎠
=
−
Mc Mn
⎛ 1/ 3 ⎛ 2 ⎞
⎞
⎜ v 2, s − ⎜⎜ ⎟⎟v 2, s ⎟
⎜
⎟
⎝ϕ ⎠
⎝
⎠

]
(5.6)

where φ is the functionality of the cross-linking agent. For hydrogels cross-linked in the
presences of water, the equation can be modified to account for the water induced elastic
contributions to swelling:

[

]

⎛ v ⎞
⎜⎜ ⎟⎟ ln (1 − v 2, s ) + v 2, s + χ 1 v 22, s
1
2
⎝ V1 ⎠
=
−
Mc Mn
⎛
⎞⎞
⎛
⎜ ⎛ v ⎞ 13 ⎜ ⎛⎜ 2 ϕ ⎞⎟v 2, s ⎟ ⎟
2, s
⎠
⎟ −⎜⎝
⎟⎟
v 2, r ⎜ ⎜
⎜
⎟
⎜ ⎝ v 2, r ⎠
⎟⎟
⎜ v 2, r
⎟⎟
⎜
⎜
⎠⎠
⎝
⎝

(5.7)

where ν2,r is the volume fraction of the polymer in the relaxed state.
Methods for evaluating bulk hydrogel swelling and shrink properties, to
determine the hydrogel properties summarized above, are well established and have been
widely reported [3, 6-13], but one question remains in the designing of mirco- and
nanoscale hydrogel particles: does the hydrogel swelling behavior show any size
dependence when the size of the hydrogel particles is scaled down from macroscale to
nanoscale because of the surface area to volume ratio changes? Due to fabrication
limitations, until recently, most hydrogel micro- and nanoscale particles synthesized
using bottom up techniques produce poly-disperse, non-uniform particles. Swelling
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behaviors of these particles would be difficult to evaluate due to the non-uniformity of
particles.
Micro- and nano-fabrication methods like Step and Flash Imprint Lithography (SFIL) allows for precise control over the hydrogel nanoparticles geometries, therefore,
giving researchers the ability to evaluate alterations of the nanoparticles physical
properties due to environmental conditions or over time. In this section, the change in
nanoscale hydrogel topography between nanoparticles in relaxed state, swollen state, and
dried state, are investigated using atomic force microscopy and with standard scanning
electron microscopy (SEM) and environmental SEM (ESEM) using quantumiX wet
capsules.

5.2 MATERIALS AND METHODS
5.2.1 Materials and Reagents
Poly(ethylene glycol) diacrylate (PEGDA, MW 700) was purchased from Sigma
Aldrich. The ultraviolet (UV) photoinitiator, 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2methyl-1 propanone (I2959) was purchased from Ciba Geigy. Fluorescein-o-acrylate
monomer (97%), poly(vinyl alcohol) (PVA, MW 31000) (Fluka) and dimethyl sulfoxide
(DMSO) was purchased from Sigma Aldrich.

Heptane was purchased from Fisher

Scientific. TEM Grids (400 mesh Formvar/Carbon film grids), QuantomiX WETSEM®
particle imaging kit and QX-102 starter package was purchased from Electron
Microscopy Sciences (EMS). High resolution FIB2-100 2 µm tapping mode Si AFM
probes were purchased from Veeco.
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5.2.2 Hydrogel Preparation
Hydrogel solutions for bulk and nanoscale hydrogel formulations were prepared
from various percent polymer concentrations (% volume (v)) of poly(ethylene glycol)
diacrylate (PEGDA) MW 700 in deionized water (DH2O). The UV photoinitiator, 2hydroxyl-1-[4-(hydroxyl)phenyl]-2-methyl-1 propanone (I2959, Ciba), was used at
concentrations below those previously determined to be cyto-compatible [14]. I2959 was
dissolved in DH2O in a concentrated amount and then a small amount was added to the
PEGDA solution at a final concentration of 0.07% (w/w). Hydrogel solutions were also
prepared with the fluorescent monomer: fluorescein-o-acrylate to incorporate a contrast
agent into the hydrogel network. The fluorescein-o-acrylate monomer was dissolved in
dimethyl sulfoxide (DMSO) and then added to the PEGDA imprinting solution, at a final
concentration of 2% (w/v); at a molar ratio of 1:0.45 PEGDA: fluorescein for the 50% (v)
hydrogels and 1:0.64 molar ratio in the 33% (v) hydrogels.

5.2.3 Bulk Hydrogel Swelling Studies:
Bulk hydrogel disc were prepared from 500 µL of PEGDA or PEGDA containing
fluorescein-o-acrylate hydrogel solutions at various concentration of 10-50% (v).
Hydrogel discs were weighed in air as well as in heptane (a solvent the PEG hydrogels
will not swell in) to obtain the volume of the hydrogels, immediately after UVpolymerization. The hydrogels were then rinsed for 24 hours in DH2O (periodically
changed) to remove any un-reacted polymer or monomer. Hydrogel discs were dried for
48 hours using a vacuum chamber and subsequently weighed to obtain dry (or polymer)
mass. The dried gels were then swollen for 48 hours in DH2O at 37oC to reach swollen
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equilibrium. The polymer volume fraction in the swollen state, ν2,s and relaxed state ν2,r
was calculated from the measured hydrogel mass in air and in heptane:

Wa,d − Wn,d

Swollen: v 2, s = W − W
a,s
n, s
Relax:

v 2,r =

(5.8)

Wa , d − Wn , d

(5.9)

Wa , r − W n , r

where Wa.d is the hydrogel weight in dry state in air, Wn.d is the hydrogel weight in dry
state in heptane, Wa.s is the hydrogel weight in swollen state in air, Wn.s is the hydrogel
weight in swollen state in heptane, Wa.r is the hydrogel weight in dry state in air, and Wn.r
is the hydrogel weight in relax state in heptane. The equilibrium mass swelling ratio (Q)
was calculated by comparing the ratio of the equilibrium swollen volume by the polymer
dried mass as previously summarized [4, 7] and described above. M

C

is calculated using

equation 5.7 with the ν2,s and ν2,r values determined from the swelling studies. The
hydrogel network pore size is determined by:
1/ 2

ξ =v

−1 / 3
2, s

⎛ 2Cn Mc ⎞
⎜⎜
⎟⎟ l
Mr
⎝
⎠

(5.10)

where Cn is the Flory characteristic ratio, Mr is the molecular weight of the repeating
units of which the polymer chain is composed of, and l is the length of bonds along the
polymer backbone.

5.2.4 Evaluation of Hydrogel Nanoparticle Morphology Using SEM and ESEM
Nanoscale hydrogel particles of various lengths with the same cross-section
dimensions: 800 nm by 100 nm by 100 nm rectangular particles (811 nm), 400 nm by
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100 nm by 100 nm rectangular particles (411 nm) and 100 nm by 100 nm by 100 nm
squares particles (111 nm); were fabricated, using the Imprio 100 S-FIL system
(Molecular Imprints, Austin Tx). Nanoparticles composed of 50% (v) PEGDA and 2%
(v/w) fluorescein-o-acrylate and 33% (v) PEGDA and 2% (v/w) fluorescein-o-acrylate
were imprinted on wafers coated with the PVA water soluble release layer.

After

imprint, the residual layer formed between particles was removed with a low powered
oxygen plasma etch for 20-40 seconds, and then the particles were released into 0.22 µm
filtered DH2O. Particles from each group were placed on Si wafer pieces, allowed to dry,
sputter coated with 8 nm of gold palladium, and then imaged using standard SEM
methods with the LEO 1530 SEM. Particles from each group were also negatively stained
with uranyl acetate on a copper mesh formvar TEM grid and TEM imaging was
conducted using the FEI Tecnai Transmission Electron Microscope.

Particles were

incubated in filtered water for 24 hours to allow for the particles to reach equilibrium
swelling, and then imaged using the quantomiX water SEM capsules (QuantomiX
Technologies).
Prior to imaging, the capsule membranes were coated with 4mg/mL
polyethylenimine (PEI) (MW 4,000) solution to create a positively charged surface to
promote adhesion of the nanoparticles (due to the oxygen plasma etching contain a
negative surface charge) to the membrane. The membrane is incubated with PEI solution
for 1 hour and is then rinsed 5 times with filtered DH2O. Solution containing particles
were then added to the capsule and spun down for 5 minutes at 3000 rcfs. Capsules
containing particles were then imaged using the LEO 1530 SEM using a Robinson back
scattering detector. Prior to imaging the S-FIL particles, the SEM system was calibrated
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using the quantomiX calibration sample containing particles of known dimensions that do
not swell in the present of water, to verify that the system was calibrated to correct
dimensions for samples in water.

5.2.5 Nanoscale Swelling Studies using AFM:
Nanoscale hydrogel particles of various lengths with the same cross-section
dimensions: 800 nm by 100 nm by 100 nm rectangular particles (811 nm), 400 nm by
100 nm by 100 nm rectangular particles (411 nm) and 100 nm by 100 nm by 100 nm
squares particles (111 nm); were fabricated as previously reported in Chapter 3 [15]
using the Imprio 100 S-FIL system (Molecular Imprints, Austin Tx). Particles composed
of 50% (v) PEGDA and 2% (v/w) fluorescein-o-acrylate and 33% (v) PEGDA and 2%
(v/w) fluorescein-o-acrylate were imprinted on Transpin HE-0600 (Molecular Imprints)
coated wafers to chemical cross-link the imprints to the substrate. The residual layer
formed between particles were removed with a low powered oxygen plasma etch for 2040 seconds and subsequently imaged using AFM with a high resolution tip prepared by
focused ion beam (FIB) milling, at a 512 by 512 line scan, to obtain nanoparticle
topography after the fabrication process. The particles (still on the imprinting substrate)
were then rinsed for 12 hours to remove any un-reacted polymer and monomer from the
nanoparticles. The imprints were dried for 24 or 48 hours in a vacuum chamber and then
immediately scanned to obtain the nanoparticle morphology in the dried state. Particles
were then incubated in DH2O for 24 or 48 hours and then imaged to obtain the particle
topography in swollen state.

173

5.2.6 Statistical Analysis
Statistical analysis was performed to evaluate the significances between hydrogel
conditions. Student t-test with a confidences level of 99.99% (p value of 0.001) was used
to evaluate the difference between swollen and dried values. Tukey-Kramer HSD t-test
(compares all data values to one another) was conducted with a p value of 0.01 to
compare variance between sample groups. All values presented here are reported as the
mean with a standard deviation. All plots present data as the mean and mean standard
error. All calculations were conducted using average values.

5.3 RESULTS
5.3.1 Bulk Hydrogel Swelling Studies:
Bulk hydrogel swelling behavior was measured following standard swelling
studies reported previously [7]. Bulk hydrogel properties are summarized in Table 5.1.
Equilibrium swelling ratios decreased from 3.01 to 1.54 as the percent polymer increased.
By varying the polymer concentration the equilibrium polymer volume fraction in the
hydrogel ν2,s ranging from 0.33-0.65 were obtained. The number-average molecular
weight between cross-links, M

C

decreased from 95.84 to 25.76 as the percent polymer

increased. This result is attributable to the fact that as the amount of polymer present for
cross-linking into the hydrogel increases, the degree of cross-linking increasing and
therefore decreasing the average molecular weight between cross-links. Similarly, the
pore size of the hydrogels mesh network decreases and the percent polymer increases for
the PEGDA containing hydrogels. The ξ starts to plateaus at a minimum pores size range
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Table 5.1: Properties of bulk hydrogels.

of 3.70-3.67 Ả for percent polymer in the 33-50% (v) range. Overall, the pores size and
M C

are low (in comparison to previously reported values [7]) due to the use of only a

700 Da molecular weight PEGDA.
When the fluorescein-o-acrylate is introduced into the hydrogel network, a small
increase in M

C

and ξ was measured for 33% (v) hydrogels which has the higher molar

ratio of fluorescein to PEGDA (0.68:1). This change can be attributed to the fluoresceino-acrylate competing with the PEGDA’s diacrylate groups for cross-linking upon UV
polymerization, therefore reducing the cross-linking density of the PEGDA in the
hydrogel. Little difference in the hydrogel properties is observed between the pure 50%
(v) PEGDA and 50% (v) PEGDA and fluorescein containing hydrogels which have the
lower molar ratio amount of fluorescein (0.48:1, fluorescein to PEGDA). Since the
fluorescein group is being tethered from the PEGDA hydrogel networks, the fluorescein175

Figure 5.1: Shape and size specific hydrogel nanoparticles: SEM of nanoparticles:
(A-C) Imprints still on substrate: (A) 811 nm rectangular particles; (B) 411 nm
rectangular particles; (C) 111 nm particles; (D-F) Released nanoparticles: (D) 811 nm
rectangles; (E) 411 nm rectangles; (F) 111 nm squares. (G-I) TEM of released
particles (G) 811 nm particle; (H) 411 nm particle; (I) 111 nm particles. (A, B, D, E
and F) 2 micron scale bar, (C) 200nm scan bar , (G) 200 nm scale bar and (H, I) 100
nm scale bar.
o-acrylate will not alter the elasticity of the hydrogel network and the standard equations
presented above can still be used with relative precision.

5.3.2 SEM Imaging of Hydrogels in Dried State
Standard SEM requires the electron beam specimen chamber to be pumped down
to ~3x10-6 Torr pressure (for the LEO 1530), because of this, the hydrogel samples are
exposed to a low pressure environment which could lead to evaporation of entrapped
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Table 5.2: Nanoparticle dimension values obtained from SEM of imprints. Length,
width, and area values obtained from nanoparticles still attached to the imprinting
substrate (n of 25 particles). The area percent difference was calculated by comparing
the theoretical area of each particle, based on the dimension patterned on the quartz
template, versus the area measured from the SEMs images.

water within the hydrogels. Another limitation of SEM and TEM imaging methodologies
is that they can only provide two-dimensional analysis of the samples (length and width).
Therefore, standard SEM imaging of hydrogel particles provides the nanoparticle length
and width dimensions in the dried state. SEM images of 33% (v) PEGDA particles
(Figure 5.1 A-C) still attached to the imprinting substrate and released particles (Figure
5.1 D-F) were taken and analyzed using Image J software to obtain the particle
dimensions (length, width). Table 5.2 presents nanoparticle dimension average and
standard deviation values obtained from SEM images of the nanoparticles (n =25
particles sampled over 5 different areas of the imprint) still attached to the imprinting
substrate. The percent difference was calculated by comparing the theoretical area of
each particle, based on the dimension patterned on the quartz template, versus the area
measured from the SEMs images using Image J software.
From the images shown in Figure 5.2 as well as AFMs scans of the particles, the
heights of the particles are ~120-140 nm (depending on imprinting conditions as
discussed in Chapter 3). TEM images of 50% (v) PEGDA hydrogel nanoparticles verify
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Figure 5.2: Variations in nanoparticle orientation. (A, D) SEM images of released
particles. (B, C, E, F) TEM images of released particles. (A-C) 811 nm particles, (DF) 411 nm particles. (B, E) particles in orientation 1 and (C, F) particles in orientation
2. (A) 1 micron scale bar, (B, C, D) 200 nm scale bar, and (E, F) 100 nm scale bar.

that the length and width values obtained from the 2-dimensional SEM and TEM images
are depending on the particles random orientation on the substrate. Analysis of the 2dimensional images shows two distinct populations of width values: one ~110 nm and the
other ~140 nm. Based on the particles height values obtained from AFM, the height
dimension of the particles was assumed to be the dimension that was measured to be over
115 nm in the two-dimensional SEM images. Table 5.3 summarizes the average length,
width, and area values obtained from SEMs of the released particles (n = 25 particles) in
the assigned orientations shown in Figure 5.2, orientation 1: Figure 5.2 B, E and
orientation 2: Figure 5.2 C, F. When the particle’s orientation becomes a variable, the
standard deviation of the length, width, and area values increases. The percent difference
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Table 5.3: Nanoparticle dimension values obtained from SEM from released
nanoparticles. Length, width, and area values obtained from released nanoparticles (n
of 25 particles). The area percent difference was calculated by comparing the
theoretical area of each particle, based on the dimension patterned on the quartz
template, versus the area measured from the SEMs images.

between the theoretical area and the measured area obtained from the images also
increases in comparison to the values obtained from the particles still attached to the
substrate. Another potential reason for the variation in the measured particle dimensions
obtained for the particles still on the imprinting substrate versus the released particles is
that the release particles were exposed to water and then dried. It is uncertain if the
sputter coated medal layer is significant enough to cause water to be entrapped within the
particles.
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Figure 5.3: Wet capsule SEM images: (A, C, E, G) 811 nm particles, (B, D, F, H)
411 nm particles. (A-D) 50% (v) hydrogel network and (E-H) 33% (v) hydrogel
network. (A, B, E) 2 micron scale bar, (D, F) 1 micron scale bar, (C, G) 300 nm scale
bar, and (H) 200 nm scale bar.
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Table 5.4: Nanoparticles dimensions in swollen state using QuantmiX wet capsules
Length, width, and area values obtained from released nanoparticles (n of 10 particles).
The area percent difference was calculated by comparing the theoretical area of each
particle, based on the dimension patterned on the quartz template, versus the area
measured from the SEMs images.

5.3.3 SEM Imaging of Hydrogels in Swollen State
To obtain the nanoparticles dimensions in the non-dried state, QuantmiX wet
SEM capsules were used. Using these capsules, nanoparticles can be imaged while in
aqueous solution and protected from the electron beam. Figure 5.3 demonstrates images
obtained using these wet capsules. The overall resolution of the images were poor, but
considering images of 33% and 50% (v) polymer particles was being acquired, the
contrast between the sample and media is expected to be low. Table 5.4 provides the
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Figure 5.4: Comparison of swollen and dried particle dimensions measured from
SEM. (A) 400 nm by 100 nm by 100 nm particle dimensions. (B) 800 nm by 100 nm
by 100nm particle dimensions. Data is presented as mean ± mean standard error of n
= 30 for 411 nm particles and n = 10 for 811 nm particles. *P <0.001 indicates
significant differences swollen and dried samples, determined with student t-test.
average and standard deviation of lengths, widths, and areas of 33% (v) and 50% (v), 811
nm and 411 nm PEGDA nanoparticles. Even with the particles electrostatically attached
to the wet capsule membrane, the particle orientation is still random, making accurate
length and width measurements difficult. Overall, the length and width values of the 50%
(v) PEGDA 700 swollen nanoparticles was smaller then the 33% (v) PEGDA 700
nanoparticles. A significant shift in the nanoparticles length and widths were measured
from the swollen nanoparticles (Table 5.4) in comparison to the length and width values
measured from the dried released particles as summarized in Figure 5.4.

5.3.4 Nanoscale Swellen Behavior Evaluated Using AFM
Atomic force microscopy (AFM) is a high resolution type of scanning probe
microscopy that has sub nanometer resolution; more that 1000 times better than the
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optical diffraction limit. AFM also provides a true three-dimensional surface profile.
Along with its high resolution, AFM does not require a low pressure environment or
requires samples to be treated with conductive metals, so that sample topography can be
obtained in its naïve state. Utilizing the advantages of AFM, 33% (v) and 50% (v)
PEGDA 700 hydrogel nanoparticles, (811 nm, 411 nm, and 111 nm) particles
topographies were investigated after fabrication (relaxed state), dried state, and swollen
state. Figure 5.5 and Figure 5.6 presents the particle dimensions in each state for the
different percent polymer hydrogels.
As hypothesized the particle dimensions (length, width and height) decreased
when the particles were dried for all particle sizes and percent polymer. Also as
suspected, the swollen particle’s length and width increased but the height decreased in
comparison to post fabricated particle scan values and dried dimensions. The decrease in
height could be an effect of the particle becoming softer and therefore pliable, as they
swell, leading to the particle structure bending when it comes in contact with the AFM
probe. If this is the case, the measured volume of the swollen particles by the AFM would
be smaller than the actual value.

5.4 DISCUSSION
Through the series of swelling studies presented here, the swelling behavior of
bulk and nanoscale PEGDA molecular weight 700 hydrogels were investigated. It is
inherent that hydrogels composed of a low molecular weight polymer have lower Mc and
mesh/pore size. As the molecular weight of the polymer increases and the percent
polymer decreases the swelling ratio, Mc, and pores size will decrease. This overall trend
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Figure 5.5: 33% (v) PEGDA 700 hydrogel nanoparticle topography values obtained using
AFM. Data is presented as mean ± mean standard error (n = 75). *P <0.001 indicates significant
differences between measured values, determined with Tukey-Kramer HSD t-test. Data with
matching letters are not significantly different.
was observed from the bulk hydrogel studies highlighted in Table 5.1. As hypothesized
the swelling ratio of the PEGDA 700 hydrogels was significantly lower than values
previously reported by Anseth and colleagues [7] for hydrogels composed of PEGDA
MW 3400. Equilibrium swelling ratios decreased from 3.01 to 1.54 as the percent
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Figure 5.6: 50% (v) PEGDA 700 hydrogel nanoparticle topography values obtained using AFM. Data
is presented as mean ± mean standard error (n = 75). *P <0.001 indicates significant differences between
measured values, determined with Tukey-Kramer HSD t-test. Data with matching letters are not
significantly different.

polymer increased. By varying the polymer concentration the equilibrium polymer
volume fraction in the gel ν2,s ranging from 0.33-0.65 were obtained. The numberaverage molecular weight between cross-links, Mc decreased from 95.84 to 25.76 as the
percent polymer increased. This is due to the fact that as the amount of polymer present
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for cross-linking into the hydrogel increases, the degree of cross-linking increasing and
therefore, decreasing the average molecular weight between cross-links. Similarly, the
pore size of the hydrogels mesh network decreases and the percent polymer increases for
the PEGDA containing hydrogels. The ξ starts to plateaus at a minimum pores size range
of 3.7-3.60 Ả for percent polymer in the 33-50% (v) range.
When the fluorescein-o-acrylate is introduced into the hydrogel network, a small
increase in Mc and ξ was measured for 33% (v) hydrogels which has the higher molar
ratio of fluorescein to PEGDA (0.68:1).

This is probably due to upon UV

polymerization, the fluorescein-o-acrylate competes with PEGDA’s diacrylate groups for
cross-linking, therefore reducing the cross-linking density of the PEGDA in the hydrogel.
Little difference in the hydrogel properties is observed between the pure 50% (v) PEGDA
and PEGDA and fluorescein containing hydrogels which have the lower molar ratio
amount of fluorescein (0.48:1, fluorescein to PEGDA). Since the fluorescein group is
being tethered from the PEGDA hydrogel networks, the fluorescein- o-acrylate will not
alter the elasticity of the hydrogel network and the standard equations presented above
can still be used to determine the hydrogel network properties.
To investigate if the swelling behavior of hydrogels is dependent on the
hydrogels’ length scale, or surface area to volume ratio, swelling behavior studies of
nanoscale hydrogels were conducted. Examination of nanoscale features in naïve and
swollen states is difficult due to imaging limitations. Environmental scanning electron
microscopy (ESEM) would be beneficial but most ESEM systems still requires the
samples to be exposed to some decrease in pressure and exposure to electrons that can
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damage the sample. One practical method to evaluate nanoscale samples in an aqueous
environment with SEM is to use QuantimiX wet capsules.
To obtain the nanoparticles dimensions in the non-dried state, QuantmiX wet
SEM capsules were used. Using these capsules, nanoparticles can be imaged while in
aqueous solution and protected from the electron beam. Figure 5.4 demonstrates images
obtained using these wet capsulesThe 800 nm and 400 nm dimensions of the particles are
easily discernable but the 100 nm dimension is more difficult. Table 5.4 provides the
average and standard deviation of lengths, widths, and areas of 33% (v) and 50% (v), 811
nm and 411 nm PEGDA nanoparticles. Even with the particles electrostatically attached
to the wet capsule membrane, the particle orientation is still random, making the length
and width measurements only approximate. Overall, the length and width values of the
50% (v) PEGDA 700 swollen nanoparticles was smaller then the 33% (v) PEGDA 700
nanoparticles. A significant increase in the nanoparticles length and widths were
measured from the swollen nanoparticles (Table 5.4) in comparison to the length and
width values measured from the dried released particles (Table 5.3) as summarized in
Figure 5.4.
Since all three dimensions of the particle can not be obtained (length, width, and
height) due to SEM limitations, the particle’s swollen volume of a given particle can not
be accurately determined and therefore a swelling ratio can not be directly calculated.
However, from the images one can verify that the particles are swelling, but not
significantly to the point that the nanoparticle geometry is being drastically altered or the
particles are doubling or tripling in size. Since the length dimensions of the particles are
discernable, the swelling ratio just in the length dimension (QLength) can be determinded
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Figure 5.7 Evaluation of Nanoparticle Swelling Ratio Determined from the
Length Dimensions. (A) Comparison of hydrogel swelling behavior of bulk and
ESEM samples; (B) Comparison of hydrogel swelling behavior of bulk and AFM
samples; (C) Comparison of hydrogel swelling behavior of nanoparticles
constrained (AFM) and not constrained (ESEM); and (D) Evaluation of constraint
size effects on particle swelling ratio.

and compared to the calculated bulk QLength. Doing this, it is observed that the QLength
calculated from the length dimensions of the 811nm and 411nm particles acquired using
ESEM is comparable (within the margin of uncertainity) to the QLength of bulk samples, as
shown in Figure 5.7 A. Because the 100 nm dimensions of the particles are more
difficult to discern, it is unclear if the particles are swelling isotropically.. If isotropic
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swelling is assumed, the ratio ∆x=Lswollen/Linitial can be determined from the measured
initial dimensions, and the measured swollen nanoparticle area by:

(Lengthinitial × ∆x )(Widthinitial × ∆x ) = Area
(5.11)
∆x =

Area

(Lengthinitial )(Widthinitial )

The change in length and width assuming isotropic swelling were calculated using these
expressions with the measured area of the particles as defined in Table 5.4, and assumed
initial values of: 800 nm and 400 nm for the lengths (respectively), 100 nm for width, and
initial width 2 (height) of 140 nm (results summarized in Table 5.5). The percent
difference between the measured length and width values (shown in Table 5.4) and the
length and width values calculated using the calculated ∆x (the initial length times ∆x)
are all below 25%, which is likely well within the margin of error for the imaging
resolution. Based on this crude evaluation, the swelling behavior of the 811nm and 411
nm nanoparticles is approximately isotropic within the measurement resolution.
Utilizing AFM, the length, width, and height of the particles still on the
imprinting substrate were obtained (Figure 5.5-5.6) with higher measurement resolution
in comparison to wet SEM measurements. Using this approach, the orientation of the
nanoparticles is not a variable. However, the nanoparticles are constrained on one side,
thereby confining the polymer network and adding more resistances opposing hydrogel
swelling. As hypothesized the particle dimensions (length, width and height) decreased
when the particles were dried for all particle sizes and percent polymer. Also as
suspected, the swollen particles’ length and width increased but the height decreased in
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Table 5.5: Theoretical calculated change in length determined from wet SEM
measured areas

comparison to post fabricated particle scan values and dried dimensions. The decrease in
height could be an effect of the particle becoming softer and therefore more pliable, as
they swell, leading to the particle structure bending when it comes in contact with the
AFM probe. If this is the case, the measured volume of the swollen particles by the AFM
would be smaller than the actual value. Because of this, a more accurate evaluation of the
particles swelling behavior could be obtained by evaluating the change in swelling of the
length and width dimensions of the particles. Comparison of the QLength (swelling ratio in
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the length dimension) obtained from the AFM measurements of the nanoparticles to the
bulk QLength is shown in Figure 5.7 B. The QLength of the larger particles (811nm and
411nm) is comparable to the QLength of the bulk hydrogels for the QLength calculated from
the length data obtained from SEM (Figure 5.7 A) and the length data from AFM
(Figure 5.7 B). In contrast, the QLength of the 111nm particles is larger than the calulated
QLength of the bulk hydrogels. The difference is outside the range of uncertainty, and
therefore can be a clear indication of size effects on hydrogel swelling for nanoscale
particles (100 nanometer length scales and below). When the QLength values obtained from
the SEM and AFM data are compared (Figure 5.7 C), we see that there are some effects
on hydrogel swelling due to the particles being constrained. Because of this, we can
expect that the QLength of the 111nm particles obtained from the AFM experiements is
lower than what the swelling ratio would be if the particles were not constrained;
therefore making the difference observed in Figure 5.7 B between the bulk swelling
behavior and the 111nm particles even larger. The QLength from both the SEM and AFM
data show that there may also be a size effect on the swelling ratio as the particles’ length
increases. Figure 5.7 D shows QLength from the AFM date as a function of particle’s
length. From this plot we can see that there is an effect of particle size and/or size of
particle constaint on the swelling ratio. As the length of the particle increases (and
therefore the length that the particle is constrained by increase) the QLength decreases.
Overall, swollen particle dimensions obtained from AFM (Figure 5.5 and 5.6) is
significantly lower that the values obtained from the wet SEM experiments (Table 5.4) as
summarized in Table 5.6. The difference in the swelling behavior for the AFM samples
has two possible causes. The first possibility is the change in surface area to volume ratio
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Table 5.6 Comparison of swollen particle dimensions.

which will affect the surface energy of the particles, and the second is the particles are
constrained on one side. The swelling ratio of the particles measured do not follow a
distinguishable trend as a function of surface area to volume ratio; as demonstrated in
Figure 5.8 A. The swelling ratio appears to be a function of contact area with the
substrate as shown in Figure 5.8 B. Finite element analysis of polymer hydrogel swelling
behavior by Huang and colleagues, has also demonstrated that the swelling ratio is
dependent on the constrained area of the hydrogels [16].
To further assess if the nanoparticles’ swelling behavior is similar to that of bulk
hydrogels, a theoretical swollen volume was calculated using the dried volume values
obtained from AFM experiments and the swelling ratio (Q) calculated from the bulk
experiments (presented in Table 5.1). The theoretical swollen volume was then compared
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Figure 5.8: Dependence of swelling ratio on experimental conditions. (A) Plot of swelling ratio
vs. surface area to volume ratio and (B) plot of swelling ratio vs. contact area. Data presented here
is calculated from the average values obtained for AFM experiments.
to the swollen volume determined from the AFM measurements; these results are
summarized in Table 5.7. As previously mentioned, the lengths and width dimensions of
the swollen particles were found to increase while the height of the nanoparticles
decreased. The decrease in height could potentially be due to the substrate-induced
constraint on the particles or an artifact of the AFM scanning of a softened polymer.
Regardless of the cause or causes, the decreased height alters the average volume of the
swollen particles and could be the primary factor in the percent difference between the
theoretical swollen volume and the calculated one from the AFM measurements as
demonstrated in Table 5.7.
To explore the change in particle dimensions in swollen state if the particles were
not constrained by the substrate, the ratio ∆x=Lswollen/Linitial can be determined using the
calculated theoretical swollen volume presented in Table 5.7. Assuming that these
particles have the same swelling behavior as bulk hydrogels and are no longer
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Table 5.7: Evaluation of nanoparticle’s swollen volume.

constrained (i.e. isotropic swelling), the theoretical length, width and height values can be
calculated. By altering equation 11 to now use the particle volume, the change in
dimensions can be determined by:

(Lengthinitial × ∆x )(Widthinitial × ∆x )(Height initial × ∆x ) = Volume swollen
(5.12)
∆x = 3

Volume swollen

(Lengthinitial )(Widthinitial )(Height initial )

Using the average length, width, and height values obtained from the AFM scans of the
nanoparticles post fabrication and the theoretical swollen volume calculated as described
above, the theoretical change (∆x) in length, width, and height is calculated. Using the
obtained ∆x, the length, width, and height values of swollen nanoparticles were
calculated assuming the bulk hydrogel swelling behavior as summarized in Table 5.8 A.
The percent difference between the measured dimension values obtained from the AFM
scans of the swollen nanoparticles and the theoretical values based on bulk swelling
behavior was evaluated (Table 5.8 B). The percent difference between theoretical
dimensions for the different shape and size particles and the obtained values are all under
25%. Overall, the height dimension of all three particle sizes had the larger percent
difference. The larger percent difference is probably due to the decreased height values
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Table 5.8: Theoretical evaluation of change in particle dimensions using bulk
swelling ratio. (A) Theoretical swollen particle dimensions vs. measured swollen
particle dimensions. (B) Percent difference between theoretical and actual dimensions.

measured for the swollen state particles which could be a consequence of the imaging
method.
The goal of the research presented here was to investigate nanoscale hydrogels
swelling profile. A series of in vitro hydrogel swelling studies were conducted on bulk
and nanoscale hydrogel composed of various percent polymer PEGDA molecular weight
700, with and without a fluorescein contrast agent attached to the hydrogel network; to
obtain the three important parameters used to define the structure of hydrogels: the
polymer volume fraction in the swollen state, ν2,s, the number average molecular weight
between cross-links, Mc, and the correlation length also know as the network pore (or
mesh) size, ξ [3]. Analysis of the hydrogel swelling behavior results demonstrate that the
PEGDA MW 700 hydrogels do not swell significantly. Nanoscale S-FIL fabricated
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hydrogels was investigated with AFM and wet SEM. Due imaging resolution, the length
dimension of the particles was discernable. Comparison of swelling ratio just in the
length dimensions QLength from the SEM data of the 800 x 100 x 100 nm and the 400 x
100 x 100 nm particles, demonstrated that the QLength is comparable to the QLength of bulk
hydrogels (Figure 5.7 A). AFM provided higher resolution, allowing more accurate
measurements of the nanoparticles length, width, and height dimensions to be acquired.
Evaluation of the swelling ratio just in the length dimension (QLength) obtained from AFM
measurements, revealed that the 111nm particles QLength is significantly larger than the
calculated QLength of the larger particles (811nm and 411nm) and bulk hydrogels. These
results suggest that the particle swelling is size dependent and as the particles move more
into the nanoscale range (below 100nm) the particles will start to swell more, potentially
because the surface area to volume ratio increases. The results presented here are not
conclusive proof that as the hydrogels dimensions decrease into the nanoscale range (100
nms and below) that the swelling behavior is no longer equivalent to bulk hydrogel
swelling; however they do provide evidences to support the size effects on swelling
behavior hypothesis.
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CHAPTER SIX

Evaluation of the Effects of Nanocarriers’ Shape, Size, and Aspect Ratio
on Cellular Internalization

6.1 INTRODUCTION
Particle geometry can play an important role in intracellular uptake of
nanocarriers. Regardless of the circulation dynamics associated with any given particle
(discussed in Chapter 2), particles that are 500 nm and larger are generally only
successfully phagocytosed by macrophages and antigen presenting cells. On the other
hand, other somatic cells are capable of endocytosing sub-500 nm particles [1]. For drug
applications, endocytosis of nanocarriers is often necessary for drugs that target
intracellular molecules. It is also imperative to avoid nanocarrier phagocytosis by
macrophages, which leads to rapid clearance of particles from the body. It is generally
accepted that if particle surface properties are favorable, the smaller the particle size, the
more efficient the internalization of the particle in non-phagocytic cells. Surface
curvature, which is dependent on both particle size and shape, could affect interactions
between cell and particle surfaces and thus internalization kinetics and efficacy. In this
section recent research that supports the hypothesis that particle geometry, and more
specifically surface curvature, influences cellular internalization will be highlighted.
Chan and colleagues reported that spherical gold nanoparticles have a higher
propensity to be internalized in vitro by HeLa cells compared to rod-shaped particles of
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similar dimensions [2, 3]. Spherical nanoparticles with diameters of 14 or 75 nm were
taken up by cells 375−500% more compared to 74 x 14 nm rod-shaped particles. One
potential reason for this disparity in in vitro cell uptake could be the difference in particle
curvature, which affects the particles contact area with the cell membrane. The Chan
group has also shown that cellular uptake is size dependent [2, 3]. Further, Jiang et al.
showed that gold and silver nanoparticles with 2−100 nm size range could modify
essential cell signaling processes with, 40 and 50 nm particles having the most impact
[3]. The affects of shape and size of metallic particles on cellular internalization were
also reported by Xu et al. using layered double hydroxide Mg6Al2 nanoparticles with two
distinct particle morphologies: 1) rods that were 30−60 nm in width and 100−200 nm in
length, and 2) hexagonal sheets that were 50−150 nm wide (laterally) and 10−20 nm
thick [4, 5]. The group found that both shapes are quickly taken up by CHO-K1, NIH
3T3, and HEK 293T cell and that rod-like particles specifically target the nucleus while
the sheet-like particles are retained in the cytoplasm [4, 5]. To evaluate the cellular
mechanisms that controlled internalization of these nanoparticles, a series of uptake
inhibitor studies were conducted which showed that internalization of both shapes was
mediated by clathrin-medicated endocytosis [4, 5].
Mitragotri et al have also demonstrated that size and curvature affects how a
particle “interacts” with the cell and consequently how they are internalized. They
demonstrated that in vitro internalization of microscale, solvent-molded non-spherical
particles (as described above), is a function of particle orientation with respect to the cell
membrane (Figure 6.1). Intracellular uptake by macrophages was possible if the cell
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Figure 6.1: Colored SEM images of aveolar marcophages (brown) interacting with
different shape polystyrene particles (purple): (A) cell membrane engulfing the particle;
(scale bar = 10µm) (B) cell attaching itself to the flat side of the elliptical particle (scale
bar = 5 µm), and (C) the cell membrane progressing around a spherical particle (scale bar
= 5 µm). Reprinted with permission from The National Academy of Sciences [PNAS 103
(2006) p 4930-4934].

interacted with the particle along the “narrower” dimension as opposed to the “longer”
dimension (Figure 6.1 A, B) [1]. These results clearly support the idea that particle
curvature affects cellular internalization, but the mechanism of differential uptake should
be investigated further.
DeSimone et al. have also reported preliminary results on the effects of PRINTfabricated nanoparticle shape and size on in vitro cellular uptake [6]. Internalization of
particles of different sizes and aspect ratios, ranging from 5 µm square (cross section) to
100 x 300 nm rods, were evaluated in HeLa cells. The nanoscale cylindrical particles had
the highest percentage of cellular internalization over time (Figure 6.2 A). Specifically,
nanoparticles with 150 nm diameter and 450 nm height (Figure 6.2 B) exhibited the
highest up-take percentage and were internalized four times faster than symmetrical
particles (aspect ratio of 1, 200 x 200 nm) (Figure 6.2 D). These findings suggest that
particle aspect ratio could play an important role in cellular uptake. However, in the same
experiment, 100 nm diameter particles (Figure 3 C) with the same aspect ratio of 3 had a
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Figure 6.2: Effects of particle shape and size on cellular internalization. (A) Internalization
profile of PRINT fabricated particles in HeLa cells over 4 hours. The legend indiates particle
diameter and volume. (B−I) SEM images of PRINT particles evaluated in the internalization
study shown in panel A (scale bars = 1µm): (B) 150 by 450 nm particles, (C) 100 by 300 nm
particles, (D) 200 by 200 nm particles; (E−F) Cylindrical microparticles that are 1 µm tall but vary
in diameter (scale bars = 1µm): (E) 0.5 µm and (F) 1 µm; (G−I) Cubic microparticles of varying
widths (scale bars = 20 µm): (G) 2 µm, (H) 3 µm, and (I) 5 µm. Reprinted with permission from
The National Academy of Sciences [PNAS 105 (2008) p 11613-11618].

lower degree of internalization than the 150 nm particles, which would indicate that the
uptake kinetics is likely a function of both size and shape. The cylindrical shaped
particles (Figure 6.2 E−F) with 500 nm or 1 µm diameters and 1 µm height had reduced
internalization in comparison to smaller particles but showed higher uptake than micronsized square cross-section particles. The internalization profiles of the cylindrical
particles were similar to the profile associated with 2 µm cubic particles (Figure 6.2 G).
Larger (5 µm and 3 µm cubic particles) (Figure 6.2 H−I) did not show significant uptake
by HeLa cells (Figure 6.2 B−D).
The results summarized above, demonstrate that particle aspect ratio, shape, and
volume all affect cellular internalization of micron and sub micron particles. A more
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comprehensive evaluation of uptake as a function of each of nanoparticle characteristics
needs to be performed. It is critical that these experiments are conducted while attempting
to hold other particle properties (i.e., volume, surface area, material composition)
constant. Nevertheless, the theoretical modeling and in vitro studies taken together
provide significant evidence to support the idea that nanoparticle-based drug delivery to
target cells can be “controlled” through rational design of particle geometry. In this
chapter preliminary studies will be presented to evaluate the effects of surface charge,
and particle’s shape, size, and aspect ratio will have on intracellular uptake of hydrogel
based S-FIL nanoparticles fabricated in Chapter 3 and characterized in Chapter 5.

6.2 MATERIALS AND METHODS
6.2.1 Materials and Reagents
6.2.1.1 Polymers and Reagents
Poly(ethylene glycol) diacrylate (PEGDA, MW 700) was purchased from Sigma
Aldrich and poly(ethylene glycol). The ultraviolet (UV) photoinitiator, 2-hydroxy-1-[4(hydroxyethoxy) phenyl]-2-methyl-1 propanone (I2959) was purchased from Ciba Geigy.
Fluorescein-o-acrylate monomer (97%), poly(vinyl alcohol) (PVA, MW 31000) (Fluka),
dimethyl sulfoxide (DMSO), and poly (allylmine hydrochloride) (PAH MW 9043) was
purchased from Sigma Aldrich. Polyethylenimine (PEI) molecular weight 25,000 and
PEI “Max” MW 40,000 was purchased from Polysciences. Microcon Ultracel YM-50
centrifugal filter devices were purchased from Millipore.
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6.2.1.2 Cell Culture Reagents
Raw 264.7 macrophages, HeLa, and human embryonic kidney (HEK) 293T cells
were purchased from ATCC and cultured as recommended. All general cell supplies
(flask, dishes, etc) were purchased from Corning Life Sciences through Fisher. Gibco cell
culture media, Opti-MEM, and supplemental reagents: fetal bovine serum, trypsin, and
penicillin-streptomycin were purchased from Invitrogen. CellTiter 96® AQueous One
Solution Cell Proliferation Assay kit was purchased from Promega.

6.2.2 Evaluation of Nanoparticles Surface Charge
100nm by 100nm S-FIL nanoscale hydrogel particles were fabricated, using the
Imprio 100 S-FIL system (Molecular Imprints, Austin Tx). Nanoparticles composed of
33% (v) PEGDA and 2% (v/w) fluorescein-o-acrylate were imprinted on wafers coated
with the PVA water soluble release layer as summarized in Chapter 3. Particles were
etched with a low power oxygen plasma etch and then released into DH2O. The zeta
potential of the particles was analyzed using the Brookhaven ZetaPALS electrophoresis
system.

6.2.3 Nanoparticle Surface Modification
Standard Layer-by-Layer self-assembly of positive and negative charged ions was
used to electrostatically alter the charge of the S-FIL nanoparticles surfaces using
methods previously reported by McShane and colleagues [7].

To surface modified

released nanoparticles with positive polyelectrolyte’s, particles were incubated with
205

polyethylenamine (PEI) (either 25,000 or 40,000) or poly(allylimine hydrochloride)
(PAH MW ~9000) at a total concentration of 2 mg/mL for 15 minutes on a rotator. The
solution was filtered through a Microcon Ultracel 50,000 MW cutoff centrifugal filter
device to allow remaining PEI or PAH solution to pass through while retaining particles
in the filter. The nanoparticle concentrate was rinsed out of the filter and diluted in
distilled water. Zeta potential measurements were conducted using a Brookhaven Zeta
PALS zeta potential analyzer.

6.2.4 In Vitro Cytotoxicity Study
HeLa cells were seeded at 10,000 cells/well into 96 well plates in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and allowed to
adhere for 24 hours before DMEM was replaced with Opt-MEM containing either PEI
100 nm S-FIL particles or bare 100 nm S-FIL particles at a concentration of ~100
particles/cell (n = 4 for each condition). HeLa cells were incubated at 37oC with 5% CO2
for 5 and 24 hours. After the incubation period, MTS assay solution (CellTiter 96 AQueous
One Solution Cell Proliferation Assay kit) was added to each well of cells. The cells were
incubated for an additional 4 hour at 37oC. The optical density of the cell suspension was
measured at 450nm using an Opsys MR Absorption plate reader (Thermo labsystems).
The viability of the cells exposed to S-FIL particles was expressed as a percentage of the
viability of cells grown in the absences of particles.
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6.2.5 In Vitro Bio-Distribution of S-FIL Particles
6.2.5.1 In Vitro Uptake Study of the Effects of Nanoparticle Surface Properties on
Cellular Internalization.
Intracellular uptake of S-FIL fabricated 33% (v) PEGDA containing 2% (w/v)
fluorescein-o-acrylate hydrogel, 100nm particles was evaluated in HEK 293T cells. HEK
293T cells were seeded at 50,000 cells/ well on 8 well glass chamber culture slides pretreated with gelatin (to promote cell adhesion) in recommended DMEM media with 10%
FBS and allowed to adhere for 24 hours. After 24 hours, 5 x 106 (particles/well) PAH and
PEI modified 100 nm particles (modification process summarized in Section 6.2.3) and
bare nanoparticles were introduced to cultured HEK cells and allowed to incubate for 2
hours. Cells were rinsed, fixed with 3.7% (w/v) paraformalehyde solution, and the nuclei
were stained with DAPI. Slides were imaged with a Leica SP2 AOBS confocal
microscope using a 360 nm laser for DAPI excitation and a 488 nm laser for fluorescein
excitation. Images with excitation by each laser were acquired separately with a z-stack
along with a phase contrast image. The z-stacks were projected onto a single image and
overlaid with the phase contrast image to visualize the particles, cell nuclei, and cell
membrane boundary. The uptake study process is summarized in Figure 6.3.

6.2.5.2 In Vitro Uptake Study of the Effects of Nanoparticle Geometry on Cellular
Internalization
Nanoscale hydrogel particles of various sizes: 800 nm by 100 nm by 100 nm
rectangular particles (811 nm), 200nm diameter by 100nm height pillars (21 nm) and 100
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Figure 6.3: Flow chart of in vitro uptake experiments to evaluate the effects of
nanoparticle’s surface properties on cellular internalization.
nm by 100 nm by 100 nm particles (111 nm); were fabricated, using the Imprio 100 SFIL system (Molecular Imprints, Austin Tx). Nanoparticles composed of 33% (v)
PEGDA and 2% (v/w) fluorescein-o-acrylate were imprinted on wafers coated with the
PVA water soluble release layer as summarized in Chapter 3. Particles were surface
modified with PEI MW 40,000 as summarized in Section 6.2.3. HEK 293T and Raw
264.7 cells were seeded at 50,000 cells/ well on 8 well glass chamber culture slides pre208

Figure 6.4: Flow chart of in vitro uptake experiments to evaluate the effects of
nanoparticle’s geometry on cellular internalization.
treated with gelatin (to promote cell adhesion) in recommended DMEM media with 10%
FBS and allowed to adhere for 24 hours. After 24 hours, 5 x 106 (particles/well) PEI
modified 811nm, 21 nm and 111 nm particles were introduced to cultured cells and
allowed to incubate for 1 or 2 hours. Cells were rinsed, fixed with 3.7% (w/v)
paraformalehyde solution, and the nuclei were stained with DAPI. Slides were imaged
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Figure 6.5: Zeta potential data for bare and surface modified
nanoparticles. Data presented as average measured results (n of 5) and
standard error.
with a Leica SP2 AOBS confocal microscope using a 360 nm laser for DAPI excitation
and a 488 nm laser for fluorescein excitation. Images with excitation by each laser were
acquired separately with a z-stack along with a phase contrast image. The z-stacks were
projected onto a single image and overlaid with the phase contrast image to visualize the
particles, cell nuclei, and cell membrane boundary. The cell uptake study process is
summarized in Figure 6.4.

6.3 RESULTS
6.3.1 Nanoparticle Surface Properties
The S-FIL fabricated nanoparticles are exposed to low power charged oxygen
ions during the etching process, leading to the nanoparticles having a negative charge
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Figure 6.6: MTS assay depicting the non-toxic nature of 100 nm by 100 nm by
100 nm S-FIL particles incubated with HeLa cells. Data presented as average (n of
4) and mean standard error.
after fabrication. Measured zeta potential values are summarized in Figure 6.5. Zeta
potential measurements yielded a surface potential of -10.12 mV for unmodified particles
and 27.95 for PEI modified nanoparticles, confirm that the bare nanoparticles zeta
potential is negative and after incubation with a positive electrolyte, becomes positive.

6.3.2 In Vitro Cytotoxicity of S-FIL Nanoparticles
Cell proliferation of HeLa cells was evaluated for cells incubated for 5 to 24 hours
with unmodified and PEI modified 100 nm by 100 nm S-FIL nanoparticles, using a
widely used MTS cell viability assay. The MTS assay is a colorimetric evaluation that
determines the number of living cells by quantifying the amount of formazan product
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Figure 6.7: Effects of nanoparticle surface charge on intracellular uptake in
HEK 293T cells. Fluorescein containing 111 nm particles (column 2) were
introduced to HEK cells. Cell nuclei were stained with DAPI (column 1). Column 3
and 4 are overlay images illustrating localization of positively charged particles (row
3 and 4) within cells in comparison to control cells (row 1) and bare nanoparticles
(row 2).
present, which is directly proportional to the number of viable cells. Figure 6.6
demonstrates high viability of cells relative to the negative control cells (cells not
exposed to particles), supporting the non-toxic nature of PEG based nanoparticles. A
small decrease was observed in cell proliferation between the 5 hour and 24 hour samples
but the difference was not significance (tested using a student t-test). The PEI modified
nanoparticles also experiences a slight decrease in cell proliferation in comparison to unmodified particles and control cells, but the difference was not significantly different.
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Figure 6.8: Effects of nanoparticle geometry on intracellular uptake in Raw
264.7 cells after 1 hr incubation. Fluorescein containing particles (column 2) were
introduced to Raw cells. Cell nuclei were stained with DAPI (column 1). Column 3
and 4 are overlay images illustrating localization of particles within cells in
comparison to control cells (row 1).

6.3.3 In Vitro Bio-Distribution of S-FIL Particles
Bio-distribution of positive (PEI and PAH modified) and negatively (bare/ unmodified nanoparticles) charged S-FIL fabricated nanoparticles in HEK cells was
evaluated qualitatively using confocal microscopy. Figure 6.7 shows that cell uptake of
100 nm by 100 nm particles is dependent on the particles surface properties.
Qualitatively, PEI modified nanoparticles demonstrated the largest particle uptake, in
comparison to PAH and un-modified nanoparticles. The positively charged nanoparticles
(PEI and PAH modified particles) demonstrated higher particle internalization in
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Figure 6.9: Effects of nanoparticle geometry on intracellular uptake in Raw 264.7
cells after 2 hr incubation. Fluorescein containing particles (column 2) were
introduced to Raw cells. Cell nuclei were stained with DAPI (column 1). Column 3
and 4 are overlay images illustrating localization of particles within cells in
comparison to control cells (row 1).
comparison to the negatively charged nanoparticles (un-modified). Localization of the
nanoparticles within cells was verified with confocal z-scans over the entire thickness of
the cells.
Bio-distribution as a function of particles shape and size was investigated using
811 nm, 21 nm, and 111 nm, PEI modified nanoparticles in Raw 264.7 cells, over time.
Figure 6.8 and Figure 6.9 qualitatively shows that the smaller nanoparticles are
internalized at higher levels than the larger particle 811 nm particles.
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6.4 DISCUSSION
Modification of the nanoparticles was successful as observed by the large increase
of zeta potential from negative to positive in PEI treated particles as shown in Figure 6.5.
The un-modified and modified S-FIL particles showed little cytotoxicity, determined
using a commonly used MTS assay. Figure 6.6 demonstrates high viability of cells
relative to the negative control cells (cells not exposed to particles), supporting the nontoxic nature of PEG based nanoparticles. A small decrease was observed in cell
proliferation between the 5 hour and 24 hour samples but the difference was not
significance (tested using a student t-test). The PEI modified nanoparticles also
experiences a slight decrease in cell proliferation in comparison to un-modified particles
and control cells, but the difference was not significantly different. PEI is widely used in
drug delivery to facilitate intracellular transfection of drugs and nucleic acids but it toxic
and therefore the levels of PEI should be minimized when used in vitro and in vivo.
Uptake of modified particles of all sizes was observed in HEKs and Raw 264.7 at
the time points tested. Uptake was significantly reduced or not visible at all for
unmodified particles. This could be due to the repulsion between the negatively charged
unmodified particles and the negatively charge cell membrane. Another cause for low
uptake levels for un-modified particles could be because PEG based nanoparticles are
known for there “stealth” behavior to increase particle circulation time and prevent
uptake by immune cells like macrophages. Because of this, the un-modified particles will
potentially perform better in in vivo environments. Based on these preliminary in vitro
results, in order for these particles to be useful for drug delivery inside the cell, surface
modification will be necessary to improve uptake. For cell specific targeting, surface
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modification of the S-FIL particles (presented in Chapter 3) is beneficial and would
avoid the use of a toxic PEI agent for endocytosis.
Preliminary in vitro studies also qualitatively confirm that intracellular
localization of nanoparticles is shape dependent. The smaller, more cylindrical in shape,
particles were more readily internalized by cells. The 800 nm by 100 nm by 100 nm
particles were observed to be on the surface of the cells but not internalized, which
suggest the particles are too large for endocytosis. More quantitative evaluation of the
effects of nanoparticles shape and size on cellular internalization needs to be conducted.
Fluorescence-activated cell sorting (FACS) provides a method for sorting a
heterogeneous mixture of cells based upon the specific light scattering and fluorescent
characteristics of each cell. Using FACS, large populations of cells can be analyzed at
one time, to obtain a more quantitative look at the effects of shape, size and aspect ratio
of nanoparticle internalization.
Preliminary FACS experiments were conducted to quantify the population of cells
with internalized fluorescently tagged 100 nm nanoparticles (S-FIL fabricated particles
and control polystyrene fluorescently tagged beads) at particle concentrations of 100,
1000, and 10,000 particles/cell. No significant fluorescent signal was detected from HEK
293 and Raw 264.7 cells incubated with 100 nm nanoparticles in comparison to control
cells (negative control). Fluorescent signal was also not detected from samples of just
fluorescent particles (positive controls), concluding that the individual 100 nm particles
are too small and have too low of a fluorescent signal to be detected with FACS. Unless,
a large quantity of particles are being internalized by the cells, cell sorting based solely
on the fluorescent signal from the particles will probably not be significant enough to
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detect fluorescent differences in the cell population. Larger particles will have a more
significant fluorescent signal and will be detected using FACS but lower particle uptake
was observed with fluorescent microscopy.
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CHAPTER SEVEN

Conclusion and Future Directions

7.1 RESEARCH SUMMARY
The objectives of this dissertation was to use top-down, high throughput
nanofabrication technology, specifically a modified Step and Flash Imprint Lithography
(S-FIL) method, to synthesize highly mono-disperse polymer nanocarriers of various
shapes, sizes, and aspect ratios. By incorporating the disease-responsive penta-peptide
GFLGK directly into the particle matrix, enzyme-responsive release drug delivery
nanocarriers were fabricated. The fabrication of shape and size specific nanoparticles
allowed for evaluation of nanoscale hydrogel swelling behavior and preliminary studies
on the effects of shape and size on intracellular uptake.
In Chapter 3 a modified S-FIL technique was developed and used to produce
nanometer sized particles of various sizes, shapes, and aspect ratios. Along with the
modification of standard S-FIL technique, a mild, one step release process was developed
for the removal of the fabricated nanoparticles from the imprinting substrate. Using these
methods, nanocarriers composed of the bio-compatible polyethylene glycol diacrylates
(PEGDA) along with PEGDA hydrogels with model contrast agent (fluorescent
molecule) incorporated into the hydrogel network and model drugs: specifically,
nanoparticles with antibodies and siRNA encapsulated within the hydrogels were
produced. The ability to fabricate nanoparticles of various sizes and shapes can be used to
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evaluate the effects of size and shape on in vitro and in vivo bio-distribution. Integration
of biomolecule sensitive hydrogels into these shape and size specific nanoparticles be
could be used to create stimuli-responsive drug delivery systems.
Chapter 4 demonstrated successful fabrication of enzymatically-triggered
nanocarriers of precise sizes and shapes for drug and contrast agent delivery. These
results demonstrate that model biological drugs can be successfully incorporated within
S-FIL nanocarriers during the imprinting process by simply mixing them with the
macromer solution. As a proof of concept, release of antibody and protein encapsulation
within the nanoimprinted particles was evaluated. Bioactivity studies of siRNA
encapsulated within the imprints demonstrated that sensitive biological agents remain
active throughout the imprinting and etching process. Material chemistry used to
fabricate the S-FIL nanoparticles is also conducive to readily attaching specific ligands to
the particle surface thus providing opportunities of cell targeted, disease-triggered
delivery of drugs and imaging agents. The particle composition designed here essentially
generates nanosized hydrogels as drug carriers.
In Chapter 5 the hydrogel swelling behavior of nanoscale S-FIL fabricated
nanoparticles was compared to bulk hydrogels counterparts. A series of in vitro hydrogel
swelling studies were conducted on bulk and nanoscale hydrogels composed of various
percent polymer PEGDA molecular weight 700, with and without a fluorescein contrast
agent attached to the hydrogel network; to obtain the three important parameters used to
define the structure of hydrogels: the polymer volume fraction in the swollen state, ν2,s,
the number average molecular weight between cross-links, Mc, and the correlation length
also know as the network pore (or mesh) size, ξ. Analysis of the hydrogel swelling
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behavior results demonstrate that the PEGDA MW 700 hydrogels do not swell
significantly. S-FIL fabricated nanoscale hydrogels were investigated with AFM and wet
SEM. Analysis of these results suggests that the hydrogel nanoparticles’ swelling profile
is comparable to bulk hydrogels of the same polymer composition. Because of imaging
limitations of nanoscale hydrogels, these results are not conclusive proof that bulk and
nanoscale hydrogel swelling behaviors are equivalent; however they do provide evidence
to support the hypothesis of similar swelling behavior.
Chapter 6 reported preliminary in vitro studies that qualitatively confirmed that
intracellular localization of fabricated S-FIL nanoparticles is shape dependant. The
smaller, more cylindrical particles were more readily internalized by cells. The 800 nm
by 100 nm by 100 nm particles were observed to be on the surface of the cells but not
internalized, which suggest these particles are too large for endocytosis.
The development of the modified S-FIL for the fabrication of drug delivery
nanocarriers, has also provided opportunities to enhance the field of polymer and
hydrogel science and the field of study on the effects of shape, size and aspect ratio of
nanocarriers on in vitro and in vivo bio-distribution. The polymer material chemistry used
to create the nanoparticles is well established and conducive to incorporation of disease
specific bio-molecules into the hydrogel network and attachment of targeting ligands to
the particle surface, thus providing opportunities for cell and tumor targeting and diseasetriggered delivery of drugs and imaging agents. Utilizing S-FIL and the gentle
nanoparticle harvesting technique, multifunctional, nanocarriers can be produced for the
development of “intelligent” therapeutic drug delivery system that can target diseased
areas and then in response to the diseased environment release the therapeutic agents
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encapsulated within the nanocarriers. The creation of intelligent therapeutic drug delivery
systems is a long-term goal of this research to achieve site-specific, controlled, drug
delivery to reduce systemic side-effects, increase bio-availability, and improved
therapeutic effectiveness. To accomplish this goal, future work presented in the next
section needs to be addressed.

7.2 FUTURE WORK
7.2.1 High-Throughput Fabrication of Stimuli-Responsive Drug Delivery
Nanocarrier
Chapter 3 presents the development of a modified Step and Flash Imprint
Lithography (S-FIL) to produce nanometer size particles of various sizes, shapes, and
aspect ratios. Fabrication of densely patterned quartz templates enabled a sufficient
quantity of nanoparticles to be fabricated for preliminary in vitro cell uptake studies
(presented in Chapter 6). For more in-depth bio-distribution studies of the effects of
shape and size nanoparticles in vitro studies as well as in vivo studies, large scale
production of nanoparticles

(~1011- 1012 particles) needs to be developed which

translates to 1000-10,000 imprints with the 10 mm by 10 mm templates. The next
generation of Molecular Imprints’ imprinting nanolithography systems perform full wafer
imprinting at a faster speed and accuracy than the Imprio 100 system, and can process
~100 wafers an hour. Imprinting with one of the full wafer systems would allow of large
scale production of the nanoparticles.
The dispense-on-demand jetting system in the Imprio 100 systems minimizes the
amount of solution wasted during the fabrication process. Due to the design of the
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dispensing system (tip location, fluid lines, and solution storage vials), a large pre-cursor
volume of solution is required (2.5 -5mL). The large quantity of imprinting solution
required has hindered the ability to fabricate a large quantity of the stimuli-responsive
nanocarrier released from the imprinting substrate because of the cost of the acrylated
penta-peptide GFLGK. Redesign of the passive fluid dispensing system for imprinting
with lower volumes of solutions is required for fabrication of the response sensitive
nanocarriers. The other alterative is to redesign the response sensitive hydrogel network
to use a lower cost disease responsive biomolecule. Large scale production of stimuliresponsive drug delivery nanocarriers is necessary for evaluation of the in vitro and in
vivo release kinetics of the nanocarriers.

7.2.2 Stimuli- Responsive Drug Release In Vitro and In Vivo
Qualitatively, biological agents like siRNA have been observed to be
encapsulated in the nanoscale hydrogels (Chapter 3).

Due to detection limits of

quantification assays and detection tools systems like plate readers, the concentration of
encapsulated agents has not been determined. Loading levels of different model agents
encapsulated within the PEGDA-GFLGK-DA nanocarriers needs to be evaluated
quantitatively A variety of particle sizes, shapes and aspect ratios needs to be evaluated
since the encapsulation efficacy depends on nanoparticle volume, thickness of the
residual layer, pitch (i.e. particle separation on the wafer) as well as the imprinting
volume. The release kinetics of various encapsulants from the stimuli-responsive polymer
nanocarriers also needs to be evaluated using in-vitro release studies. Once the drug
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release kinetics of the S-FIL nanocarriers has been optimized, in vitro drug release in
cultured cells and in vivo drug release in mice needs to be evaluated and optimized.

7.2.3 Bio-Distribution of Shape and Size Specific Nanoparticles
In Chapter 6 preliminary in vitro studies were conducted to qualitatively confirm
that intracellular localization of fabricated S-FIL nanoparticles is shape depending. A
more comprehensive evaluation of uptake as a function of each of nanoparticle
characteristics needs to be performed. It is critical that these experiments are conducted
while attempting to hold other particle properties (i.e. volume, surface area, material
composition) constant. The effect of nanocarriers’ shape, size, and aspect ratio on cellular
internalization needs to be quantitatively analysis. Lastly, a series of in vivo experiments
needs to be performed to investigate the bio-distribution of shape and size specific
nanocarriers. Numerous theoretical models predict that particle geometry will affect biodistribution but a comprehensive evaluation of in vivo bio-distribution of nanoparticles
has yet to be reported.

7.3 CONCLUSION
The development of the modified S-FIL for the fabrication of drug delivery
nanocarriers has provided opportunities to enhance the field of polymer and hydrogel
science and the understanding of the effects of shape, size and aspect ratio of nanocarriers
on in vitro and in vivo bio-distribution. The polymer material chemistry used to create the
nanoparticles is conducive to incorporation of disease specific bio-molecules into the
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hydrogel network and attachment of targeting ligands to the particle surface, thus
providing opportunities for cell and tumor targeting and disease-triggered delivery of
drugs and imaging agents. Utilizing S-FIL and the gentle nanoparticle harvesting
technique, multifunctional, nanocarriers can be produced for the development of
“intelligent” therapeutic drug delivery system that can target diseased areas and then in
response to the diseased environment release the therapeutic agents encapsulated within
the nanocarriers. The creation of intelligent therapeutic drug delivery systems is a longterm goal of this research to achieve site-specific, controlled, drug delivery, to reduce
systemic side-effects, increase bio-availability and improved therapeutic effectiveness.
Research presented in this dissertation supports the development of an intelligent drug
delivery nanocarrier system using S-FIL fabrication methods combined with stimuliresponsive hydrogel biomaterials.
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Glossary
ACRONYMS
AFM

Atomic Force Microscopy

BARC

Bottom Anti Reflectant Coating

cP

Centipoise

Da

Dalton

DDS

Drug Delivery Systems

DH2O

Deionized Water

DMEM

Dulbecco’s Modified Eagle Medium

DMSO

Dimethyl Sulfoxide

DNA

Deoxyribonucleic Acid

EBL

Electron Beam Lithography

EDC

1-Ethyl-3-[3-dimethylaminopropyl]carbodimide Hydrochloride

EDL

Electrostatic Double Layers

EPR

Enhanced Permeability and Retention Effect

EPI

Epitaxial

ESEM

Environmental Scanning Electron Microscopy

FBS

Fetal Bovine Serum

FSAM

Fluoriated Self Assembled Monolayer

GAPDH siRNA

Glyceraldehyde 3-phosphate dehydrogenase small interfering RNA

GFLGK

Glycine-Phenylalanine-Leucine-Glycine-Lysine

GFLGK-DA

Glycine-Phenylalanine-Leucine-Glycine-Lysine- Diacrylate

HEK

Human Embryonic Kidney

I100

Imprio 100
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I2959

2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1 propanone

MAA

Methacrylic Acid

MEMS

Micro-Electromechanical Systems

MES

2-(N-morpholino)ethanesulfonic acid

MW

Molecular Weight

NEMS

Nano-Electromechanical Systems

NIL

Nano-Imprint Lithography

NMP

N-Methyl Pyrrolidone

NMR

Nuclear Magnetic Resonance

NSCLC

Non-Small Cell Lung Cancer

PAH

Poly (allylimine hydrochloride)

PEG

Poly(ethylene glycol)

PEGDA

Poly(ethylene glycol) diacrylate

PEGDMA

Poly(ethylene glycol) dimethacrylate

PEI

Polyethylenimine

PRINT

Particle Replication on Non-Wetting Templates

PVA

Poly(vinyl alcohol)

RIE

Reactive Ion Etching

RCF

Relative Centrifugal Force

RPM

Revolution per Minute

SEM

Scanning Electron Microscopy

S-FIL

Step and Flash Imprint Lithography

Si

Silicon

siRNA

Small Interfering RNA

Sulfo-NHS

N-hydroxysulfosuccinimide
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TEM

Transmission Electron Microscopy

UV

Ultraviolet

TERMS
A

Hamaker Constant

d

Distance of the particle center from the wall (Ch.2)

ρ

Density

g

Gravity

h

Hemodynamic forces

KB

Boltzmann Constant

Cn

Flory Characteristic Ratio

Mc

Molecular Weight Between Cross-links

Mn

Molecular Weight Between of the Linear Polymer Chain CrossLinks

Mr

Molecular Weight of the Repeating Units of the Polymer Chain

l

Length of Bonds along the Polymer Backbone

ξ

Hydrogel Network Pore (Mesh) Size

φ

Functionality of the Cross-Linking Agent

T

Absolute Temperature

v2,r

Volume Fraction of the Polymer in the Relaxed State

v2,s

Equilibrium Polymer Volume Fraction

Vp

Volume of Polymer

Vgel

Volume of Swollen Gel

Q

Hydrogel Volume Swelling Ratio
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χ1

Polymer-Water Interaction Parameter

ωvdw

Interaction Energy Between Particles

V1

Molar Volume of Water (Ch.5)

v

Specific Volume of the Polymer

µ

Viscosity (Ch.2 viscosity of blood)

R

Particle Radius

v

Velocity

V

Steady State Velocity
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